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The choroid is the richly vascular layer of the eye located between the sclera and Bruch’s
membrane. Early studies in animals, as well as more recent studies in humans, have
demonstrated that the choroid is a dynamic, multifunctional structure, with its thick-
ness directly and indirectly subject to modulation by a variety of physiologic and visual
stimuli. In this review, the anatomy and function of the choroid are summarized and
links between the choroid, eye growth regulation, and myopia, as demonstrated in
animal models, discussed. Methods for quantifying choroidal thickness in the human eye
and associated challenges are described, the literature examining choroidal changes in
response to various visual stimuli and refractive error-related differences are summarized,
and the potential implications of the latter for myopia are considered. This review also
allowed for the reexamination of the hypothesis that short-term changes in choroidal
thickness induced by pharmacologic, optical, or environmental stimuli are predictive
of future long-term changes in axial elongation, and the speculation that short-term
choroidal thickening can be used as a biomarker of treatment efficacy for myopia control
therapies, with the general conclusion that current evidence is not sufficient.
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he choroid is the vascular layer of the eye located

between the sclera and Bruch’s membrane. Accumulat-
ing evidence suggests that the choroid is involved in the
regulation of eye growth, with potential implications for
both the development of myopia and its treatment. The past
few decades have seen an upsurge of interest in the choroid
and its potential role in myopia, largely initiated by a 1995
study by Wallman et al.! in chicks, showing that the choroid’s
thickness is modulated in response to retinal defocus to
compensate for imposed refractive errors and that these
changes are correlated with changes in eye growth. Follow-
up studies involving animal models of myopia have provided
more convincing evidence for a key role of the choroid in
eye growth regulation,” with the demonstration that bidirec-
tional changes in choroidal thickness precede and predict
the direction of eye growth.! To wit, a literature search of
“myopia and choroid” yields 2060 publications since 1995,
compared to a mere 234 in the preceding 75 years. It is
now apparent that the choroid is a complex multifunctional
tissue? whose functions go well beyond those related to
supplying nutrients and oxygen to the outer retina.
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Studies in humans, mostly involving young adults, have
also shown the choroid to be a dynamic structure whose
thickness is modulated by numerous physiologic stimuli and
visual cues. For example, short-term changes in choroidal
thickness have been observed in response to time of day,’
physical activity,’ caffeine intake,’ light intensity and wave-
length,® and defocus.”-® Ocular biometry and optical coher-
ence tomography imaging are techniques utilized to quantify
choroidal thickness and, in some cases, choroidal volume,
with some studies also using as a surrogate for changes in
choroidal thickness equivalent changes in axial length, when
defined as the distance from the cornea to retinal pigment
epithelium. Thus, for example, a decrease in axial length
suggests an increase in choroidal thickness and vice versa.
Speculation also continues as to whether short-term modu-
lation of choroidal thickness can be used as a biomarker
to determine whether a particular stimulus is myopiagenic
or protective against myopia, based on observed choroidal
thinning and thickening, respectively. While the choroid of
the chick has the capacity to thicken by over 100%, short-
term changes in choroidal thickness reported in humans
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are much smaller, on the order of 5 to 30 pm, or approx-
imately 2% to 3% of the average thickness of the human
choroid, making precise measurement of such changes chal-
lenging. In this review, we will first summarize the anatomy
and function of the choroid and consider links between
the choroid and myopia, as demonstrated in animal models.
Then we will describe the most commonly used methods for
quantifying choroidal thickness in the human eye, summa-
rize the literature describing choroidal changes in response
to various stimuli, and discuss potential implications for
myopia.

CHOROID ANATOMY, INNERVATION, AND
PHYSIOLOGY

The choroid represents the most posterior and largest
portion of the uveal layer of the eye. Located between the
sclera and Bruch’s membrane, the choroid serves a variety
of classical functions, including the provision of nutrients
to nearby tissues, removal of waste, regulation of ocular
temperature, and absorption of stray light. It also serves as
a conduit for vessels and nerves entering and leaving the
eye. That aqueous humor can exit the eye via the so-called
uveoscleral outflow pathway, in addition to the conven-
tional, more anterior pathway involving Schlemm’s canal,
also suggests a role of the choroid in regulating intraocu-
lar pressure.’

The outermost layer of the choroid, the suprachoroidea,
is composed of loose connective tissue and represents a
choroid-to-sclera transition layer.!° The bulk of the choroid
is otherwise dominated by blood vessels, organized loosely
into three layers of progressively smaller-diameter blood
vessels, Haller’s layer being the outermost layer, with
the largest vessels, the middle Sattler’s layer containing
medium diameter blood vessels, and the inner choriocapil-
laris comprised of fenestrated capillaries, adjacent to Bruch’s
membrane.!! The arterial vessels of the choroid originate
from the long and short posterior ciliary arteries, which are
branches of the ophthalmic artery, with a minor contribu-
tion to its most anterior portion from the anterior ciliary
arteries. Venous drainage of the choroid is via the vortex
veins. The choroid has one of the highest rates of blood
flow in the body, reflecting its important role as a source
of nutrients for the outer retina, which is one of the most
metabolically demanding tissues of the body.!? The choroid
is thinnest at its anterior margin (i.e., at the ora serrata),
where it transitions into the supraciliaris and vascular layer
of the ciliary body. The choroid is thickest at the posterior
pole, reflecting the high metabolic demands of the over-
lying macular region. The thickness of the human young
adult choroid averages approximately 250 to 350 pm in the
subfoveal region, although there are significant individual
differences tied to axial length and refractive error, as well
as numerous other factors, as discussed below.

The choroidal vasculature is supported by fibroblasts that
form a collagen-rich scaffold with elastic elements.'?'* Inter-
spersed within this scaffold in many, but not all, species are
nonvascular smooth muscle cells,">"!7 which are predom-
inantly found in the posterior (central) choroid and at
entrance sites of blood vessels into the choroid, where
they likely also serve to anchor the choroid to the sclera.
Melanocytes represent a frequent!® and, perhaps, inhomo-
geneous!® cell population in the choroid. In addition, the
choroid is rich in mast cells, macrophages, and lympho-
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Schematic overview of innervation to the choroid in the

Ficure 1.
human eye. BV, blood vessel; CG, ciliary ganglion; Chor, choroid;
ICN, intrinsic choroidal neuron; III/VII, brainstem nuclei of cranial
nerves III and VII; IML, intermediolateral nucleus; NVSMC, nonvas-
cular smooth muscle cell; PPG, pterygopalatine ganglion; Ret, retina;
SCG, superior cervical ganglion; Scl, sclera; TRI, trigeminal ganglion.
Adapted with permission from Rucker F, Taylor C, Kaser-Eichberger
A, Schroedl F. Parasympathetic innervation of emmetropization. Exp
Eye Res. 2022;217:108964. © 2022 Elsevier Ltd.

cytes? that may contribute to the immune privilege of
the inner eye.”® The presence of lymphatic vessels in the
human choroid is yet to be established with generally
accepted markers,?® and it is still under debate how such
a drainage system might contribute to choroidal home-
ostasis.?’ Nonetheless, the presence of choroidal lymphatic
lacunae has been confirmed in bird species,?! and similar
“spaces” have been described in humans, with currently
unknown function.??=% There is also a report of lymphatic
markers in the choroid of human fetal eyes.?® That the
choroid may have an important role in modulating scle-
ral remodeling during eye growth, with implications for
emmetropization and myopia,”’ could also offer explana-
tions for the recently discovered cell populations display-
ing retinaldehyde dehydrogenase 2 activity?® and the report
of telocyte-like cells in the suprachoroidea.”® Apart from
synthesizing all-trans-retinoic acid,” the choroid is also
known to produce several other growth factors, includ-
ing vascular endothelial growth factor®® and basic fibrob-
last growth factor.3! Still, it is unknown how these factors
are regulated and whether they are transformed into scle-
ral growth signals, what the responsible “start-stop” mech-
anisms are, and how they interplay with other choroidal
functions.

The choroid displays a rich innervation, which includes
sympathetic nerve fibers originating from the superior cervi-
cal ganglion, as well as parasympathetic nerve fibers origi-
nating from the pterygopalatine ganglion (Fig. 1).3> While
some species of birds also show a well-established input
from the ciliary ganglion, such an input in humans is still
under debate.®® The choroid also contains primary affer-
ent (sensory) nerve fibers, which project to the trigemi-
nal ganglion and then to the trigeminal sensory complex
in the brainstem. Additionally, a local network of neurons
within the choroid, known as intrinsic choroidal neurons,
exists in humans, some nonhuman primates, and some
bird species, albeit apparently absent in common laboratory
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animals, such as the rat, mouse, and rabbit.3>*3> Due to their
position and nerve fiber contacts—they are contacted by
sympathetic, parasympathetic, and primary afferent nerve
fibers—they have been termed local integrators for choroidal
control,* although their function remains enigmatic. Estab-
lished targets of autonomic primary efferent nerve fibers
and intrinsic choroidal neurons are choroidal blood vessels
and nonvascular smooth muscle cells,>>3” consistent with
roles in blood flow control®* and/or changes in choroidal
thickness. However, the interplay with the various neural
networks and their targets is not well understood. While
choroidal melanocytes*®3° and pericytes*® also receive auto-
nomic innervation,*! the significance of the latter is equally
unknown.

It is generally accepted that the choroid serves an
important role in supplying retinal photoreceptors with
their required nutrition.®> Choroidal blood flow regulation
seems also essential for retinal thermoregulation,? although
the underlying mechanism is not well described.® Also
not yet well established is the function of the nonva-
scular smooth muscle cells and their possible involve-
ment in changes in choroidal thickness and/or changes
in blood vessel diameters. Finally, it is unknown how
accommodative forces generated in the ciliary body are
transformed by the choroid, in the interest of preserving
vision during accommodation and disaccommodation %4
although buffering by the preequatorial choroid is suggested
by in vitro observations made from human eyes denuded of
their sclera.®

ROLE OF THE CHOROID IN EYE GROWTH
ReGuLATION: WHAT HAS BEEN LEARNED FrROM
ANIMAL MODELS

Three key findings from animal models with respect to
the choroid that have relevance to human myopia are as
follows: (1) compensatory optical defocus modulated thick-
ness changes, (2) diurnal thickness changes, and (3) phar-
macologic effects (see reviews: Troilo et al.>’; Summers?®).
Each is discussed below.

Compensatory changes in the choroid in response to
imposed optical defocus were first reported in chicks, in
which the choroid showed an approximately linear change
in choroidal thickness over a range of spectacle lens defo-
cus from approximately —15 diopters (D) to +15 D'47; these
choroidal thickness changes were always closely followed
by changes in scleral matrix synthesis that altered the overall
growth of the eye to eventually attain emmetropia with the
spectacle lenses in place.”® This finding suggested that the
state of the choroid (i.e., its thickness) is predictive of ocular
growth rate, which was subsequently investigated by two
different groups, again using the chick model. One group
found no predictive value.* However, the other group found
a significant association between initial choroidal thickness
and subsequent growth rate, such that eyes with thinner
choroids grew faster than those with thicker ones. Nonethe-
less, the latter observation was limited to untreated eyes
and not seen in experimentally manipulated eyes.”® In any
case, the development of myopia in animal models, whether
induced by form deprivation or negative spectacle lenses,
is always associated with a thinner choroid and vice versa
(see review: Nickla and Wallman?). While it remains to be
determined whether the changes in choroidal thickness are
primary or secondary events, this association has spurred
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much research into the role of the choroid in human myopia
development.

Diurnal oscillations in choroidal thickness were first
reported in the chick. The choroid thickens during the
evening, with a peak around midnight, and thins in the
morning, with a trough around noon.’!>? This rhythm is
in approximate antiphase to the rhythm in axial length.
These findings have since been replicated in marmosets>?
and humans (see below),’*=>7 with similar phase relation-
ships between the two components. Notably, in chick eyes
that were responding to myopic defocus imposed by posi-
tive lenses that slowed their overall growth, the rhythms
shifted into phase, suggesting a causal relationship between
phase and ocular growth.>*>® In humans too, exposing eyes
to brief myopic defocus results in shifts in phase of the
two rhythms,” corroborating the work in animal models
and suggesting shared underlying circadian and defocus-
driven mechanisms in the regulation of eye growth. Hyper-
opic defocus results in changes in amplitude but not phase.®
The recent finding of clock gene expression in chick choroid
is intriguing, as it suggests a locally mediated (as opposed
to distal or central) modulation of these diurnal rhythms
in choroidal thickness and possibly also in scleral matrix
synthesis.”

As noted above, the choroid has long been known
to secrete growth factors, such as vascular endothelial
growth factor and hepatocyte growth factor, that have
roles in angiogenesis and matrix metalloproteinases and
tissue inhibitors of metalloproteinases that have roles
in matrix turnover. Such trophic molecules as retinoic
acid, transforming growth factor B, and fibroblast growth
factor have also been shown to be synthesized in the
choroid.?’ Three of the most extensively studied neuro-
transmitter molecules having strong evidence for playing
a role in emmetropization are nitric oxide, dopamine, and
acetylcholine. Nitric oxide, which is synthesized in both the
retina and choroid, is a potent vasodilator, and inhibitors
of nitric oxide synthases have been shown to prevent
the myopic defocus-evoked choroidal thickening and disin-
hibited ocular growth,°® making nitric oxide a candidate
molecule for growth inhibition. Dopaminergic agonists also
simultaneously inhibit ocular growth®! and induce choroidal
thickening.%? Finally, the cholinergic antagonist, atropine,
as well as some other antagonists known to inhibit ocular
growth also result in choroidal thickening in animals.®®
Atropine (and analogues) results in choroidal thickening
in humans as well.** Collectively, these data support the
hypothesis linking choroidal thickening to ocular growth
inhibition. The potential translational relevance of these
observations for human myopia and therapeutic interven-
tions is considered again below in the “Implications of
Choroidal Thickness Modulation for Efficacy of Myopia
Control” section. However, it should be noted that the
sites of action, and hence the underlying mechanisms for
the growth inhibition by these three molecules, remain a
mystery.

Considering that the choroid is a highly vascularized
structure that undergoes rapid changes in blood flow, it is
possible that changes in choroidal thickness reflect changes
in choroidal blood flow. In an early study making use of
laser doppler flowmetry and high-frequency A-scan ultra-
sonography in young chicks, increases in blood flow were
found to represent an early, transient response to myopic
defocus, with the choroidal thickening being more endur-
ing.® Myopia was initially induced by form deprivation,
which itself led to choroidal thinning and a decrease in
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blood flow. More recent studies involving young guinea
pigs made use of optical coherence tomography angiogra-
phy, which enables noninvasive quantification of choroidal
perfusion,®>%” with simultaneous measurement of thick-
ness. Using this technology with three myopia guinea pig
models (spontaneous, form deprivation, and lens-induced
myopia),®® both choroidal thickness and perfusion were
found to be significantly reduced in spontaneous myopia
compared to nonmyopic controls, with similar findings in
both form deprivation myopia and negative lens-induced
myopia. Changes in choroidal thickness and perfusion were
also found to be positively correlated in the latter case,
with both choroidal parameters observed to subsequently
increase after 4 days of recovery from form deprivation
myopia.

Inference about causal relationships between altered
choroidal perfusion and myopia requires further inves-
tigation. In a previous study, single-cell RNA sequenc-
ing technology of scleral cells showed that the hypoxia-
inducible factor lo signaling pathway is activated during
myopia.” Furthermore, antihypoxic treatments suppressed
the progression of experimental myopia, suggesting that
scleral hypoxia is a key modulator of scleral remodel-
ing during myopia development.*’ In guinea pigs, intraoc-
ular injection of prazosin (an o-adrenergic antagonist)
increased choroidal perfusion and also inhibited axial elon-
gation and form deprivation myopia, as well as scleral
hypoxia.”® Antimyopia treatments such as atropine, apomor-
phine, and intense light, in addition to suppressing myopia
progression, were also shown to increase choroidal perfu-
sion and decrease scleral hypoxia labelled adducts.”’ In
guinea pigs, both surgical and pharmacologic reductions in
choroidal perfusion via temporal ciliary artery transection
and phenylephrine, respectively, induced relative myopia
compared to untreated eyes, with both interventions render-
ing the sclera hypoxic and increasing the expression of
a smooth muscle actin.”! Additionally, quinpirole injec-
tions, which promoted the development of myopia, exag-
gerated the form deprivation myopia-associated reductions
in choroidal thickness and perfusion and increased the levels
of scleral hypoxia, observed via pimonidazole labeling, and
a smooth muscle actin protein.”! Together, these observa-
tions suggest a plausible link between reduced choroidal
blood flow, scleral hypoxia, and myopia, although the former
along with typical choroidal thickness changes (i.e., thin-
ning) can also be expected to influence the strength of any
scleral-directed, retina-derived, growth-modulating signals.

In summary, there is compelling evidence in the animal
literature linking the choroid to ocular growth regulation
and hence to growth dysregulation and subsequent devel-
opment of myopia. Further research targeting the choroid
is warranted to explore the feasibility of its pharmacologic
manipulation to prevent the development of myopia and to
translate the findings from animal models to children.

MEASURING THE CHOROID IN HUMANS

Given the accumulating evidence from animal models
regarding the involvement of the choroid in eye growth and
myopia, there has been increasing interest in investigating
the human choroid. Below we discuss various techniques
used to quantify choroidal thickness in humans. With the
choroid now attracting the attention of both researchers and
clinicians, it is important to standardize methods for quanti-
fying choroidal biometrics. To date, this has not been done
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in a consistent and deliberate manner. Here, we discuss vari-
ous methods used to measure choroidal thickness, speaking
to the challenges and limitations of each.

Optical Biometry

Optical biometers are noncontact optical instruments based
on the principle of partial coherence interferometry; some
newer optical biometers utilize swept source optical coher-
ence tomography (OCT) technology. These devices are
generally used to measure axial length, defined by the axial
distance from the anterior cornea to the retinal pigment
epithelium (Fig. 2), and many provide several other ocular
axial parameters, including corneal thickness, anterior cham-
ber depth, and lens thickness. The axial resolution offered
by optical biometers is typically on the order of 10 pm,
although averaging of multiple measures can be used to
further improve performance.”>”> A number of studies have
used changes in axial length as a surrogate for changes in
choroidal thickness, based on the assumption that the axial
length, defined as the distance from the cornea to the retinal
pigment epithelium, will be sensitive to changes in choroidal
thickness, decreasing with an increase in choroidal thick-
ness and vice versa.”*7> A limitation of this approach is that
changes in any other ocular component could also poten-
tially contribute to observed axial length changes.

Access to an A-scan profile, as possible with some of the
optical interferometry-based optical biometers, allows differ-
entiation of some of the posterior ocular structures that are
identified as peaks in the interferometric profile. Previous
investigators®® using this approach have also identified in
some participants, in addition to the retinal pigment epithe-
lium peak (P3) referenced in determining axial lengths, a
fourth, more posterior peak (P4) that is assumed to orig-
inate from the choroid/sclera interface, thereby allowing
a direct estimate of the subfoveal choroidal thickness as
the distance between P3 and P4 (Fig. 2). It is important
to note that this method requires conversion of the opti-
cal path length to a geometric length’; patient alignment
and the ability to identify the peaks, in particular P4, which
become less visible with thicker choroids, are also limita-
tions to be considered. Nonetheless, significant correlations
between choroidal thickness measures derived from anal-
ysis of the A-scan peaks and choroidal thickness obtained
using OCT-based methods have been noted.”” However,
measurement repeatability is generally superior with the
latter approaches, and there are relatively wide (95%) limits
of agreement between the two methods (451 to —-43 pm),
which most likely reflects the variability in locating the P4
peak in A-scan profiles.”® Indeed, Guo et al.”® concluded
that any changes of <80 pm in subfoveal choroidal thick-
ness, measured with the posterior peaks derived from
Lenstar biometry, may not represent real changes due to
the relatively poor reliability of such choroidal thickness
measurements.

Optical Coherence Tomography

The advent of OCT has transformed imaging of the poste-
rior ocular tissue, allowing the capture of in vivo high-
resolution cross-sectional images. The axial resolution of
current commercially available OCT devices for measures
of posterior eye tissues thickness ranges from 3.9 to 7 pm.
Advances over more recent years, including the introduction
of Fourier domain architectures, eye tracking during image
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Ficure 2. Example of an OCT B-scan (Spectralis; Heidelberg Engineering, Heidelberg, Germany; top) and corresponding optical biometry
A-scan (Lenstar; Haag-Streit, Koniz, Switzerland for the whole eye, from which axial length is defined (bottom) and a closeup of the A-scan
from the posterior eye (middle). The OCT B-scan from the same participant demonstrates concordance between the posterior peaks (RPE:
P3, Ch/Sc: P4) identified in the optical biometry A-scan and the retinal and choroidal features in the OCT B-scan.

capture, and higher acquisition speeds, have allowed the
capture of highly detailed images of the human choroid, with
the deployment of enhanced depth imaging leading to yet
further improvements (Fig. 3).”? The latter technique makes
use of a shift in the instrument’s focal point to improve
the visibility of deeper choroidal structures. Alternatively,
the visibility of the choroid can be improved with the use
of longer wavelength (e.g., 1060 nm) light sources, which
provide deeper signal penetration.® These longer wave-
lengths are typically utilized in swept-source OCT devices,
which make use of high-speed tunable lasers and higher
scanning speeds, thereby allowing for better characteriza-
tion of the deeper choroidal structures.®' Nonetheless, most
commercially available OCT devices utilize shorter, near-
infrared light sources, with wavelengths in the range of 820
to 870 nm.*

To date, the primary metric derived from OCT images is
choroidal thickness, which is typically defined as the axial
distance between the posterior border of the retinal pigment
epithelium and the anterior surface of the chorioscleral inter-
face. In order to reliably derive thickness metrics from OCT,
the impact of factors such as image tilt, image curvature,
and the effects of ocular magnification upon the transverse
scale of the OCT image needs to be considered.?>-% Unfortu-
nately, as most commercial instruments also do not provide
tools to automatically segment the chorioscleral interface,

many studies have had to rely on manual analysis of OCT
images by trained observers.

In recent years, several methods have been proposed
to automatically segment the choroid and extract thick-
ness data from OCT images. The application in some more
recent studies of deep learning algorithms,*5-% in place of
standard image-processing methods,®?” substantially reduces
analysis time, and some of these methods have shown a
high level of accuracy, with mean absolute boundary errors
below the instrument’s resolution (e.g., 2.5 pm). However,
it is worth noting that the choroid is a complex structure,
and the chorioscleral boundary is also often of relatively
low contrast, together making detection of its boundaries
challenging. Thus, inspection of automatic segmentation
outcomes and correction of errors, if present, are still recom-
mended to improve the reliability of thickness data. This may
be particularly relevant when subtle changes are anticipated,
such as in studies investigating short-term choroidal changes
of small magnitude (e.g., 5-10 pm).”-%8

Although choroidal thickness represents a fundamental
metric to be extracted from OCT images, it does not allow
understanding of within-tissue changes. The use of binariza-
tion techniques in OCT images can provide further valuable
information regarding the choroidal structure. For exam-
ple, a binarization technique will discriminate vascular lumi-
nal areas (hyporeflectivity regions) from interstitial areas



Investigative Ophthalmology & Visual Science

IMI—The Dynamic Choroid

IOVS | Special Issue | Vol.64 | No.6 | Article4 | 6

Ficure 3. Example OCT images and analyses from a healthy young subject, including (A) a single OCT B-scan captured with standard focus,
(B) a single OCT B-scan captured with enhanced depth imaging, (C) an averaged OCT B-scan captured with enhanced depth imaging (the
average of 30 individual B-scans captured from the same retinal location), and (D) the same averaged OCT B-scan following segmentation
analysis (to delineate the posterior boundary of the retinal pigment epithelium [blue line] and the inner boundary of the choroidoscleral
interface [red line] to allow choroidal thickness [yellow arrow] to be calculated) and binarization analysis to allow the calculation of choroidal
vascularity metrics (where black pixels indicate choroidal vascular luminal tissue and white pixels indicate choroidal vascular stromal tissue).

(hyperreflectivity regions) that correspond to the vascu-
lar walls and choroidal stromal connective tissue, respec-
tively. Similar to the evolution of choroidal thickness eval-
uation, several studies have used traditional, local bina-
rization methods to analyze the images°! while more
recent studies have applied deep learning strategies.”?
Other studies have proposed automated analysis methods
to delineate the medium and large vessel layers of the
choroid®® and to segment individual vessels within the
choroid from OCT images.”* Another relatively new param-
eter derived from such analyses for use in the quantita-
tive evaluation of changes in the choroid vasculature is the
choroidal vascularity index, which is defined as the ratio
of vascular area to the total choroidal area, presented as a
percentage.”

Blood Flow and Perfusion Measurements

There are now a number of imaging methods that allow
quantitative or qualitative assessment of the blood flow
within the choroid, including laser doppler velocimetry and
flowmetry, laser interferometry, and laser speckle flowgra-
phy®® These methods typically utilize a two-dimensional
imaging approach, and hence the signals may include contri-
butions from both retinal and choroidal blood flow. Thus,
studies using these methods to assess the choroidal blood
flow have focused on the avascular fovea, where the choroid
represents the primary vasculature present.”’*® However,
clinical use of these methods has been limited.

Indocyanine green angiography (ICGA) represents an
older, albeit more invasive, technique that also provides two-
dimensional en face images of the choroidal vasculature.
ICGA makes use of near-infrared wavelengths for imag-
ing, taking advantage of the better penetration of longer
wavelengths through the retinal pigment epithelium. As
ICG dye is strongly bound to serum proteins, it is retained
with the choroidal vasculature, facilitating its visualization.”®
However, this technique has several limitations, including
the need to intravenously inject a dye, a lengthy imag-
ing time, and a lack of depth information, which is an
inherent limitation of all two-dimensional imaging proto-
cols, 100,101

Optical coherence tomography angiography (OCT-A)
represents a functional extension of OCT and is based upon
the motion contrast principle, making use of variations in
OCT signal caused by moving red blood cells to capture the
fine structural details of the retinal and choroidal vascula-
ture. Postprocessing of multiple scans made at the same loca-
tion is used to detect the motion of blood cells against the
static tissue background components. Similar to OCT, OCT-
A is a noninvasive, fast, high-resolution imaging technique.
OCT-A allows three-dimensional volumetric assessment of
both retinal and choroidal microvasculature, including the
choriocapillaris, without the use of a dye.'°> However, for the
majority of commercially available OCT-A devices, the instru-
ment’s acquisition rate and signal penetration do not allow
reliable capture of the deep choroidal structures, a defi-
ciency that has been more recently overcome with the intro-
duction of long-wavelength swept-source OCT-A devices.'%?
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Challenges in Quantifying Small Changes

Modern imaging methods, such as OCT, can provide high-
resolution images of the choroid, thereby allowing choroidal
thickness and vascular metrics to be captured.?¥” However,
there are numerous challenges in developing consistent
imaging and segmentation techniques to precisely quantify
changes in choroidal thickness. The relatively small magni-
tude of changes reported in the many studies examining
the physiological, pharmacologic, and optical influences on
the human choroid highlights the need for optimized imag-
ing and measurement protocols to provide the most reli-
able measurements possible. Improvements in measurement
precision can be achieved through standardizing imaging
protocols, the capture and averaging of multiple measure-
ments within an experimental session, and the use of eye
tracking to ensure that follow-up measurements are regis-
tered to the same location. Measurement protocols should
also take into consideration known physiologic influences
on the choroid, such as diurnal variations and other factors
known to cause short-term choroidal changes, including
variations in light exposure, accommodation, physical activ-
ity, and caffeine and alcohol intake, to limit their poten-
tial confounding influence on measurements. When anal-
ysis is performed in a manual or semimanual manner,
the observer should be blinded to experimental condi-
tions to minimize bias. Additionally, the use of validated,
automated choroidal image analysis algorithms, although
not currently widely available, is recommended to reduce
the potential bias associated with manual analyses. With
continued development, validation, and improved availabil-
ity of relevant instrumentation, a reasonable goal is to
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move toward standard measurement protocols and algo-
rithms for adoption across laboratories and within clinical
settings.

THE CHOROID AND REFRACTIVE ERROR IN
HumMANS

With the increasing availability of high-quality instruments
for in vivo imaging of the choroid and the evolving auto-
mated segmentation algorithms to calculate choroidal thick-
ness, there are now several reports on the relationship of
choroidal thickness to refractive error, particularly myopia,
in humans. Table 1 provides a summary, albeit not exhaus-
tive, of myopia-related findings from clinical choroidal
studies. In general, studies in both adults'®-1%7 and chil-
dren®:1%8.19 have found thinner choroids to be associ-
ated with higher amounts of myopia (see reviews: Read et
al.,''% Jonas et al.,''! Prousali et al.!'?). While fewer studies
have investigated the association between choroidal thick-
ness and axial length, longer eyes tend to have a thin-
ner choroid,'0%107,113-118 with studies reporting a 20- to 60-
pm thinner choroid per 1-mm increase in axial length,''®
this rate of thinning being greater than predicted simply
from axial elongation.'?® Published OCT studies have varied
in the methodologies used, in terms of both instrumen-
tation and choroidal thickness calculation protocols, with
some examining only particular regions of the choroid, such
as subfoveal or peripapillary regions, making interstudy
comparisons challenging. In studies where relevant data
are available, the reported subfoveal choroidal thickness for
nonmyopic adults varies widely, from approximately 271 to

TasLe 1. Representative Studies That Have Examined Various Factors Influencing Choroidal Thickness in the Human Eye and Key Findings

Participant Characteristics

Factors Influencing Choroidal Thickness

Sample Spherical Equivalent Axial Refractive
First Author (Year) Size, » Ethnicity Age,y Refractive Error, D Location Length Error Gender
Ouyang (2011133 28 W, A, L 329+ 11.5 (20-68) -8.0 to +2.50 T=F=N S>1
Li (2011)%4! 93 W 24.9 £ 2.6 (20-33) -1.43 £ 29 S>L NM>M>HM M>F
(4+4.50 to -11.25)
Chen (2011)142 64 A NM = 34.8 &+ 10.8 NM = -0.26 + 0.4 NM > M > HM
M=284%+77 M=-39+13
HM = 28.8 + 12.6 HM = -9.29 + 3.1
Sogawa (2012)143 25 A 30.1 + 2.8 (25-34) 3.4+ 3.1 S>1L NM > M
(4+1.00 to -11.00)
Kim (2012)'44 64 A 22.3 + 3.0 (20-25) -3.89 + 2.00 T=F>N S>1L M > HM No effect
(-0.13 to -8.63)
Beijing Eye Study 3468 A 64.6 & 9.8 (50-93) -0.16 + 2.02 S>L NM>M>HM M>F
(2013)145
Read (2013)87 104 W, A 10-15 NM=403M=-24 T=F>N S>1 NM > M No effect
Tan (2014)'1 124 A 21-33 4.0 T=F>N S>L NM>M>HM
(4+0.50 to -11.5)
Harb (2015)'%7 204  AA W, L, 243+ 1.4 (21-28) -5.3 4+ 2.0 F>T>N S>L M > HM No effect
AM (-1.00 to -13.00)
Karapetyan (2016)'3! 88  AA W,A 27.4 =+ 1.0 (20-40) -1.2+ 14 T=F>N S>L NM > M No effect
Xiong (2017)1%° 3001 A 11.7 £ 3.4 (6-19) -1.2+25 T>F>N" S>L NM > M No effect
(+8.38 to -11.38)
Song (2021)!18 1619 Af 60.9 + 7.7 NA T>N S>1L M > F
Xie (2022)146 2126 A 52.5 + 20.4 (18-93) 53+54 T>N S>L M > F

(+7.75 to -25.5)

A, Asian; AA, African American; F, foveal; HM, high myopes; L, Latino; L, longer axial length; M, mixed; M, myopes; N, nasal; NA,
not available; NM, nonmyopes; S, shorter axial length; T, temporal; W, white.

"Based on ETDRS quadrants.
f Multiethnic Asians (Chinese, Indian, Malay).
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439 um, as do values reported for highly myopic adults,
from 96 to 245 pm. Refractive error-related differences have
also been reported in children, with one study report-
ing average values of 359 pm in nonmyopic children and
303 pm in myopic children (mean spherical equivalent of
approximately 2.4 D).%’

More recently, binarization analysis of OCT images has
been performed to characterize the relative contribution of
vascular (luminal) elements to choroidal thickness and also
to differentiate the three vascular layers of the choroid, as
defined above. Cross-sectional studies using this technique
suggest that the reduction in choroidal thickness associated
with increased axial length is due to reductions in lumi-
nal area (versus stromal area),®! with some studies further
reporting relatively greater thinning in Sattler’s and Haller’s
layers compared to the choriocapillaris.?!~1?> However, the
challenge of visualizing and accurately measuring changes
in the small choriocapillaris vessels and the variability in
segmentation algorithms remain limitations of such stud-
ies.”

There have been several reports on the possible rela-
tionship between gender and choroidal thickness, as well
as others covering the influence of ethnicity, albeit far
fewer. In relation to gender, there is no clear consensus,
with some studies involving pediatric populations report-
ing either no effect of gender®-110124-126 o that girls have
thicker choroids,!'3:1?7:128 while males have been reported
to have thicker choroids in some studies involving young
adults (mean age 24.9 years)'!’® and older adults (50 years
or older).!1%118,129,130 pyrthermore, no effect of gender was
found in the large, multicentered Correction of Myopia Eval-
uation Trial (COMET) cohort, which involved adolescents.!?”
However, the latter study did observe an effect of ethnicity,
with African Americans having the thickest choroids, espe-
cially nasally, and Asians the thinnest.!®” While most other
studies have involved relatively homogeneous Asian popu-
lations (wherein the prevalence of myopia is higher), two
of three studies investigating ethnicity differences reported
no differences’*!''3? and the other, thinner choroids in Malay
Asians (compared to Indian or Chinese Asians).!!®

One relatively consistent observation across various stud-
ies of choroidal thickness is that the nasal choroid, typically
defined as the region between the optic nerve and fovea,
is as much as 100 pm thinner compared to the temporal
region. This nasal-temporal asymmetry has been reported in
both children with nonsignificant refractive errors!%127,128
and adults with a range of refractive errors.!'%133-13 Inter-
estingly, this nasal-temporal asymmetry appears to be exag-
gerated in myopic children,'®> being both larger than that
recorded in nonmyopic children!” and larger than the
predicted effect of stretch during axial elongation.?” The
latter observations suggest that the choroidal region nasal
to the fovea (i.e., between the fovea and optic nerve head)
may be more vulnerable to subsequent degeneration with
increasing myopia and are consistent with the fact that
myopic degeneration tends to be observed more frequently
clinically in this region. Thinner choroids, both in foveal'%
and peripapillary’'* regions, have also been linked with
posterior staphyloma in highly myopic eyes. Additionally,
choroidal thickness has been shown to be a predictor of
visual acuity in myopic eyes, with thinner choroids associ-
ated with lower visual acuity.!05,129,136,157

Choroidal thickness has also been suggested to be a
biomarker for predicting future axial elongation (and thus
myopia progression), with reduced axial elongation being

tied to a thicker choroid,'?”'13® especially temporally'?’;

IOVS | Special Issue | Vol.64 | No.6 | Article4 | 8

however, contradictory findings have also been reported.'“
Further research into the possible roles of the choroid
in human myopia development and related pathologies is
surely warranted, with the adoption of more standardized
approaches to evaluating choroidal thickness being key to
disentangling the effects of the many confounders that influ-
ence it.

CLINICAL APPLICATIONS OF CHOROIDAL IMAGING

There is no clear consensus on the role of choroidal
imaging in the clinical management of myopia. In addi-
tion, for most clinicians, there remain significant barriers
to measuring choroidal thickness, and current approaches
are both challenging and time-consuming. For example,
visualization of the chorioscleral interface must be first
optimized, and automated segmentation algorithms, as
utilized in human myopia research, often require inter-
vention in the form of manual corrections and are not
commercially available. Also, as already discussed and
considered further below, there are several confound-
ing influences on choroidal thickness, making interpre-
tation of data challenging. However, OCT imaging of
the posterior segment is increasingly being included in
myopia clinical trials (see review: Wolffsohn et al.”7), with
choroidal thickness included as an outcome measure. Like-
wise, this imaging modality is becoming the standard of
care for the myopic patient. As outlined in the Interna-
tional Myopia Institute (IMI) white paper on pathologic
myopia,'® OCT imaging is essential in the diagnosis of
myopia-related maculopathies (e.g., dome-shaped macula,
myopic traction maculopathy), with wide-field imaging
allowing for better visualization and classification of staphy-
lomas.

Choroidal thinning and the eventual formation and
enlargement of holes in Bruch’s membrane in the macu-
lar region represent the histopathology of high myopia as
it progresses to pathologic myopia.'*® A recently developed
OCT-based classification system for myopic maculopathy
now allows the different types of myopic pathologies of the
macula to be differentiated in a more accurate and objective
way (see IMI white paper).'4®

SHORT-TERM INFLUENCES ON CHOROIDAL
THICKNESS

As discussed above, studies involving animal models have
shown the choroid to be dynamic, with changes in its thick-
ness observed in a matter of minutes in response to vari-
ous physiologic, pharmacologic, optical, and environmen-
tal cues. Over the past couple of decades, there has been
increasing evidence that the human choroid also under-
goes dynamic thickness changes, although the changes
are smaller and so more challenging to quantify than
in animals. In young adults, short-term choroidal thick-
ness changes are generally on the order of 5 to 30 um,
which, given the reciprocal changes in axial length, corre-
spond to an optical change of approximately 0.02 to 0.1 D.
Hence, these choroidal changes do not result in a percep-
tible change in retinal image quality but rather suggest the
influence of some biological cascade targeting the choroid.

In order to rigorously study such changes in human
choroidal thickness, it is important to consider the short-
term modulatory influences that represent confounding
factors. To this end, in choroid-related studies, it has become
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standard to ask participants to refrain from intake of caffeine
and alcohol before an experiment, to measure participants at
a consistent time of day, and to include an initial “washout”
period in which participants sit in standardized lighting
and view a distant target before starting an experiment.
The evidence regarding various physiologic and pharmaco-
logic influences on choroidal thickness is summarized in the
following sections.

Physiologic Influences

Now recognized physiologic influences on choroidal thick-
ness are summarized in Table 2. It is well established that
the human choroid undergoes diurnal variations in thick-
ness.>>>5¢ These diurnal variations in choroidal thickness,
in concert with variations in axial length, may play a role
in the regulation of eye growth and the development of
refractive errors.’’ Using partial coherence interferometry
to track choroidal thickness over a 15-hour period, Brown
et al.”> reported the first evidence that the human choroid
undergoes diurnal variations. Their early observation has

TasLe 2. Studies of Physiologic Factors That Have Been Linked to
Short-Term Subfoveal Choroidal Thickness Changes in the Human
Eye, Along With Key Details and Findings

Effect on Choroidal
Thickness

Short-Term
Factor

Measurement
Technique

Diurnal rthythm  OCT imaging every 4
hours for 24 hours in
children and adults

OCT imaging
immediately after
and up to 15
minutes after 10

25- to 27-pm diurnal
variation? 149

10- to 26-pm increase
that returned to
baseline 10-15
minutes after

Physical activity

minutes of exercise exercise® 10
No change!™!
No change!52-155
Water intake OCT imaging after 1 L  3- to 15-um
water intake within increase!56:157
5 minutes
Pregnancy OCT imaging in 40- to 96-pm

158

healthy pregnancies increase

Change (um)
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since been confirmed using optical coherence tomography
to track choroidal thickness in both adults and children; both
showed robust diurnal variations over a 24-hour period, with
an amplitude of approximately 25 pm and thickness peaking
between approximately 2:00 am and 4:00 am and reaching a
minimum at approximately 12:00 pm (Fig. 4).314-1% Of note,
choroidal thickness variations were shown to be in antiphase
with axial length and intraocular pressure rhythms.

Given that physical activity is known to alter blood
flow in a variety of organs and tissues, choroidal effects
would seem plausible. However, while early studies showed
changes in choroidal blood flow with exercise as measured
with laser Doppler flowmetry,'® most studies examining
ocular parameters shortly after physical exercise did not
detect significant changes in choroidal thickness,'5!,161-164
with the exception in some studies of a temporary choroidal
thickening a few minutes after exercise, followed by a reduc-
tion in thickness.*'>® On the other hand, thinning of the
choroid was observed after endurance exercise (marathon
running).'

Water intake appears to influence choroidal thickness, by
mechanisms that are not fully understood yet. Most stud-
ies made use of the water drinking test, a diagnostic tool
used to study aqueous outflow in patients with glaucoma, in
which systemic and ocular parameters are examined before
and at defined time points after drinking 1 L of water
within 5 minutes.'*®-'%” Studies have shown choroidal thick-
ening in healthy participants, as well as in patients with
glaucoma,'>%-157:168-171 often followed by a rise in intraoc-
ular pressure, while retinal thickness seems not to change
significantly.’>® One of these studies, using enhanced depth
imaging OCT followed by binarization analysis, detected
dilated choroidal vessels, offering a possible explanation
for the choroidal thickening observed in healthy partici-
pants.’® Another more recent study evaluated the choroidal
responses of highly myopic and emmetropic eyes to the
water drinking test and found no statistically significant
changes related to the water drinking test in either group,
although as expected, the choroids of highly myopic eyes
were significantly thinner than those of emmetropic eyes.!”?

Since the choroid is known to play an important modu-
latory role in ocular thermoregulation,'’> it has been
speculated that ambient temperature may affect choroidal

® Axial Length
——Fit Axial Length

=)
T e Choroid Thickness
é ——Fit Choroid Thickness
S e IOP
o
§ ——Fit IOP
O e MOPP
——Fit MOPP

Time (Hour)

FiGure 4. Mean (£ standard error) 24-hour change in axial length (um, black), choroidal thickness (um, red), IOP (mm Hg, green), and
mean ocular perfusion pressure (MOPP, mm Hg, blue) for children ages 10.06 £ 2.53 years, with spherical equivalent refractive errors of
+0.35 + 0.38 D (n = 18); solid lines are cosinor fits to the data. Figure reproduced with permission from Ostrin LA, Jnawali A, Carkeet
A, Patel NB. Twenty-four hour ocular and systemic diurnal rhythms in children. Ophthalmic Physiol Opt. 2019;39(5):358-369. © 2019 The

College of Optometrists.
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thickness. In skin, vasoconstriction is observed in response
to cold temperatures, whereas vasodilation occurs in warmer
temperatures.'’* However, there is no evidence that the
choroid is influenced by ambient temperature, although it
is possible that the choroid is under homeostatic control to
maintain a consistent temperature.

Pregnancy has widespread effects on the body, influ-
encing all organ systems, which include changes in
metabolism, immune function, and hormones, such as
steroid hormone, peptide hormone, and prostaglandins,
that interact to expand blood and plasma volume.!”> The
eye is not exempted from these anatomic and physiologic
changes. Studies have shown, for example, increases in
central corneal thickness, changes in corneal curvature,
and decreases in IOP and corneal sensitivity, overall, with
these changes being mostly physiologic and transient (see
reviews: Khong et al.,'”® Anton et al.,'”” Roskal-Walek et
al.'’®). Given that the choroid is one of the most highly vascu-
larized tissues of the body, with a high blood flow to tissue
volume ratio, it may be susceptible to hemodynamic and
hormonal changes during pregnancy. Studies have investi-
gated choroidal thickness at different time points in uncom-
plicated pregnancy, with most studies being cross-sectional
in nature'”-18 and reporting either thickening or no change
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in choroidal thickness in pregnancy compared to nonpreg-
nant age-matched women. However, while a meta-analysis
determined the choroidal thickness of healthy pregnant
women to be significantly higher than that of the nonpreg-
nant women,'®! other studies have reported choroidal thin-
ning over time from the first to third trimesters.!>2715%158
On the other hand, choroidal thickening has been linked
to complicated pregnancies. For example, diabetic pregnant
females were found to have thicker choroids compared to
nondiabetic pregnant women,'®? and preeclampsia has also
been linked with choroidal thickening, which seemed to be
correlated with severity of the disease.!83-184

Pharmacologic Agents

Given the complex structure of the choroid, as well as its
biomechanical and physiologic relationships with nearby
structures, it is perhaps not surprising that a variety of phar-
macologic agents have been shown to exert effects on the
choroid. Several agents have been examined with respect
to their effects on choroidal thickness, providing potential
insight into receptor types localized within the choroid. Key
findings are summarized in Table 3.

TaBLE 3. Summary of Studies Examining Pharmacologically Induced Short-Term Subfoveal Choroidal Thickness Changes in the Human Eye

Pharmacologic Agent Mechanism of Action

Effect on Choroidal

Protocol Thickness

Atropine 0.01% Nonspecific muscarinic antagonist

Homatropine 2% Nonspecific muscarinic antagonist

Tropicamide 1% Nonspecific muscarinic antagonist

Cyclopentolate 1% Nonspecific muscarinic antagonist

Pilocarpine 2% Nonspecific muscarinic agonist

Phenylephrine 2.5% al-adrenergic agonist

Caffeine Adenosine receptor blocker
Nicotine Nicotinic acetylcholine agonist
Alcohol Indirect GABA agonist

OCT imaging 30 and 60 minutes
OCT imaging 30 and 60 minutes

OCT imaging 40-55 minutes

OCT imaging 40-55 minutes

OCT imaging 30 minutes after

OCT imaging 30 and 60 minutes

OCT imaging 45-50 minutes

OCT imaging 30 minutes after

OCT imaging 60 minutes after

OCT imaging 30 minutes to 4

OCT imaging 5-30 minutes after

OCT image 60 minutes after

6-um increase at 60 minutes'®’
after topical instillation

14-pm increase at 60 minutes®*
after topical instillation

22- to 26-um decrease!86:187
after topical instillation

No change!®®
20-um decrease'®’
after topical instillation

No change!®?
22-pm increase

22-um increase

188

189
topical instillation

No change at 60 minutes®*
after topical instillation

17- to 25-pm decrease!86:187
after topical instillation

10-um decrease!?”

topical instillation

14-um decrease 1

25 cl (pharamacologically)

Red Bull intake containing 80

mg caffeine, 1 g of taurine,

vitamin B, sucrose, and

glucose

25- to 50-um decrease up to
hours after 57-75 mg caffeine 4 hours>192-195
in coffee or a 200-mg capsule

No change!%°

No acute changes'®’
tobacco cigarette and

electronic cigarette smoking

50-um decrease!'%®
4 mg nicotine gum

OCT imaging 1-2 hours after
red wine intake (1.0 mg/kg of
ethanol in 14.0% red wine)

25-pm increase at 1 hour, return
to baseline at 2 hours'??
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Nonselective muscarinic antagonists, including atropine,
are among drugs targeted in pharmacologic studies of the
human choroid. Atropine is of particular interest because
of its increasing use for controlling myopia progression,
despite there being no general agreement on the site and
mechanism of action mediating the effect. Several studies
have examined the effects on choroidal thickness of topi-
cal atropine and homatropine,®2%0-202 with most studies
reporting choroidal thickening, as examined in the short
term (1 hour to 1 week), as well as long term (6 months
to 2 years).20-292 In addition, both atropine and homat-
ropine have been shown to prevent the choroidal thinning
induced by imposed hyperopic defocus,'5:2% leading to
speculation that inhibition of signals generated by hyper-
opic defocus, including lag of accommodation during near
work, may underlie or contribute to the myopia control
effect of atropine. While curiously, 0.01% atropine concen-
tration, as often used for myopia control, was shown
to induce choroidal thinning,***> choroidal thickening was
observed in children after 6 months of daily topical 1%
atropine in one study, with the 2-year data from the LAMP
study confirming the latter observation and also show-
ing a concentration-dependent (0.01%-0.05%) thickening of
the choroid, evident at the first 4-month time point and
sustained thereafter.?® Nonetheless, short-term choroidal
thinning has also been reported with 1% tropicamide.'®® The
origin of these contrasting effects on choroidal thickness of
atropine and homatropine compared to 1% tropicamide may
be related pharmacokinetic factors, including differences in
their intraocular distribution.

Pilocarpine is a muscarinic agonist that induces accom-
modation and miosis. Croft et al.®® reported that 4% pilo-
carpine led to choroidal thinning in the peripapillary region
in adults. However, in another study in which the effects
of 2% pilocarpine on subfoveal choroidal thickness, as well
as 1% cyclopentolate, another antimuscarinic drug, were
assessed 30 minutes after instillation in young adults,'®
choroidal thickening was observed with pilocarpine (22-um
increase) and no change with cyclopentolate. The pilo-
carpine result in the latter study is somewhat paradoxical,
as axial lengths were also observed to increase (by approx-
imately 30 pm), as is typically linked to and reciprocal with
choroidal thinning. Nonetheless, given that pilocarpine also
stimulates accommodation, it is possible that induced optical
changes in the lens confounded measurements. With respect
to cyclopentolate, another study reported an approximate
20-um decrease in choroidal thickness,'®” and yet another
study reported a 22-um increase,'®® adding further to the
confusing picture as it relates to the choroidal effects of
antimuscarinic drugs.

Phenylephrine, a selective «l-adrenergic agonist, is a
commonly used clinical mydriatic agent, like tropicamide.
While it is hypothesized that adrenergic stimulation may lead
to choroidal thinning due to its vasoconstrictor action (via
al receptors on vascular muscle cells), variable effects of
phenylephrine on choroidal thickness have been described,
with one study reporting choroidal thinning and others
reporting no change 54180204 The possibility that phenyle-
phrine may have also affected the nonvascular smooth
muscles cells of the choroid cannot be ruled out, with the
role of these cells also being not well understood.

Numerous studies have evaluated the influence of oral
caffeine on choroidal thickness, with most reporting acute
choroidal thinning lasting up to 4 hours after inges-
tion.'”!-1%4 However, a more recent study found no effect of
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compounded 200-mg caffeine pills on the choroid compared
to a placebo.'”® Caffeine, a common dietary supplement,
found in coffee, tea, and other caffeine-containing foods
and beverages, is an adenosine receptor antagonist. Given
its widespread consumption, it is important to consider
the potential confounding effects of caffeine in studies
of choroidal thickness, even though most studies indicate
that participants were asked to refrain from caffeine bever-
ages before and during experimental sessions. Both topical
caffeine and oral 7-methylxanthine (a metabolite of caffeine)
have recently been shown effective in slowing experimen-
tal myopia in rhesus monkeys,2°>2% implicating adenosine
receptors in eye growth and myopia. Interestingly, both
daily topical caffeine and oral 7-methylxanthine resulted in
increased choroidal thickness in monkeys after 6 months, in
apparent contradiction to reported short-term thinning with
oral caffeine in humans. In the case of caffeine, these find-
ings raise the possibility of differences between acute and
chronic effects on the choroid; it is important to consider
how the delivery route and, for human participants, habitual
consumption patterns might influence choroidal physiology
and thickness changes.

The influence of nicotine on choroidal thickness has
previously been examined following smoking tobacco,
smoking electronic cigarettes, and chewing tobacco gum.
Nicotine binds to nicotinic acetylcholine receptors, which
have been shown to be present in both the retina and
choroid.?’” In one relevant study, no acute changes in thick-
ness were observed after tobacco and electronic cigarette
smoking,'”” while in another study, a 50-um decrease in
thickness was observed 1 hour after chewing tobacco
gum.'”® However, participants in the former study were
habitual smokers, while those in the latter study were
nonsmokers, offering a plausible explanation for these
different outcomes. Similar to caffeine, most studies have
asked participants to refrain from smoking for some period
before, as well as during, choroid-related experiments. Alter-
natively, some studies have excluded habitual smokers. The
above contrasting findings call into question the wisdom of
asking participants to modify their behavior for such studies.

Alcohol acts as an indirect y-aminobutyric acid agonist,
which is known to cause central and peripheral vasodi-
lation,?®® with additional pleotropic actions, mediated in
part by its various metabolites. In one study examining the
acute effect of alcohol on choroidal thickness, 1.0 mg/kg of
ethanol (14.0% in red wine) was administered orally over 10
minutes,'® leading to a 25-um increase in choroidal thick-
ness at 1 hour and a return toward baseline at 2 hours. The
control condition, which involved drinking the same volume
of water, was without effect.

Optical and Environmental Cues and Links With
Ocular Accommodation

As discussed above, predictable changes in choroidal thick-
ness in response to imposed monocular retinal image
defocus have been well established in animal models
of eye growth, with bidirectional choroidal responses to
defocus occurring rapidly and correlating with both the
sign and magnitude of imposed blur.¥” These choroidal
changes have been documented to occur in numerous
animal species?®~2!2 and to precede longer-term axial length
changes. There is also evidence that defocus and other visual
stimuli lead to choroidal changes in humans. A summary of
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TaBLE 4. Summary of Studies of Subfoveal Choroidal Thickness Changes Induced by Short-Term Manipulation of Visual Conditions in the

Human Eye

Effect on Choroidal

Variable Imposed Conditions Measurement Technique Thickness*
Defocus Myopic defocus (+2.0 to +3.0 D lens) OCT imaging after 60 minutes 12- to 20-um increase’®213
Hyperopic defocus (-2 D to —3.0 D lens) OCT imaging after 60 minutes 20-um decrease®!3
Derived from Lenstar choroid peaks No change76
Accommodation Fixation at near point PCI biometer for axial length Axial elongation of 5-13 um*2!4
Reading at a 6 D accommodative OCT imaging after 10 minutes 5-um decreaset
demand
Light intensity 1000 lux OCT imaging after 120 minutes via 9-um increase®!”

6,000-50,000 lux

Wavelength Narrowband long wavelength

Narrowband short wavelength
Text polarity Black text on white/gray background,
OFF pathway stimulation
White text on black/gray background,
ON pathway stimulation

Virtual reality Virtual reality headset

light-emitting glasses between
9:00 am and 12:00 pm

OCT imaging after 120 minutes of
outdoor sunlight beginning
at 9:00 am

OCT imaging after 60-minute
exposure to red LEDs

OCT imaging after 60-minute
exposure to blue LEDs

OCT imaging after 60 minutes of
reading

OCT imaging after 60 minutes of
reading

OCT imaging after 40 minutes in
virtual environment

OCT imaging after 2 hours in
virtual environment

6-pm decrease?!0

6-um decrease compared to blue
light®

6-pm increase compared to red
light®

9- to 16-um decrease®8:217

11-pm increase®®

0- to 10-um increase®!8

No change?!?

PCI, partial coherence tomography.

" All findings are changes in choroidal thickness except where indicated as changes in axial length.

relevant studies involving optical and environmental stimuli
and choroidal thickness measurements in the human eye is
presented in Table 4.

The first evidence that the human choroid can respond
to retinal image defocus came from a study in which small
reductions and increases in axial length were captured
in young adults, in response to 60 minutes of monocu-
lar myopic and hyperopic defocus, respectively, using opti-
cal biometry.”® These axial length changes were likely
driven by changes in choroidal thickness. Using OCT imag-
ing to directly monitor choroidal thickness in a closely
related study, significant increases in subfoveal choroidal
thickness with exposure to myopic defocus and reduc-
tions in thickness in response to hyperopic defocus
were observed.?!? Similar, short-term bidirectional choroidal
changes in response to imposed myopic and hyperopic defo-
cus have also been demonstrated in children.?*

The time course of the human eye’s response to imposed
optical defocus was more recently examined through serial
axial length measurements during exposure to myopic and
hyperopic defocus.” The response to defocus was found to
be rapid, with significant increases in axial length detectible
after as little as 2 minutes of imposed hyperopic defocus.
While reductions in axial length with myopic defocus were
slower in development, reductions reached significance after
40 minutes. Recovery from such changes was also rapid,
with axial length returning to near-baseline levels only 2
minutes after defocus stimuli were removed. The rapid onset
and recovery from these changes highlight the need for
fast and efficient imaging procedures to reliably capture
the choroidal and corresponding axial length changes in
response to imposed defocus.

While most studies have been limited to short-term (1-
to 2-hour) evaluations of changes in the human choroid
in response to defocus, two other studies examined such
changes over a 12-hour period in young adults.”® As in
the short-term studies, significant increases and decreases
in choroidal thickness were documented with myopic and
hyperopic defocus, respectively. The longer 12-hour studies
also revealed evidence of defocus-induced changes to the
normal diurnal choroidal thickness rhythm; specifically, with
myopic defocus, there was a significant phase shift, whereas
hyperopic defocus resulted in an increase in amplitude. The
time of day of defocus exposure has also been shown to
influence the human choroid’s response to optical defocus,
suggesting an interaction between endogenous diurnal and
defocus-driven influences.?*!

Most of the studies to date examining the response of the
human choroid to defocus have used simple, full-field spher-
ical optical blur. However, a small number of studies have
examined the response of the human eye to more complex
patterns of defocus. In one such study, a 60-minute period of
exposure to hemifield myopic defocus was found to result
in a local regional choroidal thickening, with the thicken-
ing response largely localized to the region of the choroid
exposed to blur, confirming that the human choroid is capa-
ble of a local, regional response to imposed blur.® The
choroid has also been shown to be sensitive to short-term
exposure (60 minutes) to astigmatic blur, with the thickness
changes varying depending on the axis of imposed astig-
matic blur???; specifically, significant choroidal thickening
was observed in response to +3.0 D with-the-rule astigmatic
defocus, contrasting with significant thinning in response to
+3.0 D against-the-rule astigmatic defocus.
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In optical defocus studies that have included both myopic
and emmetropic participants, most have not reported any
significant differences in choroidal responses to defocus
associated with refractive error.”*7%213 However, an excep-
tion is a recent study that compared axial length changes
(as a surrogate for choroidal thickness) in myopes and
emmetropes after viewing movies with binocular myopic
defocus, imposed with +2.5 D optical lenses. Here, only
emmetropic participants showed a reduction in axial length,
with myopes showing an increase in axial length instead,
suggesting a loss of ability to decode the sign of defocus on
the part of the myopic participants.”

Associations between ocular accommodation, both volun-
tary and pharmacologically induced, have also been investi-
gated, with conflicting findings. For example, an early study
in young adult emmetropes and myopes using partial coher-
ence tomography showed that during a maximum accom-
modative effort, elicited by bringing a target as close to
the eye as possible with no reported blur, axial length
increased.?'* In a more recent study using OCT to directly
measure choroidal changes during accommodation, signifi-
cant thinning was observed in young adults in response to
a 6 D accommodative demand, with an amplitude of change
on the order of 5 pm; however, no significant changes were
observed with a smaller, 3 D accommodative demand.
When the effects of accommodation were measured in
combination with down gaze, as opposed to primary gaze,
axial length (an assumed surrogate for choroidal thinning)
was observed to increase by 23 ym after 10 minutes.??*> The
authors of the latter study speculated that repeated small
increases in axial length, or decreases in choroidal thick-
ness, could lead to long-term eye growth (i.e., accommo-
dation, particularly in downgaze, could be myopiagenic).
As noted earlier, pharmacologic stimulation of accommo-
dation has been variously reported to induce both peri-
papillary choroidal thinning (after instillation of 4% pilo-
carpine)/'3 and subfoveal choroidal thickening (after instil-
lation of 2% pilocarpine).!®® While the latter finding is oppo-
site of that with voluntary accommodation, it is possible that
pilocarpine also acts directly on the choroid. For studies
involving voluntary accommodation, lag of accommodation,
which corresponds to imposed hyperopic defocus, repre-
sents an additional confounding and typically unquantified
variable.

The growing evidence that exposure to outdoor light
is protective for myopia in children has prompted stud-
ies examining the choroidal effect of light intensity, with
interest in the spectral composition of light being driven in
part by studies in monkeys showing that narrowband red
light rearing prevents experimental myopia.??* Recent stud-
ies in humans aimed at understanding if the choroid may be
involved in such protective effects have been largely short
term in nature. In one such study, Read et al.*** reported a 5-
pm increase in choroidal thickness following 7 days of morn-
ing light therapy, each of 30-minute duration and involving
commercially available light therapy glasses, which directed
blue-green light (peak wavelength 500 nm) of illuminance
506 lux toward the eye. While the pattern of diurnal varia-
tion in choroidal thickness was found to be similar at base-
line and after the 1 week of therapy, there was an over-
all increase in choroidal thickness of 5 pm across the day
that was evident at most of the sampled time points (3-hour
intervals from 9:00 am to 9:00 pm). Interestingly, choroidal
thickening was also reported in children in an unrelated
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study involving an intensive outdoor activity program for 1
week.?2° On the other hand, young adults who spent 2 hours
outdoors in high-intensity light exhibited choroidal thinning,
with values returning to baseline within 1 hour of returning
to normal indoor light levels.?'® Yet another study reported
choroidal thickening following 2 hours of exposure to 1000
lux via light-emitting glasses.?!> In relation to red light expo-
sure, two studies have reported choroidal thinning after 1
hour of exposure to red light,>??” while another reported
choroidal thickening in children undergoing 12 months of
long-wavelength red light therapy for myopia, comprising
3 minutes of exposure twice a day.?® The inconsistency
of trends described here suggests that short-term choroidal
changes may not be a reliable biomarker for predicting
the longer-term effects on choroidal thickness (and poten-
tial relationships with ocular growth) in response to vari-
ous lighting conditions, such as outdoor light or narrow-
band wavelength exposure. Of note, because the specifica-
tions of light sources used in many such studies are not
fully described, the interpretation and comparisons in retinal
“light dosing” across studies are not possible.

Results from animal studies indicate that the relative
activity of ON and OFF retinal pathways (i.e., that respond
to light increments and decrements, respectively) influ-
ences eye growth and thus the risk of myopia develop-
ment.??*:2%0 They have also provided motivation for stud-
ies examining the effects of overstimulation of these reti-
nal pathways upon choroidal thickness in humans. Thus,
it was reported that overstimulation of OFF pathways by
asking young adult participants to view dark text on a
bright background resulted in significant thinning of the
choroid, while viewing text of the reverse polarity (i.e.,
bright text on a dark background to overstimulate ON
pathways) resulted in choroidal thickening.®® Enlarging the
text enhanced these polarity-dependent effects on choroidal
thickness, which have been documented in both myopes
and emmetropes.”? Accommodation-induced choroidal thin-
ning was also exaggerated by conditions that overstimu-
lated the OFF pathways.?'” As an alternative to the use
of text as stimuli, luminance has been modulated tempo-
rally to overstimulate either ON or OFF retinal path-
ways, with similar bidirectional changes in choroidal thick-
ness observed.??! Note that these studies have all involved
short-term exposures, and while it has been hypothe-
sized that the polarity of text read may contribute to or
inhibit the development of myopia (dark text on bright
background versus bright text on dark background)®
longer-term studies are required to examine this hypothe-
sis.

With the increasing popularity of virtual reality, head-
mounted displays for gaming and education, the question
of whether their use may impact choroidal thickness is
of relevance. The image in virtual reality headsets is opti-
cally corrected to simulate distance viewing but is physi-
cally very close to the eyes. Of two relevant studies, one
reported no change in choroidal thickness following use of
a virtual reality smartphone-based head-mounted display for
2 hours,?" while in the second study, up to a 10-um increase
in choroidal thickness was observed following 40 minutes of
immersion in virtual environments, with the size of the effect
varying with the type of virtual environment (indoor versus
outdoors).?’® Based on the latter results, it was concluded
that virtual reality headsets may not represent a myopiagenic
stimulus, despite the physically close viewing distance.?!8
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IMPLICATIONS OF CHOROIDAL THICKNESS
MobpULATION FOR EFFIicAcY OF MyoriA CONTROL

An accumulating list of myopia control interventions
involves manipulation of retinal defocus, including orthok-
eratology, defocus incorporated multiple segments specta-
cles, spectacle lenses with highly aspherical lenslets, and
dual-focus contact lenses (e.g., MiSight).?** Other myopia
control interventions include pharmacologic agents, includ-
ing atropine and 7-MX, and environmental manipulations,
such as increasing time outdoors?*® or repeated low-level
red light therapy.?** Increasingly, the effects of these inter-
ventions on choroidal thickness have become the focus of
related studies.?>>=?%7 Measurements of choroidal thickness
up to a month (1-4 weeks) following the initiation of optical
myopia control treatments in myopic children have captured
significant increases in choroidal thickness associated with
a number of optical, myopia control treatments compared to
children in traditional single-vision myopia correction,?7-2%1
with evidence of sustained effects (i.e., thicker choroid)
over 12 to 24 months of treatment in some cases.?3>:232,240
Furthermore, in the case of orthokeratology, the change in
choroidal thickness after 1 month of lens wear was found to
be associated with the degree of axial elongation observed
over 12 months, suggesting that the shorter-term 1-month
choroidal responses may be predictive of myopia control
efficacy.?® Both increased light exposure (i.e., outdoor time)
and red light therapy have also been associated with long-
term increases in choroidal thickness,??® although the initial
short-term response (1-2 hours) appears to be choroidal
thinning.®2!° It is important to note that there is currently
insufficient evidence to either support or refute the hypothe-
sis that changes in choroidal thickness to short-term optical
or environmental cues (i.e., 1-hour exposures) are reliable
predictors of longer-term changes in axial length and thus
whether a stimulus is myopiagenic or protective, as a marker
of efficacy for myopia control treatments.

SuMMARY AND CONCLUSIONS

There is accumulating strong evidence that the human
choroid is sensitive to numerous physiologic, optical, and
pharmacologic factors, which together serve to modulate its
thickness in a bidirectional manner. While studies involv-
ing the human choroid have been largely short term in
nature, the potential significance of these various observa-
tions cannot be ignored, given the convincing evidence from
animal model studies for local ocular growth regulation,
combined with the strategic position of the choroid between
the retina, the presumed source of growth-modulating
signals, and the sclera, whose remodeling and growth define
eye length. Among the questions yet to be resolved are the
following: (1) what is the exact nature of the choroid’s role
in eye growth regulation, a signal relay, a diffusion barrier, or
both? (2) Do observed short-term changes in the thickness
of the human choroid, as summarized here for a variety of
conditions, translate into more enduring changes in the rate
of ocular growth? (3) Are the associations of thicker choroids
with shorter eyes and/or less myopic refractive errors and,
conversely, thinner choroids with longer eyes and/or more
myopia causal or a by-product of altered growth? Addition-
ally, conflicting findings across studies to various short- and
long-term optical and pharmacologic interventions high-
light the need for consensus on measurement protocols,
combined with more rigorous study designs and a call for
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investigators to be transparent in describing protocols and to
acknowledge potential confounding variables. Answers to at
least some of these questions and the potential application
of short-term choroidal thickness changes as a biomarker of
future ocular growth are likely to be obtained sooner rather
than later due to the rapid advances in ophthalmic imag-
ing technologies combined with the worldwide attention on
myopia, with due recognition of its potential for blinding
complications.
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