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Introduction

With an unprecedented global increase in the prevalence
rates, myopia is reaching epidemic proportions and emerging
public health challenges (1). Recent estimate projects that by
2050, almost 5 billion (50%) individuals of the world popula-
tion will suffer from myopia (2). The prevalence of myopia,
particularly in East Asia, is very high and ever increasing and
similar trends have been shown in other parts of the world
but with less extent (3-8). The alarming increase of myopia
prevalence has alerted eye health experts and several collab-
orative work to control the onset and delay the progression
of myopia is underway. While several risk factors have been
identified concerning myopia development and rate of pro-
gression, the etiopathology remains unclear.

The impact that myopia possesses is not just limited to
ocular health but has a long-term burden on the health-care
system, impact on the global economy, and quality of life
(1,9-12). With the majority of myopic individuals to face in-
evitable myopic maculopathies which are mostly sight threat-
ening; there is an increased global burden of visually impaired
(13). The importance of research to control myopia cannot

be overemphasized when one considers the potential com-
plications of high myopia, increasing the cost of health care,
and global loss of productivity associated with it (14,15).

Control of myopia progression has become an important
clinical goal because of concerns about significantly increased
risks of pathologic myopia in those with high myopia (13).
Therefore, numerous methods have been applied to achieve
myopia control. At present, options for retarding myopia
progression include progressive addition of executive bifo-
cal spectacle lenses, (16-20) peripheral defocusing lenses,
(21-23) contact lenses, (24) orthokeratology, (25-28) mul-
tifocal soft contact lenses, (29) outdoor activities, (30-33)
and pharmacological agents (34-39). The growing evidence
from high-quality studies has a remarkable impact; myopia
management, particularly in children, is becoming a part of
routine ophthalmic practice. In this review, we discuss the
pharmacological intervention for myopia control in the con-
text of evolving research and development in this area. In
this review, we discuss the pharmacological intervention us-
ing atropine for myopia control in the context of evolving
research and development in this area.
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Atropine

Atropine is the most effective medication that has been
demonstrated to be consistently effective in slowing myopia
progression (40). Atropine is a natural alkaloid occurring in
plants of the Solanaceae family and is mostly extracted from
Atropa belladonna.

It is antimuscarinics, blocking the muscarinic receptors
from stimulation by the neurotransmitter acetylcholine, as
a competitive antagonist. However, anticholinergic drugs do
not undergo any chemical reaction with acetylcholine or af-
fect its release or rate of hydrolysis, (41) that is, it does not
interfere with the release of acetylcholine in the nerve end-
ings. The action takes place at nerve endings without blocking
the transmission of impulses along the nerve fibers (41) Fur-
thermore, it is non-selective, meaning it cannot distinguish
between MI, M2, and M3 receptors. It is absorbed mostly
in the gut and is distributed widely in the body. It is metab-
olized in the liver and excreted in urine (60%). Atropine in-
hibits secretions, reduces tones and relaxes smooth muscles,
increases heart rate, depth, and rate of respiratory rate.

In the eye, atropine is used for cycloplegia and mydriasis.
In the eye, atropine induces mydriasis by blocking contrac-
tion of the circular pupillary sphincter muscle, which is nor-
mally stimulated by acetylcholine release, thereby allowing
the radial iris dilator muscle to contract and dilate the pupil.
Atropine induces cycloplegia by paralyzing the ciliary mus-
cles, whose action inhibits accommodation to allow accurate
refraction in children, helps to relieve pain associated with
iridocyclitis, and treats ciliary block (malignant) glaucoma.
However, both pupil dilation and cycloplegia represent prob-
lematic side effects without therapeutic benefit for myopia
control.

Side Effects

The side effects of atropine are not uncommon. They cause
inconvenience but are rarely serious and are caused due to
facets of its action other than for which it is being used (42).
The toxic effects of atropine are termed as “Belladonna poi-

Table I. Side effects of atropine

Systemic side effects

soning” whose severity of the symptoms may vary from mild
to moderate to severe, depending on the dose and source.
The side effects of atropine are listed in Table |.

Atropine in Myopia Control

History

The optical and surgical corrections of myopia only concern
improvement in the visual acuity, but these measures have
nothing to do with control of myopia progression. Topical
atropine in myopia control dates back early in history, start-
ing with early studies by Bedrossian in the 1960s and 1970s
(51-53). However, Bedrossian studies were deficient, partic-
ularly his studies could not distinguish between reductions
in myopia due to long-term cycloplegia and those due to
reduced axial elongation, questioning the conclusion that
myopia progression could be controlled by topical atropine
application. Although the desired outcome was achieved, the
pathological complications could not be limited. To estab-
lish the efficacy of atropine in myopia control, Kelly et al.
(54) also performed a retrospective study among controlled
groups and two atropine groups. However, his studies were
not randomized and also the treatment regiments varied sig-
nificantly among groups. The first anti-myopia effect of atro-
pine limited to duration was first suggested by Gimbel (55).
However, his study lacked controlled groups, and the treat-
ment regimens were also supplemented by spectacle use.
This led Gimbel’s study to be deficient in utility. In 1989, Yen
et al.(49) conducted the first randomized placebo-controlled
trial of 1% atropine for myopia control.

Mechanism of Action

Topical atropine has shown to delay myopic progression and
axial elongation (56) in a dose-dependent manner, (36,37)
but till date, the exact mechanism of action has not been
elucidated fully. Initially, it was thought that the drug acted
through accommodative mechanisms. Later evidence sug-
gested that the mechanism was through non-accommodative
pathways, although atropine causes accommodation block.

Ocular side effects

* Dry mouth(43,44)

* Difficulty in swallowing and talking (43,44)

* Dry, flushed, and hot skin (especially over face and neck)(43,44)
« Difficulty in micturition, decreased bowel sounds(43,44)

* Excitement, ataxia, agitated delirium, acute psychosis (42,45)

* Dilated pupil (48-50)

* Dreadful visual hallucination (42,45)
* Photophobia (48-50)

* Accommodation paralysis.(48-50)

* Local allergic response (40-50)

* Hypotension, weak and rapid pulse, cardiovascular failure with respiratory depression (45-47)

» Convulsions and coma occur only in severe poisoning (42)
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(57) Atropine has been shown to increase choroidal thick-
ness in children (58). The plausible mechanism is thought
to be through modulation of dopamine release, (59) which
has been correlated with a reduction in the rate of axial eye
growth (60) Atropine exerts its action on retinal amacrine
cells and dopamine; when atropine binds to mAchR on the
cells, they could release dopamine, which is considered to
play a role in slowing myopia (61-63). It has also been postu-
lated that the up- and down-regulation of retinal and scleral
muscarinic receptors have influence on the scleral matrix
(64,65). Inhibition of myopia induction has been shown in
both mammalian and avian eyes (66,67). Different to the
mammalian eye, the avian eye contains striated ciliary mus-
cle innervated by nicotinic receptors rather than muscarinic
receptors (57). Therefore, atropine might have function at a
relatively lower dose, through M1/M4 receptors in the ret-
ina, not through the accommodation system. On the other
hand, a non-muscarinic and a direct influence of atropine
on the scleral fibroblasts could also contribute to the effect
(68). The scleral muscarinic receptors might modulate the
function of scleral fibroblasts and interfere with the scleral
remodeling that accompanies progressive myopia (64). Atro-
pine could be directly acting on sclera (69) and might play a
possible mechanism in inhibiting glycosaminoglycan produc-
tion and, thus, eye growth (70). The actual mechanism may
include a combination of effects, but determination of the
primary mechanism of action may allow more targeted ther-
apy and/or alternative therapies for children who continue
to demonstrate rapid myopic progression on treatment (71).

Dose

Topical atropine of varying concentrations has been admin-
istered in children with myopia in an attempt to prevent
myopia progression. There have been a number of studies
that have evaluated the relationship of concentration of at-
ropine to the reduction of myopic progression. Studies have
been performed administering high-dose atropine of con-
centration 1% or lower than that. The efficacy of 1% atro-
pine was studied by Bedrossian et al. (1966), (51,52) Gimbel
(1973),(55) Gruber (1985),(72) Yen et al. (1989),(49) Roma-
no et al. (2000),(73) Chiang et al. (2001),(74) Syniuta et al.
(2001),(75) Chua et al. (2006),(36) and Fan et al. (2007).(35)
Nightly instillation of one drop of 1% atropine effectively
halts the progressive increase in myopic refractive error and
eye elongation relative to untreated eyes (36,49,76). How-
ever, adverse side effects, including mydriasis, cycloplegia,
and accelerated progression on cessation (rebound), have
limited the clinical use of 1% atropine. Consequently, inter-
est has shifted to the use of much lower concentrations,
which also appear to reduce myopia progression, although in
a dose-dependent manner (38,39). Management of myopia

using low-concentration atropine eye drops, are well-toler-
ated, and with less rebound following cessation of treatment,
unlike those with high-dose atropine. Gong et al. meta-ana-
lyzed that the efficacy of atropine is concentration indepen-
dent from 0.01% to | % atropine, whereas the adverse effects
are concentration dependent (77). The American Academy
of Ophthalmology recommends the use of 0.01% of atropine
for myopia control (78). At present, 0.01% atropine is the
most popular measure for myopia control.

Clinical Myopia Control Studies

Starting with early studies by Bedrossian in the 1960s and
1970s, there have been numerous studies of atropine’s topi-
cal effect on myopia progression which includes a number of
retrospective studies, prospective studies, and randomized
controlled trials. A long list of studies is shown in Table 2.
Earlier studies performed by Bedrossian (51) who con-
cluded that topical atropine could halt myopia progression,
but lacked enough evidences. Gimbel’s (55) study also point-
ed toward the similar conclusion, but its utility was limited
due to variations among treatment regiments. In 1989, Yen
et al.(49) conducted the first randomized placebo-controlled
trial of 1% atropine for myopia control, randomizing 96 chil-
dren aged 6—14 years to |% atropine, 1% cyclopentolate,
and placebo group for | year. This study concluded that
I % atropine conferred the best efficacy in myopia control
among the three studied groups, with myopia progression of
I % atropine —0.22 (0.54) D/year, 1% cyclopentolate —0.58
(0.49) Dl/year, and placebo 0.91 (0.58) D/year (49). The effect
of atropine in axial length could not be ascertained due to
unavailability of axial length data. Furthermore, a number of
study dropouts were noted attributing to the side effects
of atropine (mostly photophobia) among high-concentration
groups. Due to the demerits of high dose, interest shifted
toward a much lower concentration of atropine. In 1999, a
randomized controlled trial was conducted by Shih et al.(50)
on 200 children, on 0.5%, 0.25%, 0.1% atropine, and 0.5%
tropicamide (as control group). His study proved that all at-
ropine treatment groups were much effective in controlling
myopia progression, following a 2-year treatment period
with mean myopia progression of —0.04 (0.63) D/year, —0.45
(0.55) Dlyear, and —0.47 (0.91) D/year in the 0.5%, 0.25%,
and 0.1% atropine groups, respectively , and —1.06 (0.61) D/
year in 0.5% tropicamide control group. These dosages of
atropine were much tolerated, in comparison to previous
high dosages, side effects complained with 0.5% atropine
only by 22% of the subjects. However, the study was limited
by the lack of axial length data and placebo control group.
To address the shortcoming, Shih et al. conducted a ran-
domized controlled trial among 227 study population (80).
This study compared changes in both the refractive errors
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and axial lengths of a group wearing multifocal spectacles
treated daily with 0.5% atropine with those of two placebo
control groups. Over an 18-month treatment period, the at-
ropine-treated group recorded a mean increase in myopia of
0.42 D, which was significantly lower than the changes of 1.2
and 1.4 D for the multifocal and single-vision spectacle-wear-
ing control groups, respectively. A correspondingly smaller
increase in axial length was recorded for the atropine-treat-
ed group (0.22 vs. 0.49 and 0.59 mm), implying that the inter-
group differences in myopia progression were at least partly
a consequence of inhibited eye elongation.

The strongest evidence for | % atropine on myopia control
was rendered by “Atropine for the Treatment of Childhood
Myopia” (ATOM ) study, conducted by Chua et al. in 2006
(36). It is a randomized, double-blind, placebo-controlled tri-
al including 400 children, randomizing them into two groups:
The treatment group receiving | % atropine once per night in
one eye and no treatment in the fellow eye and the control
group receiving placebo in one eye and no treatment to the
fellow eye and no treatment was administered to the fellow
eye. The mean reduction of myopia progression following
2-year treatment was approximately 77% in the treatment
group compared with the placebo group with myopia pro-
gression significantly lower in the 1% atropine group (-0.28
(0.92) D/2 years), compared with the control group (—1.20
(0.69) D/2 years).The mean increase in axial remained un-
changed (-0.02 (0.35) mm/2 years) in the 1% atropine group
compared with significant elongation of axial length (0.38
(0.38) mm/2 years) in placebo eyes. Although only 18% of
the subjects complained of side effects, the safety concern
of high concentration atropine remains a question. More-
over, a rebound phenomenon (36) was observed following
the cessation of atropine eye drops administration. During
the |-year washout period, the subjects of ATOMI study
had mean myopia progression of —1.14 (0.8) D/year in the
atropine 1% group and —0.38 (0.39) D/year in the control
group, suggestive of myopia rebound in the atropine treat-
ment group. By far, high-concentration atropine remained
the most efficacious treatment for myopia progression, but
the side effects profile and the rebound following drops ces-
sation limited its widespread use.

In 2012, the ATOM2 study evaluated lower concentra-
tion for myopia progression to determine the lower optimal
concentration for anti-myopia effect of atropine. Among 400
children, 0.5%, 0.1%, and 0.01% concentration of atropine
were randomly allocated in the ratio of 2:2:1. Initially, no
placebo was allocated as 0.01% of atropine was considered
to be used as a control group. The mean myopia progression
over 2-year treatment was —0.30 (0.60) D in 0.5% group,
—0.38 (0.60) D in 0.1% group, and —0.49 (0.63) D in 0.01%
group while the axial elongation was 0.27 (0.25) mm, 0.28

(0.28) mm, and 0.41 (0.32) mm in the 0.5%, 0.1%, and 0.01%
atropine groups, respectively (37). An interesting finding of
ATOM2 study was that the children in the atropine 0.01%
who had myopia progressed by —0.43 D in the I** year had
a significantly slowed down progression during the 2™ year
which was found to be only 0.06 D. However, the axial elon-
gation was 0.24 mm during the Ist year and 0.17 mm during
the 2™ year, with a total of 0.4] mm increased over the 2
years (37). Thus, ATOM2 study concluded the efficacy of
0.01% atropine based on decrease in mean refractive error,
rather than axial elongation. Furthermore, the side effects
were much less in comparison to previous high-dose studies.
Interestingly, a similar rebound was seen in 0.5% and 0.1%
atropine group, but much less with 0.01% with myopic pro-
gression in |-year washout to be —0.87 (0.52) D, —0.68 (0.45)
D, and —0.28 (0.33) D in the atropine 0.5%, 0.1%, and 0.01%
groups, respectively. With fewer side effects and rebound
following atropine cessation, ATOM2 study concluded that
0.01% atropine was better in treatment-to-side effect bal-
ance.

Although, the ATOM2 study established the efficacy of
low-dose atropine in control of myopia progression, due
to lack of placebo-controlled group, the study was limited.
Therefore, low-concentration atropine of myopia progression
(LAMP)(39) study was conducted, which is a double-blinded,
randomized, placebo-controlled trial to evaluate the efficacy
and safety of low concentration atropine 0.05%, 0.025%, and
0.01% daily. After | year, the mean SE change was -0.27
(0.61) D, —0.46 (0.45) D, —0.59 (0.61) D, and -0.81 (0.53)
D, respectively (40). Meanwhile, the mean AL change after
| year was 0.20 (0.25) mm, 0.29 (0.20) mm, 0.36 (0.29) mm,
and 0.41 (0.22) mm, respectively. LAMP study noted a clear
concentration-dependent response. Among them, 0.05% at-
ropine was most effective for controlling myopia progression
and axial elongation during the study period. Furthermore,
0.01% atropine reduced AL elongation at 12%, compared
with the placebo group, along with 27% reduction in mean
refractive error progression. The side effects were minimal
and the drug was well tolerated. The LAMP study provides
the strongest evidence in favor of low concentration of atro-
pine to halt myopia progression. Furthermore, LAMP study
has delineated a concentration-dependent response in both
the efficacy and side effect profile in the low atropine con-
centration range from 0.05% to 0.01%, which previously had
been a controversial issue.

After ATOM and LAMP, many other studies have estab-
lished the safety and efficacy of varying doses of atropine in
myopia control. In a meta-analysis, Huang et al. (40) report-
ed that the treatment effect of atropine (high, moderate,
and low dose) in comparison with placebo or single vision
lens was strong and, in particular, high-dose atropine (1%
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and 0.5%) was significantly superior (p<0.05) to other in-
terventions, except for moderate-dose atropine (0.1%) and
low-dose atropine (0.01%). Similarly, Wang et al. (83) com-
pared 0.5% atropine eye drop with a placebo in this study
the administration of 0.5% ATE led to less progression in LM,
as measured by spherical equivalent, and less increase in AL
(p<0.01). In addition, no serious adverse events occurred in
both the groups. Beside monotherapies, Tan et al. (84) has
also compared efficacy of atropine as a monotherapy and ef-
ficiency of combined atropine therapy with orthokeratology.
At the end of the study period, dual therapy resulted in a
significantly slower change in axial length.

In a randomized clinical trial, Shifei Wei et al., (85) a to-
tal of 220 children aged 6—12 years with myopia of —1.00
D—-6.00 D in both eyes were enrolled. It was a randomized,
placebo-controlled, double-masked study, in which subjects
randomly assigned in a I:I ratio to atropine, 0.01%, or pla-
cebo groups to be administered once nightly to both eyes
for | year. This study reported the mean myopia progres-
sion of —0.49 (0.42) D and -0.76 (0.50) D in the atropine,
0.01%, and placebo groups (mean difference, 0.26 D; 95% ClI,
0.12-0.41 D; p<0.001), with a relative reduction of 34.2%
in myopia progression. The mean (SD) axial elongation in
the atropine, 0.01%, group was 0.32 (0.19) mm compared
with 0.41 (0.19) mm in the placebo group (mean difference,
0.09 mm; 95% ClI, 0.03-0.15 mm; p=0.004), with relative re-
duction of 22.0% in axial elongation. Fifty-one percent and
13.2% of children progressed by at least 0.50 D and .00 D in
the atropine, 0.01%, group, compared with 69.9% and 34.9%
in the placebo group. This study concluded that 0.01%, eye
drops can slow myopia progression and axial elongation in
children.

Recently, a Spanish study “Group of Atropine Treatment
for Myopia Control (GTAM)” (86) evaluated the efficacy and
safety of atropine 0.01% eye drops for myopia control in a
multicentric pediatric Spanish cohort including, children aged
between 6 and 14 years, with myopia between —2.00 D and
—6.00 D, astigmatism < 1.50 D, and documented previous
annual progression >—0.5 D. The subjects were prescribed
with once nightly atropine 0.01% eye drops in each eye for a
period of 12 months. This study reported the mean spher-
ical equivalent and axial length changes to be —0.44+0.41 D
and 0.27+0.20 mm, respectively. Mean SE progression was
lower than the year before treatment (—0.44+0.41 D vs.
—1.01+0.38 D; p<0.0001). An inverse correlation between
SE progression and AL progression (r: —0.42; p<0.0001) was
found. The adverse effects were mild and infrequent, and
decreased over the time. With these findings, Barrio-Barrio
et al. concluded that atropine 0.01% is effective and safe for
myopia progression control in Spanish cohorts and specu-
lated that this could be projected to the world population.

Safety of Atropine

Several anti-myopia drugs have been known and extensively
studied in animal models, human trials remain murky ow-
ing to their potential side effects and adverse events on the
dose, frequency, and tenure of study. The US-FDA has per-
mitted the clinical trials of only three anti-myopia drugs — at-
ropine, pirenzepine, and 7-MX but has not been approved for
prescription yet. In many Asian countries, where the global
burden of myopia exists, these drugs are used off-labeled.
Off-label use of topical atropine is currently the only treat-
ment used for slowing myopia progression. Despite known
inevitable side effects like photophobia, accommodation dys-
function, no alternative to atropine has been approved so far,
therefore it is necessary to establish an antimyopia drug with
minimal to no side effects but maximum efficacy.

Several routes of absorption are possible for an ophthal-
mic drug including those acting as anti-myopia agents like
atropine. Even when correctly applied, the excess amounts
can sometimes cause an unwanted systemic bioavailability of
the drops when not completely absorbed into the eye, lead-
ing to systemic side effects such as dry mouth, psychological
disturbances, and flushing as observed in topical atropine
usage. Furthermore, the concentration of active ingredients
in such topical ophthalmic preparations is usually very high,
so that despite the correct application of the recommended
dose, considerable amounts may be absorbed in an unwant-
ed manner through various routes causing adverse ocular
and systemic reactions. Moreover, these anti-myopia drugs
are not weight adjusted, making children vulnerable to ad-
verse reactions. Lack of pediatric dosing remains a major
hindrance. Similarly, the drug delivery for anti-myopia drugs
has been limited only to the topical application either on
solution or gel form, except for oral methylxanthine. It is
known that high myopia primarily affects the posterior vitre-
ous chamber specifically, its outer scleral coat, but no drug
delivery system that primarily targets these areas has been
established yet.

Moreover, despite extensively studied, what concentra-
tion of drug to be prescribed is still questionable. Effective-
ness of topical 1% atropine is well established but at the
cost of side effects. Hence, interest shifted toward a less
concentration with minimal to no side effects. Topical oph-
thalmic atropine must not be used in patients with a known
history of belladonna poisoning and high blood pressure.
Narrow-angle glaucoma is an absolute contraindication as
there is an increased likelihood of producing complete ob-
struction of the outflow of aqueous humor, resulting in an
acute increase in intraocular pressure in response to relax-
ation of the ciliary muscle. It must be used with caution in a
breast-feeding woman.
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Research Gap

In spite of the plethora of studies in myopia control, the ex-
act etiology of myopia and mechanism of myopia progression
is not completely established and understood. The questions
on how the pharmaceutical agents retard myopia progres-
sion; its pharmacodynamics and pharmacokinetics remain
unanswered. At present, no treatment is considered to be
100% effective although dozens of myopia control trials are
ongoing.

Moreover, facts established so far are mostly either from
non-randomized studies or those from retrospective stud-
ies conducted in less sample size. There have been fewer
prospective controlled human clinical trials except for those
in East-Asian countries. Hence, of the anti-myopic effect of
atropine in different regions and ethnicities is yet to be es-
tablished. Moreover, the treatment regimen so far has been
similar for all subjects and no individualized treatment ap-
proaches have been explored. There are no guidelines in the
selection criteria for the amount of myopia, optimal age to
commence myopia control option, or ideal myopia control
treatment option for an individual child. Furthermore, even
for certain established anti-myopia drugs like atropine, the
optimal concentration for longer duration usage with safety
in controlling myopia progression and axial length elongation
is yet to be answered.

Several pharmaceutical agents are studied for myopia
control, but no known drug controls myopia progression
efficiently and without side effects; each drug has its own
merits and limitations. At present, combination of atropine
treatment options with other means of myopia control is be-
ing explored. Future studies should also make efforts to in-
dividualize myopia control treatment options. The “one size
fits all” approach could affect outcome measures for differ-
ent demographic characteristics. Further research to identify
those individuals who are most likely to benefit from differ-
ent pharmaceutical drugs are necessary. Similarly, the after-
math of drug cessation, for example, rebound phenomenon
following atropine cessation should be further investigated.
Researches that primarily focus on patient’s safety should
be considered. Encouraging large multicenter collaborative
researches on the etiology of myopia and its management
should continue with ultimate goals to prevent the develop-
ment of myopia.

Conclusion

The growing global burden of myopia and its inevitable im-
pacts urges the need to establish an effective intervention
to halt myopia progression. Despite global efforts, the most
effective treatment strategy is yet to be identified (87). It is
necessary to note that myopia can render an otherwise fully
healthy person visually challenged. Atropine has demonstrat-

ed its beneficial anti-myopia effect, but there is a need to
establish a full-fledged drug amplifying the pros and lessening
the cons. In the future, axial length growth graphics by eth-
nicity, age, and gender, genetic risk scores, objective assess-
ment of time spent outdoors and in near-vision tasks, and
responsiveness to different atropine concentration, might
help us in the decision of when start the treatment and how
evaluate its efficacy (85). With myopia control becoming a
mainstream clinical practice for us eye care practitioners,
our goal must not just be limited to developing a slowing
down measure, but to discover a method to prevent the
development of myopia.
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