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Exploring quality of vision is one of the most important issues in modern ophthal-
mology, and research into ophthalmic optics and visual function is essential for making
progress in this field. Several factors affect quality of vision, and among them, refractive
error/aberrations [1,2], accommodation [3], and tear film [4] are major.

People’s lifestyles have changed dramatically in recent decades, and a variety of digital
devices, including personal computers and gadgets, are used extensively in daily life for
social and professional purposes across all age groups. These changes have resulted in a
range of ocular and visual symptoms [5].

Uncorrected/under-corrected refractive errors, aberrations, and presbyopia accelerate
the multifaceted symptoms of the so-called digital computer syndrome, including eye
strain, asthenopia, and other symptoms [5,6]. Dry eye may also accelerate the symptoms,
because the tear film plays an important role as the first refractive ocular component, and
the alterations in the tear film dynamics may cause vision-related and ocular surface-related
symptoms [4].

The recent lifestyle change may also contribute to the increased prevalence of myopia
because environmental factors are considered to be important for myopia progression [7–9].

This Special Issue of JCM on “Ophthalmic Optics and Visual Function” is a collection
of articles that highlight innovative findings with the potential of enhancing diagnosis and
monitoring ophthalmic conditions and treatments, especially of the anterior segment.

The issue includes 16 manuscripts: two original papers on refraction measurement,
four on presbyopia diagnosis and treatment, two on myopia treatment, four on other topics,
and one review paper and three original papers on myopia control.

Regarding presbyopia, Yang et al. evaluated the impact of myopia severity and the
type of visual correction in presbyopia on vision-related quality of life (QOL) and reported
that highly myopic presbyopes had a worse overall QOL and functionality, both with
and without glasses, compared to presbyopes with low myopia, although progressive
addition lens users had a better perception outcome than single-vision distance lens users
in both groups [10]. Kubota et al. investigated the factors that cause presbyopia other than
advanced age and reported that age and the difference between the maximal and minimal
pupillary diameters were both significantly and independently related to accommodation
amplitude and age under 44 years but not age 45 years and older [11]. Tsuneyoshi et al.
reported that patients became aware of presbyopia in their late forties, although some had
difficulty with near-vision-related tasks before becoming aware of presbyopia [12]. These
studies suggest that proper intervention for presbyopia may improve the quality of vision
and vision-related QOL.

Yotsukura et al. reported the prevalence of myopia in equatorial Brazil and suggested
that the light environment, in addition to other confounding factors, affects the axial length
and refractive errors [13]. Ishiko et al. reported the effect of educational pressure on
myopia progression and reported that the progression rates and increased prevalence of
high myopia were observed only during high-pressure education [14]. Tsai et al., who
conducted a systematic review and meta-analysis with the latest evidence on the efficacy
and safety of 0.01% atropine in myopic children, concluded that the drug had favorable
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efficacy and adequate safety for childhood myopia over a 1-year period [15]. Mori et al.
conducted a randomized controlled trial on the effect of violet light-transmitting eyeglasses
on axial elongation in myopic children and reported that the mean change in axial length
in the violet light glasses group was significantly smaller than in the placebo glasses group
when the time spent performing near work was less than 180 min and when the subjects
were limited to those who had never used eyeglasses before this trial [16].

These reports support the relationship between environmental factors and myopia
progression as previously reported and added new findings.

Other studies in this Special Issue are on the visual function related to cataract [17]
and lacrimal passage intubation [18], clinical results and QOL related to surgeries [19–21],
refractive measurement [22,23], and others [24,25].

As Guest Editor, I thank the reviewers for their professional comments and the JCM
Editorial Office for their robust support. I believe the readers of this Special Issue will find
the articles very useful.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The fact that outdoor light environment is an important suppressive factor against myopia
led us to invent violet light-transmitting eyeglasses (VL glasses) which can transmit violet light (VL),
360–400 nm in wavelength, for the suppression of myopia, and can meanwhile block harmful
ultraviolet waves from sunlight. The current study is a double-blinded randomized clinical trial
to investigate the myopia-suppressive effect of VL glasses compared to conventional eyeglasses
(placebo glasses) that do not transmit VL. The subjects were children aged from 6 to 12 years old, the
population in which myopia progression is generally accelerated, and the myopia suppressive effect
was followed up for two years in a city in Japan. Periodical ophthalmic examinations, interviews,
and measurements of reflection and axial length under mydriasis were performed at the initial visit
(the baseline) and at 1, 6, 12, 18, and 24 months. The mean change in axial length in the VL glasses
group was significantly smaller than in the placebo glasses group when time for near-work was less
than 180 min and when the subjects were limited to those who had never used eyeglasses before this
trial (p < 0.01); however, this change was not significant without subgrouping. The suppressive rate
for axial elongation in the VL glasses group was 21.4% for two years.

Keywords: violet light; eyeglasses; myopia; axial length; refraction; myopia control; double blinded
randomized controlled trial

1. Introduction

Myopia is reported to progress due to both genetic and environmental factors [1], but
its precise mechanism remains unclear. Only a few safe and secure preventive measures
against myopia progression have been established; in addition, the population suffering
from myopia has expanded, exceeding one billion people [2].

When myopia progresses and turns into high myopia, the axial length grows and the
shape of the eye changes, which may lead to blindness because of sequelae such as myopic
maculopathy, glaucoma, and retinal detachment [3,4]. In a domestic epidemiological study,
the Tajimi study, it was shown that high myopia accounted for 20% of all myopia cases
and ranked first as the cause of WHO-defined blindness [5]. Additionally, it is reported
that one diopter suppression of myopia reduces 20% of the possibility of blindness caused
by high myopia [6,7]. In order to avoid blindness, prevention of axial elongation and eye
deformation is critically important [8]. Therefore, early intervention to prevent myopia
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progression is highly significant, as it can considerably reduce the risk of sequelae of high
myopia, which may lead to blindness.

It is crucial to control environmental factors to suppress the progression of myopia.
There are some studies regarding environmental factors in relation to myopia progres-
sion, such as the Orinda Study [9], the Singapore Cohort Study of the Risk Factors for
Myopia [10], and the Sydney Myopia Study [11,12]. These studies revealed that myopia
could be accelerated by urban habitation, long-term near work, higher education, and
high intelligence quotient (IQ), while outdoor activities suppressed its development. Two
hours or more of daily outdoor activity can reduce the onset rate of myopia, irrespective
of whether parents are myopic or not, which is one of its genetic factors [13,14]. There
were a couple of major RCTs regarding the correlation of outdoor time with myopia. Cao
et al. reported the significance of outdoor time for myopia prevention in their systematic
review and meta-analysis, based on randomized controlled trials [15]. According to their
report, an additional 20 min of recess outside the classroom could help to slow down the
change speed of the refractive error [16]. RCTs conducted in China revealed that 40 min of
school outdoor activity was added to the outdoor group, and the changes in both refractive
error and axial length were slower than those of the control group [17]. A similar finding
in another RCT conducted in Taiwan showed similar results [14]. Though it has been
considered that the light that is critical for myopia prevention in an outdoor environment
is very high intensity of illumination, even low illumination intensity could have myopia
suppressive effects on myopia [18].

Although many researchers have performed investigations to reveal the reason for
the effectiveness of outdoor activities on myopia prevention, there are studies focused
on a light wavelength that exists in the outdoor environment. The current environment
regarding myopia is characterized by ultraviolet-blocking materials such as windows
and eyeglasses [19]. Previous studies have revealed that red, green, blue, and violet
have the potential to suppress myopia [20–25]; among these wavelengths, violet light
(VL: 360–400 nm) is the most potent [26]. Conventional eyeglasses do not penetrate the
ultraviolet wavelength, but they also cut off VL [19]. VL eyeglasses were invented to solve
these issues and this study was performed to verify their effect.

There have been some previous studies concerning VL. Torii et al. demonstrated
that VL suppressed axial elongation and myopic shift of the refractive error in a lens-
induced myopia model using chicks [19]. The same results were demonstrated in other
reports using mouse models [24,26]. The mechanism of VL in suppressing myopia pro-
gression was revealed to maintain choroidal thickness through OPN5 in the retina [26,27].
OPN5 is an opsin, one of the photoreceptors in the retina, which is sensitive to VL [26].
OPN5 is reported to be associated with the circadian rhythm, vasculogenesis, and ther-
mogenesis [26,28,29]. Another study revealed that EGR1, a myopia-suppressive gene, is
associated with VL. EGR1 expression was dominant in the myopia-suppressed enucle-
ated eyes illuminated by VL in chicks [19]. Torii et al. also conducted a retrospective
study comparing axial elongation for one year between a partially VL-blocking contact
lenses (CL) group, comprising 31 eyes of 31 patients (age range, 13–18 years; mean age,
14.7 ± 1.3 years), and a VL-transmitting CL group comprising 116 eyes of 116 patients (age
range, 13–18 years; mean age, 15.1 ± 1.4 years). This study revealed 0.19 mm of mean axial
elongation in the partially VL-blocking CL group and 0.14 mm of mean axial elongation
in the VL-transmitting CL group (p < 0.05) [19]. Another retrospective study revealed
that axial elongation in 10 subjects with −6 D or less refractive errors implanted with
non-VL-transmitting phakic intraocular lenses (pIOL) was 0.38 mm, and axial elongation
in 13 subjects with −6 D or less refractive errors implanted with VL-transmitting pIOL was
0.09 mm for 5 years (p < 0.05) [30].

VL exist in the outdoor environments; however, they hardly exist in indoor environ-
ments because most of them are blocked by windows [19]. Likewise, VL do not reach our
eyes since they are blocked by ordinary eyeglasses [19].
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Thus, we invented eyeglasses that transmit VL and block harmful short ultraviolet
(UV) light from sunlight. We designed the study to investigate the myopia-suppressive
effect of our eyeglasses, violet light-transmitting eyeglasses (VL glasses), for two years,
comparing with conventional eyeglasses (placebo glasses) that do not transmit VL.

2. Materials and Methods

2.1. Study Design

This was a prospective randomized double-blind placebo-controlled trial conducted
for 2 years. The study was performed in compliance with the Declaration of Helsinki,
Ethical Guidelines for Medical and Health Research Involving Human Subjects, and local
regulatory requirements, and was also conducted under the approval of all study institu-
tional review boards (IRB) and ethics committees. This trial was approved by the Certified
Review Board of Keio (Approval No. N20188004). This trial was also registered by Japan
Registry of Clinical Trials with the registration number jRCTs032180418. This randomized
control trial followed CONSORT guidelines.

2.2. Study Organization

The participants were recruited at Hara Eye Clinic, Tochigi, Japan. The analysis of
statistics was outsourced to an independent company (Satista, Inc., Kyoto, Japan), without
any relationship with JINS HOLDINGS, Inc., Gunma, Japan, the sponsor of this clinical
study, and interpretation after the results of the analysis was performed by the department
of ophthalmology and laboratory of photobiology, Keio University School of Medicine,
Tokyo, Japan.

2.3. Participants and Sample Size

The participants were enrolled from July 2016 to August 2018 and followed-up for
24 months. As for the sample size, previous research results of MyoVision (Zeiss Inter-
national) showed values of 0.78 ± 0.29 mm for axial elongation and −1.65 ± 0.80 D for
refractive change for two years while wearing conventional eyeglasses [31]. When con-
sidering that the suppressive effect of an outdoor environment is 30%, it can be estimated
that axial elongation is 0.55 mm and refractive change is −1.16 D for two years. Upon
establishing the sample size, along with axial length and refractive change, each group
required 34 cases, under the condition that the effect size was 0.23, the standard deviation
was 0.29, α = 0.05 (both sides), and 1-β = 0.90 when axial length was the primary outcome.
When it was assumed that the dropout rate was 15%, each group required 40 participants,
meaning the total sample size would be 80 participants. When refractive change was the
secondary outcome, each group required 57 participants, under the condition that the effect
size was 0.49, the standard deviation was 0.80, α = 0.05 (both sides), and 1-β = 0.90. Since
the refractive change was the secondary outcome in this study, the total sample size was
140 participants when the drop rate was assumed to be 15%. The first participant was
enrolled on 17 August 2016. Though the pace of the enrollment was initially steady, it
gradually dropped and could not reach the target number by the end of the scheduled
recruitment period. Therefore, the recruitment period was extended twice, and the total
number of participants was finally 113 (Figure 1).

Children who met all the criteria were included in the study; (1) those who were aged
6–12 of both gender at the moment of consent; (2) those who spent at least 1 h per a day
outdoors; (3) those whose cycloplegic refraction in each eye was between −1.50 D and
−4.50 D, (4) those who had one or two parent/s with myopia; (5) those who were able
to wear eyeglasses habitually and who could fulfill clinical visits in accordance with the
study protocol; (6) those who had no ocular diseases besides ametropia; and (7) those who
could provide written informed assent from the study subjects (hereinafter referred to as
“subject(s)”) themselves and informed consent from their legal guardian(s).

Children who met at least one of the following criteria were excluded from the study;
(1) those who had worn bifocals or progressive power lenses; (2) those who had worn
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orthokeratology lenses; (3) those with anisometropia exceeding 1.50 D; (4) those with
astigmatism exceeding 1.50 D, (5) those with manifest strabismus; (6) those with a history
of refractive surgery; (7) those with a history of keratoconus, herpetic keratitis, or papillary
hyperplasia, etc.; (8) those participating in an ongoing similar study; or (9) those who had
been judged to be ineligible to participate in the study by the investigators.

Figure 1. Flowchart of the double-blind randomized clinical trial time points and number of partici-
pants. Details of the reasons for withdrawal and protocol deviation are described in Table S1. FAS:
full analysis set; PPS: per protocol set.

2.4. Randomization and Masking

Randomization followed the EDC system. Static allocation of stratification by (1) age
and (2) gender, i.e., random substitution block method, was performed, and schoolchildren
were assigned to either a VL glasses group or a placebo glasses group. The principal
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investigator and the co-investigator/s were not informed about the details of the allocation
steps.

2.5. Intervention

The intervention group was obliged to wear VL glasses for 24 months, whereas the
control group was instructed to wear conventional eyeglasses (placebo glasses) that did
not transmit VL (Figure 2).

Figure 2. Characteristics of the eyeglasses used in this study: the transmission rate (%) at each
wavelength of the light with VL glasses (blue) and with placebo glasses (orange) is shown. VL glasses
transmit light 360–400 nm in wavelength, whereas placebo glasses block the light of the wavelengths
less than 400 nm.

2.6. Procedure for Follow-Up Examinations

The primary investigator or co-investigator prescribed refraction correcting eyeglasses
based on the result of a visual acuity examination under cycloplegia which was conducted
at the baseline. Whether the glasses were VL glasses or placebo glasses was not disclosed to
the primary or co-investigator at prescription. At the point of regular eye examination, 1, 6,
12, 18, and 24 months after the baseline, over the 24-month research period, new correcting
glasses of each type were prescribed to gain 20/20 or more of visual acuity. Barring these
points, the same correcting glasses of each type were prescribed only in case of accidental
damage or loss of eyeglasses, and the prescriptions were not allowed to be changed.

At the first encounter, details of the study design and the rights of the participants
were explained. An eye examination was performed to measure subjective/objective
cycloplegic refraction and axial length following written informed consent. The best
corrected visual acuity of subjective refraction was measured under cycloplegia to pre-
scribe the eyeglasses. Objective refraction was measured with a closed-field type auto
ref/kerato/tono/pachymeter (TONOREF®III, NIDEK, Tokyo, Japan) with 0.01 D incre-
ments. The measurement of objective refraction under cycloplegia was performed one
hour after the application of 1% cyclopentolate hydrochloride eyedrops (Cyplegin® 1%
ophthalmic solution, Santen, Osaka, Japan). Axial length was measured with an IOLMaster
500 (Carl Zeiss Meditec, Jena, Germany). Interviews of the participants were performed at
every visit. Participants’ age, gender, number of parents with myopia, living environment,
and lifestyles such as time for sunlight exposure, near work, sleep, and physical activities
were asked. The time for sunlight exposure and near work was calculated with weighted
means of 5 weekdays and 2 weekends. Regular eye examination was performed at 1, 6,
12, 18, and 24 months from the baseline to measure the visual acuity of the prescribed
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eyeglasses, best corrected visual acuity, subjective refraction, objective refraction under
cycloplegia, and axial length. Regarding adverse events, surveillance of each participant
during the whole period of this study was performed to report in the form of case reports.

2.7. Outcomes

The primary and the secondary outcomes were the change in axial length and objective
refraction, i.e., spherical equivalent refraction (SER), under cycloplegia for 24 months,
respectively.

2.8. Statistical Analysis

All data were analyzed based on the intention-to-treatment principle. The primary
analysis was performed in the per-protocol set (PPS), and robustness of the results was
explored through sensitivity analysis in the full analysis set (FAS).

The repeated-measure outcomes were analyzed with a linear mixed-effects model
for repeated measures (MMRM) that included intervention, dummy variables for time,
intervention-by-time interactions as covariates, and the subjects as a random effect. Further-
more, in this model, all measurements obtained from both eyes were used and entered as
repeated effects. The covariance structure was a completely general (i.e., unstructured) co-
variance matrix. The results were reported as the least squares means with 95% confidence
interval (CI) at each time-point.

The odds ratios (OR) and 95% confidence intervals (CI) were calculated by univariate
logistic regression analysis for independent risk factors associated with rapidly progressed
myopia, i.e., increase in axial length by 1.2 mm or more, and deterioration of SER by
−2.5 D or less at 24 months. Multivariate analysis was performed with adjustment by
gender, “already wearing glasses at first visit”, and parental myopia. There are some
papers regarding the definition of rapid progression of myopia. Rapid progression of
myopia is mostly defined as −1 D or less of decrease in refractive errors per year [32,33].
In the meantime, it is reported that 1.25 D of deterioration of myopia categorized in fast
progression of myopia tends to progress more in the following year [34]. In this study,
because of the preceding reasons, the degree of −2.5 D or less of progression of myopia
for two years was defined as fast/rapid progression of myopia and its exacerbating factor
was investigated.

Subgroup analysis according to factors considered to be related to the outcome
(i.e., baseline age, already wearing glasses at first visit and baseline time of near-work) was
conducted with the MMRM. The time of near-work was calculated by weighted means of
5 weekdays and 2 weekend days.

A p-value of <0.05 was considered statistically significant, and all p-values were two-
sided without multiplicity adjustment. All statistical analyses were performed using SAS
9.4 Foundation for Microsoft Windows for x64 (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Flow of Participants

A total of 113 children were enrolled in this trial. Of these, 57 participants were
assigned to the placebo glasses group (placebo group) and 56 participants to the VL glasses
group (VL group) (Figure 1). During the follow-up period, 32 participants dropped out;
22 participants deviated from the protocol and 10 withdrew their consent to participate.
As a result, a total of 91 participants—46 in the placebo group and 45 in the VL group
—completed this trial. The investigators, including orthoptists and ophthalmologists, were
masked with regard to the allocation of the groups.

3.2. Participant Profiles

The profiles of the participants are shown in Table 1. No significant differences were
found between the two groups with respect to age or gender. In addition, SER and axial
length at the first visit showed no significant differences. The mean ages of the participants
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in the placebo and the VL groups were 9.5 ± 1.5 years (mean ± SD) and 9.3 ± 1.5 years;
the mean SERs of right eyes were −2.66 ± 0.85 and −2.82 ± 0.87 D; the mean SERs of left
eyes were −2.66 ± 0.87 and −2.90 ± 0.92 D; the mean axial lengths of right eyes were
24.53 ± 0.67 and 24.45 ± 0.93 mm, and the mean axial lengths of left eyes were 24.54 ± 0.67
and 24.45 ± 0.97 mm, respectively. No significant differences were found between the two
groups except time for near work.

Table 1. Characteristics of the 113 participants.

Characteristic Category All Placebo VL p Value

Number of cases 113 57 56
Age (years) 9.4 ± 1.5 9.5 ± 1.5 9.3 ± 1.5 0.478 †

Sex boys 43 (38.1%) 22 (38.6%) 21 (37.5%)
1.000

††
girls 70 (61.9%) 35 (61.4%) 35 (62.5%)

Parental myopia both parents 56 (51.9%) 24 (45.3%) 32 (58.2%)
only father 22 (20.4%) 10 (18.9%) 12 (21.8%)

0.196
††

only mother 30 (17.4%) 19 (35.8%) 11 (20.0%)
Height (cm) 135.3 ± 10.9 135.8 ± 9.9 134.7 ± 11.9 0.989 †
Weight (kg) 31.16 ± 7.35 31.15 ± 6.86 31.17 ± 7.88 0.629 †

Best corrected visual acuity
(log MAR) right eyes −0.09 ± 0.03 −0.09 ± 0.03 −0.09 ± 0.03 0.985

left eyes −0.08 ± 0.03 −0.08 ± 0.03 −0.09 ± 0.03 0.718
Axial length (mm) right eyes 24.49 ± 0.81 24.53 ± 0.67 24.45 ± 0.93 0.724

left eyes 24.50 ± 0.83 24.54 ± 0.67 24.45 ± 0.97 0.658
SER (D) right eyes −2.74 ± 0.86 −2.66 ± 0.85 −2.82 ± 0.87 0.328

left eyes −2.78 ± 0.90 −2.66 ± 0.87 −2.90 ± 0.92 0.156
Number of participants with glasses at the first visit 59 (52.2%) 28 (49.1%) 31 (55.4%) 0.574 ††

Environmental factors
Near-work time (min/day) 193.45 ± 93.13 214.50 ± 104.11 172.02 ± 75.48 0.015 †

Sunlight exposure time (min/day) 58.75 ± 52.18 54.52 ± 47.34 63.03 ± 56.80 0.388 †
Sleeping hours (hours/day) 8.56 ± 0.67 8.57 ± 0.63 8.54 ± 0.72 0.841 †

Data represent means ± SDs; min: minutes; log MAR: logarithm of the minimum angle of resolution; SER: spherical equivalent refraction;
D: diopter; VL group: violet light-transmitting eyeglasses group; †: t-test; ††: Fisher test; others: Mann–Whitney U test.

3.3. Adverse Events

No adverse effects associated with violet light exposure were reported during the
2-year-clinical study. All adverse events reported during the study were not associated
with violet light exposure (Table S2).

3.4. Comparison of Myopia Progression after 24 Months

A total of 113 participants were enrolled and randomly dichotomized into two groups,
of which 57 (mean age 9.5 ± 1.5 SD year old, 22 males and 35 females) belonged to the
placebo group and 56 (mean age 9.3 ± 1.5 year old, 21 males, 35 females) to the VL group.
Finally, 91 participants—46 in the placebo group and 45 in the VL group—were selected
after application of exclusion criteria such as familial issues and protocol deviation from
the research protocol. PPS is defined as cases excluding subjects who fell into the exclusion
criteria. FAS is defined as all the cases included in this study. For example, PPS does not
include those who did not spend more than 1 h outdoors (Table S1). In total, 113 subjects
were analyzed as FAS and 91 were analyzed as PPS. It was confirmed that randomization
was appropriate by analyzing statistics of the background in each group, and the balance
of the background was judged to be appropriate. In PPS, the variation in axial length
after 24 months was 0.758 mm (95% CI: 0.711–0.810) in the placebo group and 0.728 mm
(95% CI: 0.682–0.775) in the VL group, while SER was −1.531 D (95% CI: −1.729–−1.330)
in the placebo group and −1.421 D (95% CI: −1.617–−1.225) in the VL group. In the VL
group, the average variation in axial length was as small as −0.030 (95% CI: −0.096, 0.037,
p = 0.381), and that of the spherical equivalent was similarly small at 0.110 (95% CI: −0.168,

11



J. Clin. Med. 2021, 10, 5462

0.389, p = 0.431), without significant statistical difference by the mixed effect model with
individual variation factors and repetition effects of the bilateral eyes (Table 2).

Table 2. Results of the mixed-effects model fitted to 24-month change for both eyes.

Placebo VL Difference in Amount of Change
from the BaselinePPS n = 46 PPS n = 45

LS Mean 95% CI LS Mean 95% CI Difference 95% CI p-Value

Axial length
PPS

first visit (baseline) 24.54 24.31 24.77 24.63 24.4 24.87
24 months 25.30 25.07 25.53 25.36 25.13 25.59
change from baseline 0.76 0.71 0.81 0.73 0.68 0.78 −0.03 −0.10 0.04 0.381

SER
PPS

first visit (baseline) −2.73 −2.97 −2.49 −2.96 −3.2 −2.71
24 months −4.26 −4.56 −3.96 −4.38 −4.68 −4.08
change from baseline −1.53 −1.73 −1.33 −1.42 −1.62 −1.23 0.11 −0.17 0.39 0.434

VL group: violet light-transmitting eyeglasses group; LS mean: least squares mean; 95% CI: 95% confidence interval.; SER: spherical
equivalent refraction under accommodative paralysis; PPS: per protocol set. Linear mixed model: variable factors are “individuals,”
repeated effects are left and right sides of the participants’ eyes, intervention contents are groups wearing normal glasses and violet
light-transmitting glasses, fixed effects are interactions of intervention contents and time.

Factors that contributed to deterioration of myopia were investigated by logistic
analysis in this study. This approach suggested that risk factors of 1.2 mm or more of axial
elongation were young age, having already worn eyeglasses at the baseline, small change
in BMI, paternal myopia, and short sleeping duration (Table 3). Risk factors of −2.5 D or
less for SER deterioration were young age, having already worn eyeglasses at the baseline,
small change in BMI, and paternal myopia (Table 4). Besides, multivariate analysis was
performed with adjustment by gender, “already wearing glasses at first visit”, and parental
myopia (Tables S3 and S4). The result of the analysis showed that the odds ratio of “already
wearing glasses at first visit” for the deterioration of the axial length and the SER was kept
at 4.0 even in the multivariate model. This result suggested that “already wearing glasses
at first visit” can be considered to be a deteriorating factor.

When analyzing children limited to those who first started using eyeglasses, 11 children
in each group, the change in axial length was 0.856 mm (95% CI: 0.856–1.057) in the placebo
group and 0.751 mm (95% CI: 0.646–0.855) in the VL group, respectively, when near-work
time was less than 180 min. The change in SER was −1.841D (95% CI: −2.056–−1.626) in
the placebo group and −1.538D (95% CI: −1.860–−1.316) in the VL group, respectively.
The mean change in axial length in the VL group was significantly small (difference:
−0.206 mm; 95% CI: −0.351, 0.060; p = 0.006), whereas the mean change in SER in the VL
group was small but not significant (difference 0.303, 95% CI: −0.006, 0.612, p = 0.055) using
a mixed effect model (Table 5, Figure 2).

The results were obtained by linear mixed-effects model analysis. (A) The adjusted
means of change in AL in the VL group were significantly (p = 0.006) smaller than those in
the placebo group at 24 months. (B) The adjusted means of SER changes in the VL group
were smaller than those in the placebo group at 24 months, which was not significant
(p = 0.055). Orange lines show the VL group and blue lines show the placebo group. Error
bars show 95% confidence intervals. ** p < 0.01. AL: axial length; SER: spherical equivalent
refraction; VL group: violet light-transmitting eyeglasses group.
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Table 3. Factors for increase in axial length of 1.2 mm or more.

Univariate Logistic Regression

OR 95% CI p-Value

Age (y) 0.28 0.16 0.51 <0.0001
Female 0.56 0.19 1.60 0.279
Change in BMI 0.54 0.30 0.98 0.044
Continuous near-work time (min) 1.00 0.99 1.02 0.643
Continuous near-work time (digital devices) (min) 1.00 0.99 1.02 0.556
Already wearing glasses at first visit 4.67 1.28 17.06 0.020
Near-work time (min) 1.00 0.99 1.00 0.617
Near-work time (digital devices) (min) 1.00 0.99 1.01 0.907
Near-work time (books) (min) 0.99 0.97 1.00 0.171
Outdoor activity time (min) 1.00 0.98 1.01 0.410
Birth weight (kg) 1.00 1.00 1.00 0.403
Birth height (cm) 1.05 0.84 1.32 0.648
Parental myopia

Only father 1.00 ref
Only mother 0.00 0.00 0.997
Both parents 0.17 0.05 0.55 0.003

Distance from the television (cm) 0.87 0.48 1.57 0.652
Near-working distance (cm) 1.00 0.93 1.09 0.930
Brightness of the bedroom while sleeping

Bright 0.00 0.00 0.999
Dim 0.73 0.25 2.15 0.570
Dark 1.00 ref

Bedtime (hr) 0.38 0.15 0.96 0.041
Sleeping hours (hr) 1.86 0.84 4.09 0.124
Extracurricular activities (outside) (min) 0.60 0.13 2.75 0.507

OR: odds ratio; 95% CI: 95% confidence interval; ref: reference standard; BMI: body mass index.

Table 4. Factors for decrease in spherical equivalent power of −2.5 D or less.

Univariate Logistic Regression

OR 95% CI p-Value

Age (y) 0.47 0.31 0.72 0.0004
Female 0.85 0.30 2.37 0.750
Change in BMI 0.35 0.18 0.70 0.003
Continuous near-work time (min) 1.00 0.99 1.02 0.718
Continuous near-work time (digital devices) (min) 1.01 0.99 1.02 0.496
Already wearing glasses at first visit 3.47 1.08 11.13 0.037
Near-work time (min) 1.00 1.00 1.01 0.539
Near-work time (digital devices) (min) 1.00 1.00 1.01 0.189
Near-work time (books) (min) 0.99 0.97 1.00 0.145
Outdoor activity time (min) 0.99 0.98 1.01 0.257
Birth weight (kg) 1.00 1.00 1.00 0.783
Birth height (cm) 1.07 0.85 1.33 0.573
Parental myopia

Only father 1.00 ref
Only mother 0.28 0.07 1.15 0.077
Both parents 0.28 0.09 0.90 0.033

Distance from the television (cm) 0.80 0.43 1.49 0.481
Near-working distance (cm) 0.98 0.90 1.06 0.583
Brightness of the bedroom while sleeping

Bright 0.00 0.00 0.999
Dim 1.11 0.37 3.34 0.854
Dark 1.00 ref

Bedtime (hr) 0.72 0.32 1.64 0.438
Sleeping hours (hr) 1.13 0.53 2.41 0.761
Extracurricular activities (outside) (min) 0.55 0.12 2.52 0.441

OR: odds ratio; 95% CI: 95% confidence interval; ref: reference standard; BMI: body mass index.
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Table 5. Results of the mixed-effects model fitted to 24 months of change for both eyes under the limited condition in which
near-work time is less than 180 min and there was no previous history of eyeglasses use.

Placebo VL Difference in Amount of Change from the Baseline

n LS Mean 95% CI n LS Mean 95% CI Difference 95% CI p-Value

Axial length
Change after wearing the eyeglasses for 24 months

11 0.96 0.86 1.06 11 0.75 0.65 0.86 −0.21 −0.35 −0.06 0.006

SER
Change after wearing the eyeglasses for 24 months

11 −1.84 −2.06 −1.63 11 −1.54 −1.76 −1.32 0.30 −0.01 0.61 0.055
LS mean: least squares mean; 95% CI: 95% confidence interval; SER: spherical equivalent refraction under accommodative paralysis; VL group:
violet light-transmitting eyeglasses group. Adjusted by group, time, interaction of group and time, both/left/right eyes.

4. Discussion

According to previous reports, VL has an effect on suppressing myopia
progression [19,26,30]. Based on this research, the application of instruments that could
distinguish the effective light to prevent myopia progression from harmful lights to protect
the eyes was attempted. The VL glasses, which actually transmit VL and block detrimental
constituent such as UV, were invented in our laboratory and were expected to exert potency
in clinical situations. This 2-year randomized controlled study was designed to investigate
the effectiveness of VL glasses in suppressing the progression of myopia, and it revealed
that the mean change in axial length in the VL glasses group was significantly smaller
than that in the placebo glasses group when time for near-work was less than 180 min and
when the subjects were limited to those who had never used eyeglasses before this trial
(p < 0.01). This is the first randomized controlled study of VL glasses that reflects their
potency. However, this study could not attain statistical significance when no limitation
regarding near-work time and eyeglasses histories of the subjects was applied. Because
VL transmitting eyeglasses do not exert their effect until they transmit VL in an outdoor
environment, it was inappropriate to perform analysis while including the cases who did
not have enough time for outdoor activity; therefore, PPS was performed. Nevertheless,
since there were unexpectedly many unregistered cases, and those of protocol deviation
such as shortage of outdoor activity time, VL glasses were merely found to have a tendency
to be effective, but they did not reach statistical significance, even by PPS. The subgroup
analysis limited to the group with no history of eyeglasses before this study, and with
less than 180 min of near-work time, eventually revealed that VL glasses significantly
suppressed axial elongation. The suppressive rate of axial elongation in the VL glasses
group for two years was 21.4%, which could be considered meaningful to some extent.

The reason why limiting the subjects with no history of wearing eyeglasses led to the
result being significant regarding axial elongation was sought. This study also revealed
that the speed of myopia progression in the subgroup that had already worn conventional
eyeglasses was actually fast; this result is possibly due to genetic background and the
development of myopia at the early stage of life (Tables 3 and 4). The excessive burden of
near-work accelerates myopia progression and may cause attenuation of the effect of VL
glasses. In addition, during a period of blocking VL transmission by wearing conventional
eyeglasses, myopia progression could be facilitated.

As a prerequisite for a human study, there have been some reports concerning ani-
mal experimental models. Exposure to long-wavelength red light developed hyperopic
responses in Rhesus monkeys and tree shrews [21,35], whereas red light was, in contrast,
demonstrated to induce myopia response in chicks [22]. Meanwhile, short-wavelength
light exposure led to hyperopia in chickens, fish and guinea pigs [22,23,25,36]. Furthermore,
lens-induced myopia (LIM) models in chicks, mice and guinea pigs showed suppression
of axial elongation and myopic shift of refractive error when exposed to VL [19,24,26,37].
Among visible lights, VL was the most effective wavelength for suppressing myopia
progression in LIM [26].
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VL is characteristic of the shortest wavelength and adjacent to ultraviolet waves.
Because of this fact, it has often been considered whether VL is detrimental to the eyes. In
this study, we did not find any adverse events during the two-years period through this
study by regular examinations, including ocular surface, cataracts, allergy, and the fundus
(Table S2). When VL glasses are worn, the amount of VL reaching the eye is more than
that when conventional eyeglasses are worn. Furthermore, the amount of VL transmitted
when VL glasses are worn is less than that when no glasses are worn. This fact may have
contributed to no adverse effects being observed.

To date, there have been many types of eyeglasses sold to the public. In order to
study the pure effectiveness of VL glasses, the subjects were limited to children who
had never worn eyeglasses. Moreover, at the baseline, near-work time in the VL group
was less than that in the placebo group, as shown in Table 1; it is well known that near-
work time is an important factor for the progression of myopia. Therefore, subgroup
analysis was performed and was limited to a group in which near-work time was less
than 180 min. As a result, axial elongation was suppressed in the VL glasses group unless
the time for near-work exceeded 180 min. The suppressive rate of the axial elongation
with VL glasses for 2 years was 21.4% (Figure 3A). While this value does not surpass the
suppressive rate of axial elongation with orthokeratology, multifocal contact lenses, or
the defocus incorporated multiple segments (DIMS) eyeglasses [38,39], it is competitive
with other methodologies such as progressive addition lenses (PAL), radial refractive
gradient lenses, and positively aspherized PAL. The suppressive rate of axial elongation in
PAL was 0–16%, that in radial refractive gradient lenses was not statistically significant,
and that in positively aspherized PAL was 12% [31,40,41]. Additionally, the suppressive
rate of axial elongation with 0.01% atropine drops, one of the current major standard
remedies for myopia suppression, is reported to be 12% in Low-Concentration Atropine
for Myopia Progression (LAMP) and 18% in Atropine for the Treatment of Myopia in
Japan (ATOM-J) studies [42,43]. VL glasses, the suppressive rate of which is 21.4% under
the limited condition regarding near-work time and the history of eyeglasses use, are
demonstrated to be barely superior to atropine eye drops as a preventive measure against
myopia progression.

This study includes some limitations. First, it was performed in a rural area in Japan
where children spend much time outdoors; sufficient outdoor activities were an essential
condition to demonstrate the myopia-suppressive effect of the VL glasses, as VL exists in
the outdoor environment but not in the indoor environment. However, the result did not
follow our expectations. The mean time for outdoor activities in a day did not reach 1 h;
therefore, we could not analyze all the participants to judge the effectiveness of the VL
glasses. Second, we established the necessary number of subjects by calculating sample
sizes referring to previous research regarding MyoVision eyeglasses [31]. Despite our
endeavors in recruiting the participants twice and extending the recruitment time, the
number of subjects did not reach 140. This is probably because the subjects themselves
judged they would waste 2 years when they were assigned to the placebo group, in spite of
the existing methods of myopia prevention such as orthokeratology and atropine eyedrops.
Moreover, there were many dropout cases during the research period, resulting in analyses
of 91 participants as the final number. To make matters worse, the prevalence of COVID-19
disabled the participants in keeping their time for outdoor activities, which influenced the
proper analysis regarding the effectiveness of VL glasses in all subjects. These obstacles may
have affected the result of this study, not showing statistical significance upon comparing
the two groups. Meanwhile, it was considered to be of much importance that subgroup
analysis for the participants who had never used any types of eyeglasses before this
research revealed the effectiveness of VL glasses on myopia suppression, especially on the
suppression of axial elongation. The result of the analysis was not biased by the past usage
of any type of eyeglasses, and it truly reflected the potential of the VL glasses. Furthermore,
the suppressive effect on myopia of the VL glasses works especially when they are used in
the outdoor environments, and therefore, whether the suppressive effect was owing to the
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VL glasses or the outdoor environments is difficult to discern. However, the outdoor time
in the placebo group and that in the VL group were not significantly different. The fact
that the suppressive effect of the VL glasses exceeds that of the placebo glasses in the same
outdoor time may suggest that myopia progression is due to the difference in whether the
glasses transmit VL or not.

Figure 3. Time course of the adjusted mean axial elongation and SER change under the limited
condition in which near-work time was less than 180 min and there was no previous history of
eyeglasses use. (A) change in AL after wearing the eyeglasses, (B) change in SER after wearing the
eyeglasses. AL: axial length, SER: spherical equivalent refraction ** p < 0.01.

5. Conclusions

Violet light-transmitting eyeglasses suppressed axial elongation without any adverse
events and their suppressive rate was 21.4%.
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6. Patent

A patent has been applied for the optical components internationally (Patent
No. WO2017/090128) and registered in Japan (JP.6629343), US (US.10866433) and China
(CN.108474888) by Tsubota Laboratory, Inc. and JINS HOLDINGS, Inc.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10225462/s1, Table S1: Details of the reasons for withdrawn and protocol deviation; Table
S2: Safety; Table S3: Factors for increase in axial length of 1.2 mm or more; Table S4: Factors for
decrease in spherical equivalent power of −2.5 D or less.
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Abstract: In this paper, we assessed the short-term effects of 0.01% atropine eye drops on anterior
segment parameters by performing ocular biometry using a swept-source anterior segment optical
coherence tomography system (AS-OCT). We recruited 17 healthy volunteers (10 men and 7 women aged
24–35 years) with no history of eye disease. Participants without accommodative demand demonstrated
significant mydriasis 1 h after the atropine instillation (4.58 ± 0.77 to 5.41 ± 0.83 mm). Pupil diameters
with a 5 diopter (D) accommodative stimulus at 1 h (4.70 ± 1.13 mm) and 24 h (4.05 ± 1.06 mm) after
atropine instillation were significantly larger than those at baseline (3.71 ± 0.84 mm). Barring pupil
diameter, no other biometric parameters significantly changed at any point in time after atropine
instillation without accommodative demand. However, with an accommodative stimulus, anterior
chamber depth (ACD) at 1 h and posterior curvature of the lens at 1 and 24 h were both significantly
larger than those before atropine instillation. Using AS-OCT, we detected a slight decrease in the
accommodation response of ocular biometric components evoked by 0.01% atropine instillation.
Morphologically, our measurements suggested a change in the ACD and horizontal radius of the
lens’ posterior surface curvatures due to the subtle reduction of accommodation.

Keywords: accommodation; anterior segment optical coherence tomography; low-concentration
atropine; myopia; ocular biometric components

1. Introduction

Myopia is the leading cause of preventable visual impairment in childhood and
adolescence [1,2]. An increasing prevalence of myopia has been reported in East and
Southeast Asia, including China, Korea, and Japan [1–6]. In addition, the number of patients
with myopia has increased in the United States and Europe, mainly among school-aged
children and young adults [2,7,8]. As a result, the global prevalence of myopia, including
pathologic myopia, is increasing, and has gained prominent attention as a social health
problem. Complications resulting from myopia can incur large social and economic costs [9].
Therefore, the prevention of myopia progression has become increasingly important.

Myopia is generally present at the school-going age in patients. However, with the use
of appropriate treatment modalities targeting children with myopia, it is possible to reduce
the lifetime risk of retinal complications by reducing the severity of final myopia [10].
Several methods for the prevention of myopia progression have been reported to date, and
they are broadly classified into nonpharmacological and pharmacological treatments. The
former includes optical approaches such as the use of special spectacles, contact lenses,
and orthokeratology [11–15]. The latter relies on the use of atropine eye drops, which are
an established pharmacotherapy for the prevention of myopia progression [16–18].

Owing to its antimuscarinic action, atropine has long been used in ophthalmol-
ogy in the form of 1% atropine eye drops for accommodation paralysis, and as an anti-
inflammatory agent for conditions such as keratitis and iritis [19]. A study in 2006, Atropine
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for the Treatment of Myopia (ATOM-1), reported that the use of 1% atropine was effective
in halting the progression of myopia [16]. However, over a 2 year period, the researchers
observed photophobia resulting from dilated pupils and impaired near vision due to
accommodation paralysis in eyes treated with 1% atropine. These side effects greatly
interfered with the daily lives of patients. In addition to the rapid progression of myopia
after discontinuation of the eye drops, a 1% concentration was considered inappropriate for
myopia control [20]. As a result of this, that same research group subsequently conducted
a study using various low-concentration atropine treatments. In 2012, they reported the
results of a clinical study that assessed the inhibitory effect of atropine on myopia progres-
sion (ATOM-2), using 0.5%, 0.1%, and 0.01% atropine eye drops [17]. In their survey of the
prevention of 2 year myopia progression, the researchers found that the group that received
the lowest concentration of atropine (0.01%) achieved approximately half the inhibitory
effect of the placebo group (−0.49 diopters (D) compared with −1.20 D). Furthermore, the
instillation of 0.01% atropine resulted in minimal adverse reactions when compared with
the instillation of 0.1% and 0.5% atropine [17]. Consequently, the use of low-concentration
atropine to reduce myopia progression has garnered attention because of its limited effect
on visual function. However, in the ATOM-2 study, Chia et al. [17] reported that a small
proportion (6%) of the patients required combined photochromatic progressive glasses
because they developed impaired near vision and photophobia. In a study of the use of
low-concentration atropine for preventing myopia progression, Yam et al. [18] assessed
patients using a visual function questionnaire and found that atropine instillation had no
effect on general vision, near vision activities, social functioning, or color vision. Although
the instillation of 0.01% atropine eye drops only has a subtle effect on the pupil diame-
ter and accommodative amplitude, concerns remain regarding the undesirable effects of
atropine on patients’ daily life [17].

Nonetheless, there are limited data regarding the short-term effects of low-concentration
atropine instillation on pupil diameter and accommodative function in young adult sub-
jects [21]. In our previous study, we successfully analyzed ocular biometric components
(OBCs), including changes in the crystalline lens during accommodation, and the effects
of cycloplegics, using a commercially available anterior segment optical coherence to-
mography (AS-OCT) system [22]. In recent years, AS-OCT has been used for in vivo
studies of ocular lens behavior during accommodation. A newly developed swept-source
AS-OCT system (CASIA 2, Tomey Corp., Nagoya, Japan) has enabled detailed biometry
measurements to be obtained from the corneal surface to the posterior surface of the lens
by elongating the range of the imaging depth and increasing the sensitivity [23,24]. In the
present study, we used the AS-OCT system to quantitatively evaluate the effects of 0.01%
atropine eye drops on OBCs in the anterior segment of the eye.

The current study aims to determine how the instillation of 0.01% atropine produces
morphological changes in the eye by assessing ocular biometric components (OBCs) before
and after instillation, using anterior-segment optical coherence tomography.

2. Subjects and Methods

2.1. Participants

This study followed the guidelines outlined in the Declaration of Helsinki from the
World Medical Association. All participants received a full explanation of the procedures
and they provided written informed consent before they agreed to participate in the study.
The study protocol was approved by the Institutional Review Board of Kyorin University
School of Medicine (Project H30-099).

In this study, we examined young adults rather than children, as low-concentration
atropine eyedrops for myopia have not been approved for children in Japan.

The study participants included 17 healthy volunteers (10 men and 7 women) aged
24–35 years (mean ± standard deviation: 28.9 ± 3.6 years). None of the participants had a
history of eye disease, except for refractive errors, and all had a best-corrected visual acuity
of 20/20 or better. The exclusion criteria were a history of any ocular disease, ophthalmic
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surgery, or laser treatment. We also excluded participants who were taking systemic
medications that could affect accommodation.

We examined each participant’s noncycloplegic refraction using an ARK-1 autore-
fractor (NIDEK Co. Ltd., Gamagori, Japan). We considered the effect that the degree of
refractive error would give to accommodation factors, as 17 participants had refractive
errors from approximately -11 D to 0 D [25]. However, in this study, to ensure partici-
pants’ ability to accommodate 5 D or greater, we also examined the accommodation of the
participants using the ARK-1 autorefractor.

2.2. Procedures and Assessments

We examined both eyes of all participants using the CASIA 2 swept-source AS-OCT
system. The AS-OCT device has a swept-source laser that operates at a central wavelength
of 1310 nm and a scan rate of 50,000 A-scans per second. The maximum imaging area is
16.0 mm × 16.0 mm, and the maximum imaging depth is 11.0 mm. This device enables
simultaneous biometry measurements to be obtained for all anterior segment structures,
including the cornea, anterior chamber, and crystalline lens.

All OCT images were obtained in a dimly lit examination room. During the mea-
surements, the participants were instructed to fixate on the coaxial accommodative target
image present in the OCT device. The negative or positive lens was set to compensate for
the participant’s spherical ametropia for near-equivalent spherical refractive correction.
Next, we added a −5.0 D lens to stimulate physiological accommodation using an optical
system in the OCT system. The active eye tracker of the OCT system was centered on the
participant’s eye. Two experienced operators (M.Y. and S.S.) collected all images.

Measurements were performed with and without a single instillation of 0.01% atropine
eye drops. To prepare the 0.01% atropine eye drops, commercial 1% atropine sulfate hydrate
(Nitten ATROPINE Ophthalmic Solution 1%; Nitten Pharmaceutical Co. Ltd., Nagoya,
Japan) was diluted with saline. OCT images of the eye were obtained before instillation,
and at 1, 24, and 48 h after instillation. The OBCs measured using AS-OCT included pupil
diameter, anterior chamber depth (ACD), lens thickness (LT), and the horizontal radii of the
lens’ anterior curvature (LAC) and lens’ posterior surface curvature (LPC). The boundaries
of both the cornea and lens were outlined for anterior segment biometry. The positioning
of the anterior and posterior surfaces of the lens on the horizontal meridian was traced,
and the radius of the crystalline lens was determined using measurements that permitted
circular fitting to the anterior and posterior lens surfaces.

The participants’ accommodative amplitude was measured using the ARK-1 autore-
fractor before instillation, and at 1, 24, and 48 h after instillation of the 0.01% atropine
eye drops.

Objective measurement of accommodation was performed with the participant focus-
ing on a target that moved to a near point from a distance. Additionally, we conducted the
measurement of participants’ axial length using an optical axial length measuring device
(OPTICAL BIOMETER OA-2000, Tomey Corp., Nagoya, Japan)

The participants were also instructed to answer questionnaires 1, 24, and 48 h after
atropine administration about the difficulties they experienced with near vision and photo-
phobia, separately, in which they rated their symptoms on a scale ranging from 0 (none) to
10 (inability to perform daily tasks).

2.3. Statistical Analysis

The Statistical Package for the Social Sciences version 27.0 for Windows (IBM Armonk,
NY, USA) was used for all statistical analyses. The Mann–Whitney U test and Wilcoxon
signed-rank test were used to perform comparisons. p-Values < 0.05 were considered to
indicate statistical significance.
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3. Results

3.1. Baseline Characteristics of the Participants

Table 1 presents the baseline biometric parameters of both eyes before the instillation
of 0.01% atropine eye drops. The noncycloplegic refraction of the right eye ranged from
−0.38 to −10.88 D, and that of the left eye ranged from +0.38 to −11.25 D; there was no
significant difference in refraction between the right and left eyes (p = 0.691, Mann–Whitney
U test). There was also no significant difference in accommodation between the right and
left eyes, and both eyes were able to accommodate more than 5 D. We did not find any
significant differences in any baseline biometric parameters between the right and left eyes
before the instillation of 0.01% atropine eye drops (Mann–Whitney U test). Therefore, we
present the findings of only the right eyes.

Table 1. Baseline biometric parameters of both eyes before instillation of 0.01% atropine eye drops.

Right Eye Left Eye
p-Value *

Median IQR Median IQR

Baseline biometric parameter
Spherical equivalent (D) −5.88 6.50 −5.37 6.94 0.69

Axial length (mm) 25.39 2.37 25.45 2.52 0.95
Accommodation amplitude (D) 6.48 1.49 6.53 1.07 0.95
Central corneal thickness (μm) 537 42 527 42 0.97
Anterior chamber depth (mm) 3.28 0.35 3.33 0.31 0.62

Pupil diameter (mm) 4.38 1.26 4.59 0.79 0.55
Lens thickness (mm) 3.61 0.25 3.61 0.27 0.96

Radius of the lens’ anterior surface curvature (mm) 11.65 1.97 12.04 3.39 0.57
Radius of the lens’ posterior surface curvature (mm) 5.73 0.60 5.81 0.67 0.86

IQR, interquartile range; D, diopters; * Mann–Whitney U test.

3.2. Effects of 0.01% Atropine on Pupil Diameter

Figure 1a presents a comparison of pupil diameters in the relaxed state, and those
with the 5 D accommodative stimulus, before and 1, 24, and 48 h after instillation of 0.01%
atropine eye drops. The pupil diameter was significantly larger 1 h after atropine instillation
than before the atropine instillation (from 4.58 ± 0.77 to 5.41 ± 0.83 mm) in the relaxed
state (p < 0.05, Wilcoxon signed-rank test). With the 5 D accommodative stimulus, the
pupil diameter at 1 and 24 h was significantly larger than that before atropine instillation
(from 3.71 ± 0.84 mm to 4.70 ± 1.13 and 4.05 ± 1.06 mm, respectively, p < 0.05, Wilcoxon
signed-rank test). In contrast, there was no significant difference in the pupil diameter
24 and 48 h after atropine instillation compared with that before atropine instillation in the
relaxed state, or in the pupil diameter 48 h after atropine instillation compared to before
atropine instillation with the 5 D accommodative stimulus.

3.3. Effects of Atropine on Other Biometric Parameters Measured Using AS-OCT

Figure 1b–e shows a comparison of biometric parameters (ACD, LT, LAC, LPC) be-
tween before and 1, 24, and 48 h after the instillation of 0.01% atropine eye drops in the
relaxed state and with the 5 D accommodative stimulus. Other than pupil diameter, none
of the biometric parameters showed changes in the relaxed state at any point in time when
compared to before the instillation.

However, with the 5 D accommodative stimulus, ACD at 1 h was significantly larger
than that before the instillation (from 3.08 ± 0.16 mm to 3.10 ± 0.18 mm, p < 0.05). LPC at
1 and 24 h was significantly larger than that before the instillation (from 5.21 ± 0.43 mm to
5.36 ± 0.35 and 5.50 ± 0.50 mm, respectively, p < 0.05).
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Figure 1. Change in biometric parameters after the instillation of 0.01% atropine eye drops. Shown is a comparison of the
biometric parameters in the relaxed state (Relaxed) and with the 5 D accommodative stimulus (5-D Accom) before and 1, 24,
and 48 h after instillation of 0.01% atropine eye drops. (a) The pupil diameter increased significantly 1 h after instillation in
the relaxed state but returned to the pre-instillation level at 24 h. With the 5 D accommodative stimulus, the pupil diameter
significantly increased at 1 and 24 h but returned to the pre-instillation level at 48 h. (b–e) In the non-accommodative eyes,
none of the assessed biometric parameters (ACD, LT, LAC, LPC), with the exception of pupil diameter, showed changes
at any time point when compared to that before the instillation. However, with the 5 D accommodative stimulus, ACD
significantly increased at 1 h (b) and LPC significantly increased at 1 and 24 h (e) after atropine instillation when compared
with that before instillation (p < 0.05). D, diopter; ACD, anterior chamber depth; LT, lens thickness; LAC, horizontal radius
of the lens’ anterior surface curvature; LPC, horizontal radius of the lens’ posterior surface curvature. * p < 0.05, Wilcoxon
signed-rank test.
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3.4. Effects of Atropine on Refraction, Accommodation Amplitude, and Subjective Symptoms

Table 2 shows the spherical equivalent 1, 24, and 48 h after the instillation of 0.01%
atropine eye drops. There were no significant changes in the mean spherical equivalent
from the values before the instillation (p = 0.10, p = 0.86, and p = 0.55, respectively).

Table 2. Change in refraction, accommodation amplitude, and subjective symptoms after the instillation of 0.01% atropine
eye drops.

Pre-Instillation
1 h after Ocular

Instillation
24 h after Ocular

Instillation
48 h after Ocular

Instillation

Median IQR Median IQR Median IQR Median IQR

Spherical
equivalent (D)

−5.88 6.50 −6.25 6.44 −6.13 6.13 −6.13 6.19
(p, 0.10) (p, 0.86) (p, 0.55)

Accommodation
amplitude (D)

6.48 1.49 6.49 1.38 6.40 1.09 6.59 1.00
(p, 0.76) (p, 0.50) (p, 0.07)

Subjective
symptoms

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(p, 0.11)

D, diopters; h, hour; p, p-value (Wilcoxon signed-rank test).

Table 2 shows the accommodative amplitudes 1, 24, and 48 h after the instillation of
0.01% atropine eye drops. There were no significant changes in the mean accommodative
amplitude at any point in time when compared with that before the instillation (p = 0.76,
p = 0.50, and p = 0.07, respectively).

In terms of the two subjective symptoms, we found no serious adverse events re-
lated to atropine. None of the participants reported photophobic sensation, although
three participants reported mild difficulty with near vision (rated as 1/10 and 3/10 in
one and two participants, respectively) 1 h after the atropine instillation.

4. Discussion

Recent studies have shown that atropine effectively inhibits the progression of myopia
and axial elongation [16–18,26,27]. Treatment guidelines for the inhibition of myopia
progression, developed by Wu et al. [27], ranked low-concentration atropine eye drops as
the key component to successful inhibition. The reported side effects of low-concentration
atropine eye drops were limited to photophobia due to mydriasis and impaired near vision
resulting from the impairment of accommodative amplitude [17,18,21]. Although these
adverse events were rare and mild, objective measurements of changes in OBCs after
0.01% atropine instillation might be important. With this background in mind, we assessed
the effects of low-concentration atropine eye drops on OBCs using AS-OCT. Our results
revealed significant but subtle changes in OBCs.

In our previous study, we used a commercially available AS-OCT system (CASIA 2) to
measure the OBCs, including lens parameters [22]. This system enables detailed biometric
measurements to be obtained from the corneal surface to the posterior lens surface by
increasing the range of the imaging depth and improving performance sensitivity [23,24].
Our prior study revealed an increase in LT and a decrease in ACD, LAC, and LPC with ac-
commodation, which suggested that steepening and anterior movement of the lens during
accommodation occurred. After the application of cycloplegics (cyclopentolate), there was a
decrease in LT, which resulted in an equivalent increase in ACD [22]. Therefore, the CASIA
2 swept-source AS-OCT system could detect changes in OBCs during accommodation.

Accordingly, we used the same technique in this study to assess OBCs before and 1,
24, and 48 h after the instillation of 0.01% atropine. Although no participants reported
photophobic sensations, 0.01% atropine had a minor effect on pupil diameter. While
the pupil diameter increased significantly 1 h after instillation in a relaxed pupil state,
it returned to the pre-instillation level at 24 h. The pupil diameters at 1 and 24 h were
significantly larger with a 5 D accommodative stimulus, but they returned to the pre-
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instillation level at 48 h. Kaymak et al. [21] reported the short-term effects of 0.01% atropine
instillation on pupil diameter and accommodation amplitude in 14 young adults. The
reported pupil diameters before and 24 h after instillation were 3.3 ± 0.5 and 3.9 ± 0.8 mm,
respectively, which indicated a significant increase (p < 0.02). Our study also confirmed
that instillation of 0.01% atropine caused a slight and transient increase in pupil diameter.

In the relaxed state, none of the assessed OBCs (ACD, LT, LAC, and LPC), other
than pupil diameter, showed significant changes at any of the assessed points in time
compared to before the instillation. In contrast, with the 5 D accommodative stimulus,
ACD 1 h and LPC 1 and 24 h after atropine instillation were significantly larger than
those before the treatment (p < 0.05). However, there were no differences in either LT or
LAC. Therefore, we confirmed that the cycloplegic effect following the instillation of 0.01%
atropine eye drops was marginal. Our results suggest that measuring OBCs using the
AS-OCT system is useful for detecting subtle changes that result from low-concentration
atropine instillation. The AS-OCT results corresponded with the measurement of the
accommodation amplitude. In our study, we found no decrease in the accommodation
amplitude as a result of the instillation of 0.01% atropine. Only a few participants reported
experiencing some difficulties with near vision 1 h after atropine instillation. Similarly,
Kaymak et al. [21] reported no difference in the accommodation amplitude before and 24 h
after 0.01% atropine instillation (p = 0.06).

Our study has some limitations. First, the participants were young adults rather than
school-aged children, which could have influenced the results. Low-concentration atropine
instillation has been used to inhibit myopia progression in school- and preschool-aged
children to address the trend of early-onset myopia and the increase in the number of
preschool- and school-aged patients with myopia. In this respect, the ocular permeability
of atropine and its pharmacokinetics might differ between children and adults. The
accommodation amplitude also differs between school-aged children and young adults.
Hence, as the participants were young adults aged 24-35 years, the results might not be
directly applicable to school-aged children. Second, we observed only the short-term effects
of a single instillation of 0.01% atropine. Our study showed that at a dose of 0.01% atropine,
short-term effects included a slight increase in pupil diameter and minor accommodation
paralysis. However, the long-term effects of low-concentration atropine instillation are not
clear, and further studies are needed to clarify this issue. Third, similar to most other studies
using AS-OCT, we were unable to analyze the entire lens shape through the pupil [28–33].
Because of the variability in the measurements and the asphericity of the lens, the curvature
radius obtained by fitting the circular curve might not precisely express the shape of the
lens. Finally, although the effect of atropine eye drops on vergence reactions should have
been evaluated, we did not examine this in the present study.

In conclusion, we assessed the effects of 0.01% atropine eye drops by performing ocular
biometry using the CASIA 2 AS-OCT system. Similar to the findings in previous reports,
we did not observe significant photophobia or subjective difficulty in near vision. However,
our measurements did suggest a change in the pupil diameter, ACD, and LPC, which are
part of the assessed OBCs, which resulted from a subtle reduction in accommodation. In
other words, morphologically, we were able to confirm an increase in the pupil diameter
and a decrease in the accommodation response of OBCs with a 5 D accommodative stimulus
following the instillation of 0.01% atropine. Moreover, we demonstrated that AS-OCT
could evaluate subtle changes evoked by low-concentration atropine administration.
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Abstract: This study aimed to investigate the influence of educational pressure on myopia. A
less-intense school curriculum was introduced nationally in Japan beginning in 2012 based on a
pressure-free education policy. In this retrospective observational study, a total of 1025 Japanese
medical students of Asahikawa Medical University underwent measurements of the cycloplegic
refractive error and axial length (AL), from 2011 to 2020. The spherical equivalent (SE) and AL
were correlated significantly with the fiscal year of births (p = 0.004 and p = 0.034, respectively)
only during enforcement of the system of high-pressure education. The SE and AL regression rates
during the two educational approaches differed significantly (p = 0.004 and p = 0.037, respectively).
The prevalence of high myopia was correlated significantly (p < 0.001) only during the system
of high-pressure education. The regression of the prevalence rate of high myopia during the two
education approaches differed significantly (p = 0.010). The progression rates of myopia and increased
prevalence of high myopia were observed only during high-pressure education, suggesting that not
only ophthalmologists but also educators and the government should work on together to control
the progression of myopia.

Keywords: prevalence of myopia; degree of myopia; high-pressure education; pressure-free educa-
tion; Yutori education

1. Introduction

The prevalence rates of myopia and high myopia have increased dramatically in the
past 50 to 60 years, especially in developed countries in east and southeast Asia [1–5]. Re-
cently, the coronavirus disease (COVID-19) had led to an unprecedented global pandemic.
To contain COVID-19, strict containment measures were imposed internationally, including
social-distancing regulations, limited outdoor gatherings, school closures, and switching
from in-person education to online, home-based learning. With the implementation of these
measures, citizens spent more time using digital devices for entertainment and education.
The rapid increase in digital screen time may potentially lead to a rise of myopia rates
worldwide, especially in Asia. A meta-analysis suggested that myopia and high myopia
would develop in, respectively, 50% and 10% of the world’s population by 2050 [6]. High
myopia increases the risk of ocular conditions with serious visual impairment, such as
retinal detachments, macular holes, glaucoma, and myopia macular degeneration [7–9]. In
addition, early onset of myopia is associated with higher final myopia [10–12]. Therefore,

J. Clin. Med. 2021, 10, 4229. https://doi.org/10.3390/jcm10184229 https://www.mdpi.com/journal/jcm

31



J. Clin. Med. 2021, 10, 4229

prevention of myopia progression needs to begin at younger ages. Although the etiol-
ogy of the onset and progression of myopia remains unclarified, education as one of the
environmental factors has been reported to be correlated with them [13–15], and school
curriculum consisting of greater amounts of near work is associated with a higher rate of
myopia [15–17].

In Japan, graduating from a good university is a guarantee of joining a good company,
and this has driven the “education-background society” and “exam hell”. The university
entrance examinations have been the dominant factor in Japanese education. Therefore,
the educational system in Japan had been characterized by cramming, e.g., rote learning,
drilling, testing, etc., the so-called high-pressure educational practices. However, these
have resulted in school dropout, bullying, school absenteeism, violence, and classroom
collapse. To solve these educational problems, a less-intense school curriculum for the first
nine years of compulsory education was introduced nationally based on a pressure-free
or relaxed education policy, the so-called “Yutori” educational policy in Japan, from fiscal
year (FY) 2002 [18,19]. This approach sought to create a relaxed learning environment for
children by reducing classroom hours and learning content. The classroom hours gradually
decreased from 8935 h to 8307 h during elementary school and junior high school until
FY 2012.

Furthermore, Japan also adopted a five-day school week, with cessation of Saturday
classes. Unexpectedly, this educational reform provided an opportunity to conduct a
nationwide social experiment in Japan to study the impact of education on myopia.

To analyze the association between educational pressure and myopia, we investigated
the refractive error, axial length (AL), and the prevalence rates of myopia and high myopia
before and after the introduction of the Yutori educational policy in Japan.

2. Materials and Methods

2.1. Study Population

A total of 1025 Japanese medical students of Asahikawa Medical University partici-
pated. The students underwent ophthalmic examinations to measure the refractive error
and AL and determine the status of the fundus during the clinical clerkship for ophthal-
mology, conducted over 10 years from April 2011 to February 2020. All investigations
in this study adhered to the tenets of the Declaration of Helsinki; Institutional Review
Board/Ethics Committee of Asahikawa Medical University approval was obtained. All
participants provided informed consent before the examination.

In Japan, the FY runs from 2 April to 1 April of the following year. The FYs of the
student births ranged from 1961 to 1997. The Yutori educational approach started from
FY 2002, which corresponded to the FY of birth 1987. Additionally, the new educational
system introduced from FY 2012, which corresponded to FY of birth 1997. Therefore, we
excluded nine students who were born in or later than FY 1997.

Students who had undergone laser in-situ keratomileusis (n = 9), an eye surgery
(n = 2), or had a history of wearing orthokeratology contact lens (n = 1) were excluded. We
also excluded students if there were only one or two born in a particular FY (n = 9). After
excluding these students, 995 (97.1%) were included in this study (Figure 1).

Figure 1. Study flowchart.
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2.2. Measures

Sixty minutes after instillation of 0.5% tropicamide and 0.5% phenylephrine hydrochlo-
ride in the left eyes, students underwent the refractive error measurement using an au-
torefractometer (TONOREF RKT-7700, Nidek, Japan) with cycloplegic refraction and the
axial length (AL) measurement using a partial coherence interferometry (IOL MASTER
500, Carl Zeiss Meditec, Oberkochen, Germany). The accuracy of the measurement for
the autorefractometer was set at 0.01 diopter (D). For autorefraction measurements, the
results were converted to the spherical equivalent (SE) (half the amount of cylinder plus
the spherical component). Myopia was defined as a SE refractive error of −0.5 D or lower.
High myopia was defined as a SE refractive error of −6.0 D or lower. All examinations
were performed using the same device throughout the 10-year study period.

2.3. Statistical Methods

Gender differences in age, SE, and AL were evaluated using the unpaired t-test, and
differences in the prevalence rates were compared using the chi-square test. We used
regression analysis and analysis of covariance to compare the regression by FY of birth
between before 1987 and after 1987. Statistical analysis was performed using SPSS software,
version 24.0 (IBM Corp., Armonk, New York, NY, USA). p-Values less than 0.05 were
statistically significant.

3. Results

A total of 995 students (317 women; 678 men; mean ± standard deviation, 24.8 ± 3.8 years)
were included; the FYs of birth ranged from 1967 to 1996. The women were significantly
(p = 0.016) younger than the men. The mean spherical equivalent (SE) and the mean
AL, respectively, were −4.3 D and 25.59 mm (95% confidence interval (CI); −4.49 D to
−4.12 D and 25.51 mm to 25.68 mm, respectively). The mean SE values in women and
men did not differ significantly, while the mean AL in women was significantly (p < 0.001)
shorter than in men. There were no significant gender differences in the prevalence rates of
myopia (p = 0.635) and those of high myopia (p = 0.800) (Table 1). The SE was correlated
significantly (r = 0.829, p < 0.001) with the AL (Figure 2).

Table 1. Prevalence rates of myopia and high myopia. * Unpaired t-test; † chi-square test. SE,
spherical equivalent; D, diopters.

Total
(n = 995)

Female
(n = 317)

Male
(n = 678)

p Value

Age (years) 24.8 ± 3.8 24.4 ± 3.8 25.0 ± 3.8 0.016 *
Range 21 to 52 21 to 52 21 to 45
SE (D) −4.30 ± 2.96 −4.35 ± 2.94 −4.28 ± 2.97 0.733 *
Range +4.62 to −14.73 +2.44 to −13.37 +4.62 to −14.73

Axial length (mm) 25.59 ± 1.35 25.22 ± 1.28 25.77 ± 1.36 <0.001 *
Range 22.16 to 29.69 22.16 to 29.25 22.25 to 29.69

Prevalence rate (%)
Myopia (≤−0.5 D) 89.5 90.2 89.2 0.635 †

High Myopia
(≤−6.0 D) 27.2 27.8 27.0 0.800 †
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Figure 2. Spherical equivalent and axial length. y = 42.07 − 1.81x, r2 = 0.687, p < 0.001. �, data of
eyes in each student.

When we divided the FYs of birth into two groups, i.e., before 1987 and 1987 and
after, the SEs were correlated significantly with the FYs of birth (r = −0.213, p = 0.004) and
decreased about 0.16 D annually during the FYs of birth before 1987. However, the SEs
were not correlated significantly with the FYs of birth (p = 0.441) from 1987 and after. The
SE regression rates based on the FYs of birth before 1987 and after differed significantly
(p = 0.004) (Figure 3).

Figure 3. The fiscal year (FY) of birth and mean spherical equivalent. •, data during the FYs of
birth before 1987. �, data during the FYs of birth of 1987 and after. During the FYs of birth before
1987, y = 310.0 − 0.158x, r = 0.213, p = 0·004. During the FYs of birth of 1987 and after, p =0.441.
The regression of spherical equivalent by FYs of birth before 1987 and after, p = 0.004 (analysis of
covariance (ANCOVA)).

The ALs were correlated significantly with the FYs of birth (r = 0.157, p = 0.034) and
increased about 0.05 mm annually during the FYs of birth before 1987. However, the ALs
were not correlated significantly with the FYs of birth (p = 0.599) from 1987 and after. The
AL regression rates based on the FYs of birth before 1987 and after differed significantly
(p = 0.037) (Figure 4).
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Figure 4. The fiscal year (FY) of birth and mean axial length. •, data during the FYs of birth
before 1987. �, data during the FYs of birth of 1987 and after. During the FYs of birth before 1987,
y = −78.9 + 0.0527x, r = 0.157, p = 0.034. During the FYs of birth of 1987 and after, p = 0.599. The
regression of spherical equivalent by FYs of birth before 1987 and after, p = 0.004 (ANCOVA).

The myopia prevalence rates were not correlated significantly with the FYs of birth
before and after 1987 (p = 0.428, p = 0.080, respectively). In contrast, the prevalence rates
of high myopia were correlated significantly with the FYs of birth (r = 0.851, p < 0.001)
and increased about 2.4% annually during the FYs of birth before 1987. However, the high
myopia prevalence rate was not correlated significantly with the FYs of birth (p = 0.692)
from 1987 and after. The regression rates of the prevalence of high myopia by FY of birth
before 1987 and after differed significantly (p = 0.010) (Figure 5). The mean prevalence rates
of myopia and high myopia during FYs of birth before 1987 were 82.5% and 18.1% (95% CI;
73.3% to 91.7% and 10.3% to 25.9%, respectively), and those of 1987 and after were 90.2%
and 28.6% (95% CI; 88.2% to 92.2% and 24.1% to 33.1%, respectively).

Figure 5. The fiscal years (FYs) of birth and prevalence of myopia and high myopia. •, the prevalence
of myopia during the FYs of birth before 1987. �, the prevalence of myopia during the FYs of birth
of 1987 and after. �, the prevalence of high myopia during the FYs of birth before 1987. �, the
prevalence of high myopia during the FYs of birth of 1987 and after. The prevalence of myopia:
during the FYs of birth before 1987, p = 0.428; during the FYs of birth of 1987 and after, p = 0.080.
The prevalence of high myopia: during the FYs of birth before 1987, y = −4826 + 2.45x, r = 0.851,
p < 0.001; and during the FYs of birth of 1987 and after, p = 0.692. The regressions of the spherical
equivalent by FYs of birth before 1987 and after, p = 0.010 (analysis of covariance).
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4. Discussion

In the current study, we investigated the degree of myopia and the prevalence rates of
myopia and high myopia before and after the introduction of the Yutori educational system
in Japan. During high-pressure education, the degree of myopia and the prevalence of high
myopia increased with the passage of the FY of birth; however, no myopia progression was
observed after implementation of Yutori education. Because the pressure-free education
policy reduced myopia progression, it would be interesting to understand the etiology
of myopia.

A significant correlation was observed between the SE with AL. During high-pressure
education, the SE decreased about 0.16 D annually, and the AL increased about 0.05 mm
annually, which corresponded to about 3.0 D/mm. Therefore, the refractive change toward
myopia was accompanied by AL elongation. In longitudinal studies among university
students and medical students, the mean refractive changes were −0.11 D and −0.17 D
annually [20,21]. The refractive difference followed by the birth year in the current study
was similar to the individual refractive changes annually in those studies. Therefore, the
difference in the refractive component among the different birth years should receive
attention when myopia is investigated in cross-sectional studies.

In the current study, the prevalence of myopia was 90.2% after the introduction of
Yutori education, which was independent of the FY of birth. High prevalence rates of
myopia, i.e., about 90% or more, had been reported among medical or university students
in Asia [4,21,22], which would result from a ceiling effect. In contrast, the prevalence of high
myopia increased up to about 28.6% with the FY of birth during high-pressure education
but stabilized after the introduction of Yutori education. This might have resulted from
reduced educational pressure, but it also might have been the result of a ceiling effect, as
the prevalence had been sufficiently high and was similar to 28.7% in medical students in
Singapore [22].

A higher level of education has been associated with more myopia [14,15,23]. However,
the level of education in the current study was the same because the participants were
the same medical students in the same university. The time spent engaged in educational
activities and the intensity of education also are important factors in myopia [24,25].
In Yutori education, the total number of classroom hours during the first nine years of
compulsory education, starting from the age of seven years, was reduced gradually from
8935 h (until FY 1986) to 8307 h (in FY 1995). However, according to the survey on time use
and leisure activities conducted by the Ministry of Internal Affairs and Communications
in Japan (https://www.e-stat.go.jp/stat-search/files?page=1&toukei=00200533&result_
page=1, accessed on 10 May 2020), the daily average time spent on schoolwork including
classroom hours during elementary school and junior high school were almost the same
or slightly increased from 281 and 326 min in FYs 2001 to 281 and 335 min in FY 2006,
respectively. This suggests that the time after school increased, which might have been
caused by the increased time spent doing homework and “cramming” or in private tutorial
classes. Therefore, the length of time for education itself would be unrelated to the different
tendency of myopia progression observed in this study. Further, both the study time and
learning content were reduced during Yutori education. The time spent on the primary
subjects, i.e., mathematics, science, social study, and Japanese language, were reduced, and
integrated learning lessons, i.e., problem-solving or experiential learning to develop the
ability to think and learn independently, were introduced. This reduced the time needed for
cramming or rote learning and near work, such as reading and writing, even with the same
classroom hours based on the curriculum. More time spent on near-work activities had
been reported to increase the risk of myopia [24,25]. Therefore, the intensity of education
and near work would be related to myopia progression during high-pressure education. In
addition, Saturday became a holiday in the Yutori system, and students had more chances
to play outdoors during the day. The effect of increased time spent outdoors on myopia
prevention and slowing myopia progression had been reported [26–29]. Introduction of
the Yutori education system might be related to prevention of myopia progression.
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In previous birth cohort studies [2,30], an increase was reported in the prevalence
of myopia in the population with a more recent birth year. The increase was widely
considered to be driven by environmental factors, such as decreased time outdoors and
increased near-work activities, among other factors. As societies develop, there have been
systematic increases in education, but there have been parallel changes in the number of
other parameters, such as living environments, including changes in population density,
style of housing, pollution, diet, and lifestyle [1,6]. Recently, use of computers, smart
phones, and tablets are suggested to play a role [2]. Our data demonstrated that the
progression of myopia was similar to a previous report [2,6], but that occurred only during
high-pressure education. Therefore, these data indicated that educational pressure is
related to myopia progression. Although other environmental factors that continuously
affect myopia progression would increase the myopia progression year by year, myopia did
not progress after the high-pressure education was stopped. Because the Yutori education
system started from FY 2002 and gradually reduced the classroom hours to FY 2010, the
degree of high-pressure education would decrease year by year. Other environmental
factors and the degree of high-pressure education might have been counterbalanced and
resulted in stabilization of the degree of myopia after the introduction of Yutori education.
Our study focused on adults; therefore, if we focused on children, who are at greater risk
of developing myopia, the result might have been different. Additionally, our data showed
the influence of the environmental factor in childhood. Such kinds of observational studies
not only for children but also for adult should be done to help monitor the prevalence
of myopia. The COVID-19 pandemic has changed educational institutions across the
world, compelling to adopt and use the available technologies to enable remote learning
for students. This recent rapidly increased screen time may potentially accelerate the high
myopia-prevalence rate in Asia and worldwide [31]. It would be important to study the
prevalence of myopia in children during the COVID-19 pandemic, but it would also be
important to conduct a follow-up study on same population as they grow up.

During the compulsory education period, children would not have a choice to select
their educational environment, as the school curriculum has been determined by the
government. As the educational environment can influence the myopia progression, the
government should appoint an ophthalmologist to the committee for the educational
system assessment. However, the environment for daily life cannot be fully controlled. To
control the progression of myopia, it would be important to inform parents and educators
about the harmful effect of prolonged hours of near work and the beneficial effect of
outdoor activities.

The Organization of Economic Cooperation and Development (OECD) Programme
for International Student Assessment (PISA) measures 15-year-olds’ ability to use their
reading, mathematics, and science knowledge and skills to meet real-life challenges (https:
//www.oecd.org/pisa/, accessed on 6 May 2020). The OECD PISA was first performed in
2000 and repeated every three years. Both countries with a high prevalence rate of myopia
and those with lower prevalence rates of myopia had significant international rankings
of educational performance, suggesting that high educational outcomes in PISA are not
necessarily associated with an epidemic of myopia [1,2]. However, the OECD PISA results
in Japanese students in 2003 and 2007 during Yutori education fell dramatically compared
with those in 2000 during high-pressure education. Japan dropped from first to sixth and
then to tenth place (in 2003 and 2006, respectively) in mathematical literacy, from eight
to fourteenth and then fifteenth place in reading literacy, and from second to second and
sixth place in science literacy. There were few racial differences, and the same language is
spoken in Japan; only the educational system differed among these periods. The Japanese
nation was shocked by this turndown of students’ academic abilities resulting from Yutori
education. Therefore, pressure-free education might contribute to both preventing myopia
progression and decreasing the educational standing. To solve this problem, a new school
curriculum was introduced that abandoned the pressure-free education policy from FY
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2012 after a one-year transition period in Japan. Further study is needed to clarify the effect
of educational pressure on myopia progression after cessation of pressure-free education.

The current study had some limitations. First, the current study was not completely
reflective of the population in Japan because medical students who were at a higher
education level were evaluated. However, we excluded the possibility of the effect of
the educational level on myopia progression, as all were medical students in the same
university. Second, the study population had twice the number of men compared with
women in the current study. Therefore, the ratio of men to women differed between the
participants in the current study and the Japanese population. Because no gender difference
was observed regarding the SE, the prevalence rates of myopia and high myopia would
not be affected by gender differences. Third, we studied only left eyes, although many
previous studies used data from right eyes. However, no refractive difference between the
left and right eyes has been reported previously. Therefore, this likely did not affect the
current results.

5. Conclusions

In conclusion, we investigated the degree and prevalence of myopia before and after
the introduction of free-pressure education in Japan. This study indicated that the program
policy for compulsory education appeared to be associated with the progression of myopia.
It is important to prevent myopia progression without compromising the education level.
In order to control the progression of myopia, not only ophthalmologists but also educators
and the government should work on together.
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Abstract: Presbyopia treatments using various modalities have been developed recently; however, no
standard criteria exist for the diagnosis and treatment endpoint. This study assessed the relationship
between the near visual acuity (NVA) and the subjective symptoms of phakic presbyopia and deter-
mined the numerical NVA threshold to diagnose phakic presbyopia and evaluate the effectiveness
of presbyopia treatment. The binocular distance, NVA with habitual correction, and monocular
conventional VA were measured. Patients were asked about their awareness of presbyopia and
difficulty performing near tasks. This prospective observational study included 70 patients (mean
age, 56 years; range, 32–77). Most patients became aware of presbyopia in their late forties, although
some had difficulty with vision-related near tasks before becoming aware of presbyopia. Eighty
three percent of patients (20/24) experienced difficulty with near vision-related tasks even with
excellent NVA at 40 cm with habitual correction of 0.0 logMAR (20/20 in Snellen VA). In conclusion,
the current study showed that patients became aware of presbyopia in their late forties, although
some had difficulty with near vision-related tasks before becoming aware of presbyopia. Further
investigation should include the proposal of appropriate diagnostic criteria for presbyopia and better
management for patients with presbyopia.

Keywords: presbyopia; near visual acuity; standard criterion; diagnosis

1. Introduction

Presbyopia is a global problem that affects about one quarter of the world’s popula-
tion [1]. The number of people with impaired near vision due to presbyopia is estimated to
decrease by about 20% by 2050 because of the increasing myopia prevalence [1]. However,
presbyopia remains an important health problem that may affect the quality of life of
individuals not only in developing countries without awareness of presbyopia or accessi-
bility to affordable treatment [1,2] but also in developed countries where people tend to be
engaged in near tasks because of the increasing use of digital technology.

Several definitions of presbyopia have been used historically, and most were functional
or qualitative [1,2]. Previous studies of presbyopia treatment using various treatment
modalities [3] used arbitrary numerical criteria to determine treatment efficacy because
of the absence of standardized criteria. The patient-reported outcome measures have also
been used in clinical trials and quality-of-life studies for presbyopia treatment [3,4]. Among
them, the Near Activity Visual Questionnaire was identified as the most appropriate for
assessing near-vision functioning in presbyopia, although the measure was not validated
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in a purely phakic presbyopia sample [4]. Considering recent developments of presbyopia
treatments using various modalities [3,5–9], simple and easily accessible standardized
criteria for diagnosis and endpoints of treatment are necessary.

The purpose of this study was to assess the relationship between the near visual acuity
(NVA) and the subjective symptoms of phakic presbyopia and to determine the numerical
NVA threshold to diagnose phakic presbyopia and evaluate the effectiveness of presbyopia
correction according to subjective patient symptoms.

2. Materials and Methods

2.1. Study Design and Patients

This study was a clinic-based prospective observational study conducted at four eye
clinics: Minamiaoyama Eye Clinic (Tokyo, Japan), Queen’s Eye Clinic (Kanagawa, Japan),
Shonan Keiiku Hospital (Kanagawa, Japan), and Keio University Hospital (Tokyo, Japan).
All patients provided written informed consent before participating in this study. The
institutional review boards of each institution approved the study (approval numbers,
20181025-2, Minamiaoyama Eye Clinic; 20181025-2, Queen’s Eye Clinic; 18-002, Shonan
Keiiku Hospital; and 20150280, Keio University Hospital), which followed the tenets of
the Declaration of Helsinki. The protocol for this study was registered with the University
Hospital Medical Information Network Clinical Trial Registry (UMIN000021587).

2.2. Inclusion and Exclusion Criteria

The inclusion criteria were age 20 years and older, phakia because of the need to
measure the refraction and undergo VA tests for diagnosis or treatments, and a binocular
distance visual acuity (DVA) of 0.10 logMAR (16/20 in Snellen acuity) and over. The
exclusion criteria were a history of refractive surgery and decreased cognitive function.

2.3. Ophthalmic Examinations and Questionnaire

Experienced examiners performed all examinations. The ophthalmologic evaluation
of the participants included measurement of the monocular corrected DVA (CDVA) and
monocular distance-corrected NVA (DCNVA), binocular DVA with habitual correction
(DVAHC), and binocular NVA at 40 cm with habitual correction (NVAHC). If a patient did
not use any corrective lens for near visual tasks, the binocular NVA was measured without
correction. All distance and near VA charts followed the Japanese industrial standards (JIS)
T7309 (http://kikakurui.com/t7/T7309-2002-01.html, accessed on 29 August 2021), which
is based on International Organization for Standardization (ISO) 8596: 1994, Ophthalmic
optics: Visual acuity testing—Standard optotype and its presentation; and ISO 8597: 1994,
Optics and optical instruments: Visual acuity testing—Method of correlating optotypes.
It was reported that the VA charts that adhere to the JIS are consistent with the ones
that adhere to the international standard (http://kikakurui.com/t7/T7309-2002-01.html,
accessed on 29 August 2021). When the VA was measured using a decimal VA chart, the
measured decimal VA was converted to logarithm of the minimum angle of resolution
(logMAR) units according to the VA conversion chart [10]. Using an interview sheet,
patients were asked to determine the presence or absence of presbyopic symptoms and the
age at which they heard or realized by themselves for the first time that the symptoms they
had had for a while represented presbyopia. Patients also were asked about the degree
of difficulty while reading a newspaper and reading a book for an extended time. The
degrees of difficulty were divided into no difficulty, slight difficulty, and great difficulty.

2.4. Statistical Analysis

All statistical analyses were conducted using commercially available statistical soft-
ware (IBM SPSS Statistics, version 25, Armonk, NY, USA). The Mann-Whitney U test
was used to compare the VA and subjective refraction when the data were not normally
distributed. The χ2 test was used to compare the proportions of patients who were male
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and female. All tests of statistical significance were two-sided, and p < 0.05 was considered
statistically significant.

3. Results

3.1. Patient Profile

The study included 70 patients (30 male and 40 female patients). The mean age was
56.0 ± 13.0 (standard deviation: SD) years old (range: 32–77). The mean monocular subjec-
tive refraction (spherical equivalent) of all eyes was −2.78 ± 3.70 (SD) dioptors, and the
mean corrected distance visual acuity (CDVA) and DCNVA (distance corrected near visual
acuity) at 40 cm were −0.09 ± 0.09 (SD) and 0.28 ± 0.33 (SD), respectively for all 140 eyes
of 70 patients. The binocular distance visual acuity with habitual correction (DVAHC)
and the near visual acuity with habitual correction (NVAHC) were −0.03 ± 0.12 (SD)
and 0.05 ± 0.16 (SD), respectively. In our data, the monocular CDVA of all patients was
0.10 logMAR (16/20 Snellen acuity) and better except for one patient whose CDVA was
0.22 logMAR (12/20) in the right eye and 0.15 logMAR (14/20) in the left eye. However, the
binocular DVA with habitual correction (DVAHC) of this patient was 0.2 logMAR (12/20),
which was relatively good without being affected by the reduced CDVA.

Figure 1 is a histogram of the patients’ ages.
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Figure 1. Distribution of patient age (N = 70).

In some cases, multiple ocular complications developed that included cataract (22 cases),
dry eye (20 cases), vitreous macular traction (13 cases), chorioretinal atrophy (13 cases),
optic disc cupping (12 cases), age-related macular degeneration (7 cases), conjunctivitis
(6 cases), epiretinal membrane (3 cases), and corneal opacity, keratoconus, pterygium,
uveitis (1 case each). Those patients with multiple complications developed were asthma
and hypertension (3 cases each), hay fever (2 cases), and allergic sinusitis, atopic dermatitis,
breast cancer, chronic nephritis, diabetes mellites, endometriosis, fatty liver, heart disease,
hypothyroidism, Parkinson’s disease, rheumatic disease, and sarcoidosis (1 case each). No
patient had complications that severely affected visual function, meaning 0.40 logMAR
(20/40 in Snellen acuity) and worse in CDVA.

3.2. Questionnaire Results

The questionnaire showed that 65.7% (46/70) of patients replied that they had pres-
byopic symptoms. The percentages of patients who were aware of presbyopia by age are
shown in Figure 2.
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Figure 2. Rate of the patients with awareness of presbyopia.

No one was aware of presbyopia before reaching 45 years of age, and the percentages
of patients with subjective presbyopia increased dramatically over 45 years of age and
plateaued after 55 years. The mean initial age of the patients with subjective presbyopia
was 50.9 (standard deviation 7.1; range, 38–70) years. Figure 3 shows the relationship
between the level of difficulty when performing near tasks and the percentages of patients
45 years old and over with subjective presbyopia.

Figure 3. Awareness of presbyopia and subjective symptoms for near tasks in patients aged 45 years
and older (n = 55).

The percentage of patients who were aware of presbyopia increased when they con-
sidered it very difficult to read a newspaper or book for an extended period compared
with those who described no or slight difficulty. However, around 25% of the patients were
unaware of presbyopia despite having slight difficulty performing near tasks.
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3.3. Differences in Subjective Refraction and VAs between Patients with/without Awareness
of Presbyopia

Table 1 shows the differences in the subjective refraction and VAs between patients
with and without an awareness of presbyopia.

Table 1. Comparisons of the clinical data between the awareness and absence of awareness
of presbyopia.

Aware (n = 46) Unaware (n = 24) p Value

Age (years) 62.2 ± 9.7 44.2 ± 12.0 0.000
Sex (male/female) 16/30 14/10 0.059

Monocular examination
Subjective refraction (SE) of the

relatively hyperopic eye (D) −1.58 ± 3.48 −4.13 ± 3.37 0.005

Subjective refraction (SE) of the
relatively myopic eye (D) −2.21 ± 3.80 −4.80 ± 3.11 0.006

CDVA (logMAR) of the better eye −0.10 ± 0.08 −0.12 ± 0.08 0.118
CDVA (logMAR) of the worse eye −0.06 ± 0.09 −0.11 ± 0.10 0.013
DCNVA (logMAR) at 40 cm of the

better eye 0.37 ± 0.22 −0.03 ± 0.23 0.000

DCNVA (logMAR) at 40 cm of the
worse eye 0.49 ± 0.27 −0.00 ± 0.25 0.000

Binocular examination
DVAHC (logMAR) −0.28 ± 0.11 −0.04 ± 0.15 0.434

Binocular NVAHC at 40 cm
(logMAR) 0.11 ± 0.15 −0.05 ± 0.13 0.000

D—diopters; CDVA—corrected distance visual acuity; logMAR—logarithm of the minimum angle of resolu-
tion; DCNVA—distance corrected near visual acuity; DVAHC—distance visual acuity with habitual correction;
NVAHC—near visual acuity with habitual correction.

The subjective refraction of the patients who were unaware of presbyopia was sig-
nificantly more myopic than those who were unaware of presbyopia. Naturally, the
binocular NVA with habitual correction was significantly worse in patients who were
aware of presbyopia, although there was no significant difference in the binocular DVA
with habitual correction.

3.4. Relationship between Binocular NVA and Subjective Symptoms

Figure 4 shows the percentages of patients who were aware of presbyopia, those who
had difficulty reading a newspaper, and those who had difficulty reading a book for an
extended period based on the NVA with habitual correction.

All of the percentages of patients who were aware of presbyopia and who had difficulty
reading a newspaper and difficulty reading a book for an extended period increased
dramatically when the binocular NVDAC at 40 cm decreased to 0.0 (20/20).
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Figure 4. Binocular NVAHC and the rates of the patients with awareness of presbyopia, difficulty in checking a newspaper,
and difficulty in reading a book for a long time (N = 70).

4. Discussion

Several methods can evaluate the visual function in presbyopia including measure-
ment of the NVA, defocus curves, accommodative amplitude, and reading speed. Among
them, the NVA test at 40 cm is the most common clinical examination, although the test
distances are not standardized.

Holden defined functional presbyopia as the need for addition of a significant optical
correction to the presenting distance refractive correction to achieve a NVA absolute (such as
N8 or J1) or relative (such as 1 line of acuity improvement) criteria [11]. Other epidemiologic
studies have reported that presbyopia is the inability of individuals aged 35 years or
older to read binocularly N8 (or 6/12) at 40 cm or their habitual working distance; in
some studies, presbyopia was limited to those patients whose NVA improved with the
addition of corrective lenses [12–15]. The Japanese Society of Presbyopia determined
two different criteria for diagnosing presbyopia, i.e., medical presbyopia and clinical
presbyopia [16]. According to the definition, medical presbyopia is an ocular condition
with an accommodative amplitude less than 2.5 diopters (D) regardless of presbyopic
symptoms, and clinical presbyopia is an ocular condition in which the NVA is less than
20/50 with habitual correction in addition to the presence of presbyopic symptoms.

Regarding the endpoints for presbyopia treatments, the number of primary eyes with
a DCNVA at 40 cm achieving 20/40 or better and a gain of at least 10 letters was adopted
in clinical trials of the treatment modality for presbyopia [17–19].

According to our results, the percentages of patients who had difficulty with near
tasks (reading a newspaper and reading a book for an extended period) and the rate of
awareness of presbyopia dramatically increased when the binocular NVA decreased to
20/20. In addition, 83% (20/24) of patients reported difficulty with near vision-related
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tasks even with an excellent logMAR NVAHC of 0.0 (20/20 in Snellen VA). This indicates
that a NVA over 20/20 is necessary for comfortable near vision, and the most common
threshold for presbyopia treatment to read binocularly N8 (or 20/40) at 40 cm might be too
low as an endpoint of presbyopia correction. Other aspects of vision, such as insufficient
accommodation amplitude (for example, less than 4 D), contrast sensitivity, and/or stability
of the ocular surface, also may play an important role in determining difficulty performing
near visual tasks, and we should pay more attention more to these factors to predict
patients’ need of intervention for presbyopia.

It is difficult to diagnose degraded near visual function in subjects with early presby-
opia with good conventional VA clinically and quantitatively. We reported previously that
the near functional VA (FVA) test detected early presbyopia better than the conventional
VA test [20]. The FVA Measurement System, which is commercially available, can calculate
the mean VA over 60 s from the VA data measured continuously for 60 s. The near FVA
was negatively and significantly linearly correlated with the accommodative amplitude,
and the decrease in the near FVA for a reduction of 1.00 D of accommodative power was
greater than that of the DCNVA, which means that the near FVA may be a good option for
diagnosing presbyopia [20].

Our results showed that the subjective refraction of patients unaware of presbyopia
was significantly more myopic than those aware of the presbyopia. Myopic eyes need less
accommodative efforts due to the difference between the ocular and spectacle accommoda-
tion [21]. Moreover, myopic subjects can use the effect of the forward spectacle shift [21].
These advantages for near vision in myopic eyes might affect the awareness of presbyopia.

Our study also showed that there were many presbyopic patients who were unaware
of the presbyopia. Among patients aged 45 years and older, between 15% and 20% were
unaware of presbyopia despite difficulty performing near tasks.

Uncorrected presbyopia resulted in significant decreases in productivity and quality of
life in the poorest communities [3,12,13,15,22–25]. Even in developed countries, presbyopia
may cause severe health problems due to eye strain and asthenopia [26,27] because of
the dramatically increasing use of digital devices. The results of our study implied the
presence of considerable uncorrected presbyopia in developed countries, where it is easy
to access treatment, due to the lack of awareness of presbyopia. We should enlighten
patients regarding the onset, symptoms, effects, and corrective methods to minimize its
impact. Establishing a universal, precise diagnostic criteria for presbyopia can result in an
appropriate understanding of the burden of presbyopia and need for correction.

The current study had some limitations. First, this study included a small number of
cases and, second, we measured only the conventional distance and NVAs. Several impor-
tant parameters, such as the near point distance, the deviation of the habitual refraction
from the best subjective refraction, and the habitual reading distance, were not recorded.

This warrants further investigation that considers potentially relevant factors such
as age and pupillary size in more cases with other detailed visual function tests such as
the FVA test. However, the conventional near visual test is one of the most common and
easily accessible tests to evaluate near visual function. In addition, the use of the NVA
with habitual correction is the strength of the current study to investigate the relationship
between visual function and subjective symptoms compared with an evaluation using the
arbitrary standard correction. Therefore, we believe our results are useful to determine the
threshold visual function to diagnose presbyopia, especially in developed countries.

In conclusion, the current study showed that patients became aware of presbyopia
in their late forties, although some had difficulty with near vision-related tasks before
becoming aware of presbyopia. Surprisingly, 83% (20/24) of patients experienced difficulty
with near vision-related tasks even with an excellent logMAR NVAHC of 0.0 (20/20 in
Snellen VA). This means that a visual acuity of 20/20 at near distances is not correlated with
the level of comfort when performing near tasks for an extended time. This is probably due
to accommodative fatigue that occurs more often as accommodative amplitude decreases.
Considering the current results, the vision threshold for intervening in presbyopia may
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have to be set at a stricter level than the present one and we may have to reconsider
the goal of the treatment of presbyopia much more than the current criteria, at least in
developed countries.
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Abstract: The purpose of this study was to evaluate the short-term efficacy and safety of cataract
surgery for patients with iris-fixated phakic intraocular lenses (pIOLs). This study included
96 eyes of 91 patients. The changes in the logMAR uncorrected visual acuity (UCVA), best-corrected
visual acuity (BCVA), subjective spherical equivalent (SE), astigmatism, and endothelial cell density
(ECD) were collected retrospectively. The intraoperative and postoperative complications also were
investigated to assess the surgical safety. The preoperative UCVA and BCVA improved signifi-
cantly at month 1 postoperatively, respectively (p < 0.001 for both comparisons). The efficacy and
safety index at month 1 postoperatively were 1.02 ± 0.56 and 1.31 ± 0.64, respectively. The SE at
month 1 postoperatively was significantly (p < 0.001) higher compared to preoperatively, whereas
the subjective astigmatism did not differ significantly (p = 0.078). The ECD significantly decreased
at month 1 (p < 0.001). The most common postoperative complication was intraocular pressure
elevation exceeding 25 mmHg in 10.4% of eyes, which was controlled with medications in all cases
until month 1 postoperatively. No intraoperative complications developed. Cataract surgeries for
patients with iris-fixated pIOLs were performed safely with good visual outcomes.

Keywords: cataract; phakic intraocular lens; multicentre study

1. Introduction

Uncorrected refractive error is a major cause of visual impairment worldwide [1], and
the prevalence of myopia is reported to be growing, especially in Asian countries [2–4].
Implantation of phakic intraocular lens (pIOL) is an option to correct myopia [5,6]. The
reversibility when necessary should be an advantage of pIOL implantation compared
to laser corneal refractive surgery, such as laser in situ keratomileusis (LASIK). Some
studies have reported good long-term outcomes up to 10 years [7–9]. However, some
cases need pIOL explantation due to cataract formation or decreased endothelial cell
density (ECD) [10–12]. Some studies have reported the safety and efficacy of combined
cataract surgery/pIOL explantation; however, small case series [13–17] or case reports
of new surgical techniques [18,19], except for the study by Vargas et al., investigated
87 eyes of 55 patients [20]. Furthermore, including the study of Vargas et al., most of these
studies focused on posterior-chamber pIOLs. Anterior-chamber pIOLs are associated with
a lower rate of cataract formation and pigment dispersion compared to posterior-chamber
pIOL [5,21]. However, few studies have investigated pIOL explantation and cataract
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surgeries for eyes with iris-fixated pIOL. We report the short-term efficacy and safety of
cataract surgery with iris-fixated pIOL explantation.

2. Materials and Methods

2.1. Study Institutions and Institutional Review Board Approval

This was a multicentre (Keio University Hospital, Minamiaoyama Eye Clinic, Mi-
natomirai Eye Clinic, Queen’s Eye Clinic, and Nagoya Eye Clinic), retrospective, observa-
tional study. The Research Ethics Committee of the Keio University School of Medicine
(approval number: 20190278) approved the study, and the other eye clinics participating in
the study were described as collaborators in the ethics committee document and were thus
covered under the approval granted by the Keio University School of Medicine. This study
was conducted according to the tenets of the Declaration of Helsinki. Patients or the public
were not involved in the design, conduct, reporting, or dissemination plans of our research.

2.2. Participants

One hundred and fifty-nine eyes of 139 patients were enrolled in the study; all had un-
dergone pIOL explantation followed by phacoemulsification and IOL implantation at one of
the five hospitals between December 2010 and April 2020. The inclusion criteria were eyes
with an iris-fixated pIOL. The exclusion criteria were eyes with a vision-threatening disease
except cataract, i.e., keratoconus, retinal detachment, central serous chorioretinopathy,
macular edema, glaucoma, and choroidal neovascularization; or eyes that had undergone
a previous ophthalmic surgery except pIOL implantation, i.e., LASIK, vitrectomy, and
glaucoma surgeries. Therefore, 96 eyes of 91 patients were included in the final analysis.

2.3. Surgical Technique

Five surgeons performed all of the surgeries. A pIOL was explanted through a temporal
or superior sclerocorneal incision (range, 2.4–7.0 mm), the size of which was determined
based on the material from which the implanted pIOL was made, i.e., polymethyl methacry-
late (PMMA) (Artisan® or Artisan Toric®, Ophtec BV, Groningen, The Netherlands) or
silicone (Artiflex®, Ophtec BV). The nylon suture was set when the PMMA lens was
explanted, which was left at the site until the end of the study period. Standard phacoemul-
sification and IOL implantation then were performed through a temporal or superior
corneal incision (range, 2.3–2.4 mm). The surgeon chose the type of IOL based on the
patient’s request. The implanted IOLs are summarized in supplemental Table S1. The IOL
power was calculated using Barrett Universal II Formula with the preoperative measure-
ments of axial length, keratometry, and anterior chamber depth. The anterior chamber
depth was manually measured and verified for accuracy because the participants had pI-
OLs. A topical antibiotic (moxifloxacin hydrochloride) and a corticosteroid (betamethasone
sodium phosphate) were administered 3 times daily for one week and a non-steroidal
anti-inflammatory agent (diclofenac sodium) for 3 months postoperatively. Drug doses
were tapered over the postoperative course.

2.4. Ophthalmologic Examinations

The uncorrected visual acuity (UCVA) was measured preoperatively and on day 1,
week 1, and month 1 postoperatively. The best-corrected VA (BCVA) was measured at the
same time points; however, in about half of the cases, this examination was omitted on
postoperative day 1. These VAs were calculated in logarithm of the minimum angle of
resolution (logMAR) units. The subjective spherical equivalent (SE) and astigmatism were
also collected at the same time points. The safety and efficacy index were calculated as the
month 1 postoperative BCVA/preoperative BCVA and postoperative UCVA/preoperative
BCVA. We calculated these indices because the current surgeries reported in this study
were performed on patients without visual impairment in many cases. The decimal
VA was used only for these calculations. The ECD was measured preoperatively and
month 1 postoperatively using a specular microscope (EM-3000 (TOMEY, Tokyo, Japan)
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and CellChek SL, Noncon Robo II, or XII (Konan Medical, Hyogo, Japan). The axial
length was measured using the IOLMaster 500 or IOLMaster 700 (Carl Zeiss Meditec AG,
Jena, Germany).

2.5. Statistical Analysis

To reduce the possible bias of including both eyes of a patient, the values between
the baseline and each time point were compared using a linear mixed model in which
the random effect was the subjects. The linear mixed model adjusts for the hierarchical
structure of the data, modeling in a way in which measurements are grouped within
subjects [22,23]. This was followed by Dunnett’s test for multiple comparisons when
comparing the values between the baseline and each time point [24]. Statistical significance
was set at 0.05. All analyses were performed using R 4.0.4 (R Foundation for Statistical
Computing, Vienna, Austria).

3. Results

The mean ± standard deviation age of the patients at the time of cataract surgery was
55.0 ± 7.5 years. The duration between the cataract surgery and pIOL implantation was
9.7 ± 3.6 years. Fifty-three eyes received a PMMA phakic IOL and 43 eyes a silicone IOL. The
UCVA and BCVA before the cataract surgery were 0.29 ± 0.34 and −0.01 ± 0.17 logMAR,
respectively. The ECD was 1,986 ± 732 cells/mm2. The detailed information is summarized
in Table 1.

Table 1. Demographic data of the study participants.

Variable Value

No. eyes 96 eyes/91 patients
Right/left eyes 48/48
Women/men 69/27

Age at cataract surgery (years) 55.0 ± 7.5
Age at pIOL implantation (years) 45.3 ± 7.4

Duration between surgeries (years) 9.7 ± 3.6
Emery-Little classification of nuclear cataract (eyes) Grade I (16), grade II (46), grade III (31), grade IV (3)

pIOL material (eyes) PMMA (53), silicone (43)
UCVA (logMAR) 0.29 ± 0.34
BCVA (logMAR) −0.01 ± 0.17

Target refraction (D) −0.17 ± 0.49
Spherical equivalent (D) −1.43 ± 1.59

Cylinder (D) −0.82 ± 0.73
Endothelial cell density (cells/mm2) 1986 ± 732

Axial length (mm) 28.39 ± 1.94

Values are expressed as the mean ± standard deviation. The date of previous pIOL implantation was unknown in seven eyes and the
UCVA before the cataract surgery in one eye. The age at pIOL implantation and duration between the surgeries were calculated without
these eyes and the UCVA without the one eye. pIOL, phakic intraocular lens; PMMA, polymethyl methacrylate; UCVA, uncorrected visual
acuity; BCVA, best-corrected visual acuity; D, diopters.

Figure 1A and Table 2 show the changes in the UCVA. The preoperative value signifi-
cantly improved at day 1, week 1, and month 1 postoperatively (p < 0.001 for all compar-
isons by a linear mixed effect model followed by Dunnett’s test). Similarly, the postopera-
tive BCVA improved significantly at week 1 and month 1 (p < 0.001 for both comparisons)
but not on day 1 (p = 1.0, Figure 1B, Table 2). The efficacy and safety indices on postopera-
tive month 1 were 1.02 ± 0.56 and 1.31 ± 0.64, respectively.

The subjective SE was significantly larger (closer to 0) at all time points (p < 0.001
for all comparisons) (Figure 1C, Table 2), whereas the subjective astigmatism was greater
on day 1 (p = 0.0060) but did not differ significantly at week 1 and month (p = 1.0 and p
= 0.078, respectively) (Figure 1D, Table 2). The preoperative subjective astigmatism was
significantly different between the patients with PMMA pIOLs and those with silicone IOLs
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(p = 0.022, supplemental Figure S1). However, this difference was not found postoperatively.
The ECD significantly decreased at month 1 (p < 0.001) (Figure 1E, Table 2).

The most common postoperative complication was an intraocular pressure (IOP)
elevation exceeding 25 mmHg, which occurred in 10.4% of cases on day 1. With the
exception of one case, no elevations were observed at postoperative week 1. Including this
case, the IOP of all cases were controlled with medications. Corneal edema was observed in
8.3% of cases on day 1, which were not observed on day 7. No intraoperative complications
developed. Other postoperative complications are summarized in Table 3.

 
(A) (B) 

 
(C) (D) 

Figure 1. Cont.
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(E) 

Figure 1. Box plots of each variable. (A) Changes in the uncorrected visual acuity (UCVA), (B) best-corrected visual acuity
(BCVA), (C) spherical equivalent, (D) astigmatism, and (E) endothelial cell density. * indicates a significant difference
between baseline and each time point. N.S., not significant; D, diopters; logMAR, logarithm of the minimum angle
of resolution.
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Table 3. Postoperative complications.

Complication % (eyes)

IOP elevation exceeding 25 mmHg 10.4% (10)
Corneal edema 8.3% (8)

Iritis 3.1% (3)
Corneal epithelial defect 2.1% (2)

Hyphema 2.1% (2)
IOP, intraocular pressure.

4. Discussion

In the current study, the efficacy and safety of cataract surgery combined with pIOL
explantation were investigated in 96 eyes of 91 patients with an iris-fixated pIOL. This
study included the largest number of cataract surgeries with pIOL explantation and was
the largest study investigating patients with a iris-fixated pIOL. In a previous study with
fewer cases, de Vries et al. [14] reported that the BCVA improved from 0.21 ± 0.21 to
0.17 ± 0.18. In the current study, the BCVA improved significantly from −0.01 ± 0.17 to
−0.09 ± 0.10. A simple comparison of the studies was not possible because the baseline
values differed in the study of de Vries et al., which included eyes with vision-threatening
diseases, such as retinal detachment or myopic degeneration of the posterior pole. We
excluded vision-threatening diseases; however, the improvements in the UCVA and BCVA
were significant, with favorable efficacy and safety indices (1.02 ± 0.56 and 1.31 ± 0.64,
respectively) at postoperative month 1, in light of the refractive correction.

In the current study, 10.4% of cases had a postoperative IOP elevation, despite the
exclusion of glaucomatous eyes. A recent study by Vargas et al. [20] that included 87 eyes
did not report IOP elevations. Meire et al. reported that two of 38 cases had ocular hyperten-
sion [16], one of which with steroid-induced ocular hypertension resulted in the need for an
additional trabeculectomy because the steroids could not be discontinued due to systemic
oncologic treatment. This rate was relatively high compared to uncomplicated cataract
surgeries [25–27]. The exact reason is unclear; however, more intense inflammation that
resulted from iris manipulation to remove the pIOL may be a reason. In the current study,
the IOPs of all the cases were controlled safely only with medications until postoperative
month 1; however, surgeons must be alert to IOP elevation postoperatively.

The current study had some limitations, one of which was the absence of a control
group. Considering the baseline ECD (1986 ± 732 cells/mm2) with an average patient
age of 55.0 ± 7.5 years, the corneal endothelial damage was probably an important reason
for the surgery. Therefore, other surgeries, such as standard cataract surgery or cataract
surgeries for eyes with a posterior-chamber pIOL, were not considered as suitable controls
because the indications differed. Despite this, we believe our data, comprised of the largest
sample size of cataract surgery for eyes with pIOL, are valuable.

In the current study, the UCVA improved significantly from 0.29 ± 0.34 to 0.03 ± 0.19
at postoperative at month 1. The value at day 1 (0.11 ± 0.30) improved significantly from
the preoperative level. However, the differences between the targeted and postoperative
refractive errors were not assessed in this study. Although it was reported that the pre-
operative biometric measures were generally accurate [28], some miscalculations in the
axial length were found along with the subsequent hyperopic change [29]. Furthermore,
the types of inserted lens varied and included toric and multifocal IOLs because of the
multicentre study. The targeted refractive error in most current cases was emmetropia or
weak myopia (mean targeted refractive error, −0.17 ± 0.49) and the postoperative SE was
−0.17 ± 0.84. Therefore, satisfactory outcomes were achieved in most cases; however, the
specific analysis, such as the optimal IOL calculation formula to be used, will be addressed
in our next study.

Our follow-up period was short. Although the recovery from the surgery was favor-
able despite this short follow-up period, the information about the clinical outcomes and
safety with longer follow-up is essential for clinicians. In particular, the ECD significantly
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decreased at 1 month after surgery. The explantation of pIOL was carefully performed
through sclerocorneal incision in order to not touch the endothelium. This procedure
specific to the surgery might have had an effect. However, the ordinary cataract surgery
with phacoemulsification and IOL implantation is well known to have an effect on ECD.
The ECD change in our study was, on average, 4.5%. This was comparable to the past study
of ordinary cataract surgery [30,31]. Thus, the ECD change was relatively small, but the
early endothelial cell change cannot be fully evaluated by ECD [32]. Although the number
of cases will be limited due to the retrospective design, careful and longer follow-up is
needed. This will be discussed in the near future.

In conclusion, cataract surgeries for patients with iris-fixated pIOL were performed
safely with good visual outcomes. We believe this option may be considered for patients
with a pIOL who have visual impairment and endothelial cell loss.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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Abstract: Myopia has been discussed as a risk factor for glaucoma. In this study, we characterized
the relationship between ametropia and patterns of visual field (VF) loss in glaucoma. Reliable
automated VFs (SITA Standard 24-2) of 120,019 eyes from 70,495 patients were selected from five
academic institutions. The pattern deviation (PD) at each VF location was modeled by linear
regression with ametropia (defined as spherical equivalent (SE) starting from extreme high myopia),
mean deviation (MD), and their interaction (SE × MD) as regressors. Myopia was associated with
decreased PD at the paracentral and temporal VF locations, whereas hyperopia was associated with
decreased PD at the Bjerrum and nasal step locations. The severity of VF loss modulated the effect of
ametropia: with decreasing MD and SE, paracentral/nasal step regions became more depressed and
Bjerrum/temporal regions less depressed. Increasing degree of myopia was positively correlated
with VF depression at four central points, and the correlation became stronger with increasing VF
loss severity. With worsening VF loss, myopes have increased VF depressions at the paracentral
and nasal step regions, while hyperopes have increased depressions at the Bjerrum and temporal
locations. Clinicians should be aware of these effects of ametropia when interpreting VF loss.

Keywords: glaucoma; ametropia; myopia; hyperopia; visual field; OCT; SITA standard 24-2; pattern
deviation; mean deviation; spherical equivalent

1. Introduction

Glaucoma is an optic neuropathy characterized by progressive loss of retinal ganglion
cells, resulting in optic nerve damage and eventual visual field (VF) loss. Since glaucoma
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tends to produce specific VF defects, the pattern deviation (PD) plot, which shows relative
light sensitivity normalized by age-matched controls at each VF location, is crucial for
the diagnosis of this optic neuropathy. Standard automated perimetry, particularly the
Swedish interactive thresholding algorithm (SITA) standard 24-2 [1,2] is a widely used tool
to characterize and monitor functional vision loss from glaucoma [3,4].

High myopia is considered a risk factor for glaucoma in several studies [5–7]. It is well-
known that refractive error is associated with ocular biometric features. In general, myopic
eyes tend to have a longer axial length and are more prolate than emmetropic eyes, while
hyperopic eyes tend to have a shorter axial length and are more oblate (Figure 1A) [8,9].
In addition, the superior and inferior arcuate retinal nerve fiber bundles lie closer to the
fovea in myopes compared to emmetropes or hyperopes (Figure 1B), resulting in a thicker
temporal peripapillary retinal nerve fiber layer (RNFL) in myopic eyes [10–13]. Previous
studies have shown the association between the spherical equivalent (SE) of refractive
error and various anatomical parameters of the optic nerve head (ONH), which serve as
important diagnostic criteria for glaucoma [12,14,15]. For example, increasing myopia is
associated with greater optic disc torsion and tilt [14,15]. Furthermore, we have previously
shown that the central retinal vessel trunks (CRVT), where retinal vessels enter and exit the
optic disc, are located more nasally in myopes compared to hyperopes [15]. The nasalization
of CRVTs, in turn, has been correlated with a central pattern of VF loss [16–18]. These
findings suggest that myopes and hyperopes, with their varying structural parameters,
may also have different patterns of light sensitivity. Previous works show myopia to be a
risk factor for paracentral VF defects in glaucomatous eyes [19–22], while others report a
high incidence of temporal VF defects in highly myopic eyes without known glaucoma [23].
We sought to build upon these studies by systematically examining the interaction effect
of the full range of ametropia and VF loss severity on global VF patterns. Our goal is to
understand how functional vision is affected by ametropia in patients with glaucoma.

In this study, we investigate the relationship between ametropia and VF patterns
utilizing a large VF dataset from 5 academic institutions. Furthermore, we study the role
of VF loss severity in modulating this relationship. We hypothesize that (A) given the
structural differences in the eye, ametropia is associated with distinct patterns of light
sensitivity, regardless of glaucoma; (B) because myopes have retinal nerve fiber (RNF)
bundles that lie closer to the fovea, there is an interaction effect between glaucoma severity
and ametropia; and (C) because myopes have more nasalized CRVTs, they develop deeper
central VF depression (Figure 1). Our study aims to help clinicians better identify and
interpret glaucomatous VF loss patterns in myopic and hyperopic patients.
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Figure 1. Schematic illustration of the three main hypotheses. (A) Ametropia is related to differences
in eye length and shape, e.g., myopic eyes are longer, “curvier” (more prolate), and less regular.
Therefore, we hypothesize relative differences of light sensitivity related to ametropia independent of
glaucoma. (B) The two major retinal nerve fiber bundles, illustrated by dashed lines superimposed on
the locations of a Humphrey 24-2 visual field (VF), are closer to the fovea for myopes (red lines) than
for hyperopes (blue lines). Therefore, we hypothesize a center-periphery interaction effect between
glaucoma severity and ametropia, schematically illustrated by the two different colors of the VF
locations. (C) Myopia is correlated to a nasalization of the central retinal vessel trunk which, in turn,
is related to glaucomatous central VF loss on the four central locations of the Humphrey 24-2 VF,
illustrated in red. Therefore, we hypothesize deeper central VF depression for myopes, particularly
for higher glaucoma severity.

2. Methods

The VFs used for this study were obtained through the Glaucoma Research Network, a
multicenter consortium, which consists of Massachusetts Eye and Ear, Wilmer Eye Institute,
New York Eye and Ear Infirmary, Wills Eye Hospital, and Bascom Palmer Eye Institute.
The institutional review board of each participating institution approved this retrospective
study. This study adheres to the Declaration of Helsinki and all federal and state laws.
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2.1. Participants and Data

Our dataset consisted of SITA standard 24-2 VFs measured with the Humphrey Field
Analyzer (HFA; Carl Zeiss Meditec, Dublin, CA, USA). The dataset used in this study
consisted of all available VFs from the glaucoma services of Massachusetts Eye and Ear,
Wilmer Eye Institute, New York Eye and Ear Infirmary, and Wills Eye Hospital, and the
entire set of VF measurements from Bascom Palmer Eye Institute. The reliability criteria
for VF selection were as follows: fixation losses ≤ 33%, false-negative rate ≤ 20%, and
false-positive rate ≤ 20% [17,24–27]. If more than one measurement per eye fulfilled the
reliability criteria, the most recent reliable VF was selected for each eye. VFs from the left
eye were reflected along the vertical axis to match the orientation of the right eye, which is
the standard orientation displayed in this paper. At testing time, the operator was required
to enter the patient’s distance refractive error into the HFA machine in order for the machine
to determine the matching trial lens. These distance refractive error values were logged by
the HFA and used in the present study. The HFA device automatically assigns a value of 0
to all participants wearing a contact lens; therefore, all eyes with a distance refractive error
of 0 could not be distinguished whether they were naturally emmetropic, pseudophakic,
and emmetropic due to successful cataract surgery, or corrected by contact lenses and thus
were excluded from analysis. In our supplemental analyses, additional exclusion criteria
were applied based on age, SE, and mean deviation (MD): patients younger than 18 years
or older than 80 years, eyes with −1.5 D ≤ SE ≤ +1.0 D, and eyes with MD less than −18 dB
were excluded.

2.2. Statistical Analyses

All statistical analyses were performed using the R platform [28]. For patients with
minimal VF loss, defined as MD within ±1 dB, mean PD and their standard deviations
were plotted against SE for each VF location on the Humphrey 24-2. Linear regression
slopes of PD and SE were calculated and plotted for patients with MD within ±1 dB and
for those with MD < −12 dB. Furthermore, PD values at each VF location were modeled by
linear regression with SE, MD, and their interaction (SE × MD) as regressors, using the
following equation: PD~SE + MD + (SE × MD). Finally, given our previous finding that
CRVT nasalization was associated with VF loss in the central 4 VF locations [17], SE slopes
were calculated for the 4 most central locations, as a function of the magnitude of MD. p
values of the slopes were adjusted for multiple comparisons by the false discovery rate
method [29]. A p value < 0.05 was considered statistically significant.

3. Results

A total of 120,019 VFs from 120,019 eyes of 70,495 patients met our inclusion criteria.
Figure 2 summarizes the clinical and demographic information of the subjects.

In the analysis involving all eyes, MD had a weak but statistically significant correla-
tion with SE (Pearson’s r = 0.045, p < 2.2 × 10−16). Figure 3 shows the mean PD values at
each of the 52 VF locations, grouped by bins of SE (bin centers: −6, −4, −2, 0, 2, 4, and 6
Diopters (Ds), bin width: ±1 D), for individuals with minimal VF loss (MD within ±1 dB).
The following general trend was observed: with increasing myopia (decreasing SE), PD
values increased at the peripheral VF locations and decreased at the central VF locations;
opposite effects were noted for hyperopia.
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Figure 2. Demographic histograms of age, visual field mean deviation (MD), and spherical equivalent
of refractive error (from top to bottom). Quartiles are denoted by vertical lines.

Given the generally monotonic pattern of correlation observed, linear regression of
PD from SE was performed to quantify the relationship. The regression coefficients at
each VF location are shown in Figure 4. For patients with minimal VF loss (MD within
±1 dB), positive coefficients were observed in the paracentral and temporal VFs, indicating
that increased myopia was associated with decreased light sensitivity in these regions.
Negative slopes were observed mostly in the Bjerrum and nasal step areas, indicating
that increasing hyperopia was associated with lower light sensitivity in these regions
(Figure 4A). These results were in line with the trend observed in Figure 3. The significant
positive slopes ranged from 0.01 to 0.04, and significant negative slopes ranged from −0.01
to −0.11 (p < 0.05). This means that for individuals with at most mild glaucoma, high
myopes (SE: −6 D) can have up to 0.48 dB lower and 1.3 dB higher PD values compared to
high hyperopes (SE: +6 D) at individual VF locations.
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Figure 3. Mean pattern deviations (PD), illustrated by filled circles, and corresponding standard
deviations (whiskers) grouped by bins of spherical equivalent (SE) of refractive error (bin centers:
−6, −4, −2, 0, 2, 4, and 6 Diopters) for each visual field (VF) location for patients with VF mean
deviations within ±1 dB. Each SE bin contains SEs within ±1 Diopter of the respective bin center.
The location of fixation is denoted by the central blue cross. The two VF locations closest to the blind
spot are omitted.

For patients with severe VF depression (MD < −12 dB), the pattern was slightly differ-
ent: positive slopes were observed mostly in the paracentral VF, and negative slopes were
observed in the Bjerrum and temporal regions (Figure 4B). This implies that increasing
myopia was associated with VF depression in the paracentral region, and increasing hyper-
opia was associated with depression in Bjerrum and temporal regions. The magnitudes of
the slopes were greater for severe VF loss compared to mild VF loss: the significant positive
slopes ranged from 0.01 to 0.19, and significant negative slopes ranged from −0.02 to −0.23
(p < 0.05). This means that for severe glaucoma, high myopes (SE: −6 D) can have up to
2.3 dB lower and 2.8 dB higher PD values than high hyperopes (SE: +6 D) at individual
VF locations.

To further explore the relationship between SE and PD, and to understand the role
of VF loss severity on this correlation, linear regression was carried out with SE, MD,
and their interaction term (SE × MD) as regressors. Figure 5A shows the “pure” SE
effect on PD: when MD was not taken into account, myopes had a significantly lower
light sensitivity in the paracentral and temporal VFs, but greater light sensitivity in the
Bjerrum and nasal step regions. When the interactive effect of MD and SE was examined,
myopic VF depression became localized to the paracentral and nasal step regions while
hyperopic VF depression became more pronounced at the Bjerrum and temporal areas
(Figure 5B). The significant positive interaction coefficients ranged from 0.002 to 0.012,
and significant negative coefficients ranged from −0.002 to −0.01 (p < 0.05). The detailed
regression coefficients for SE, MD, and SE × MD at each of the 52 VF locations are provided
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in Supplementary Materials Figure S1. As expected, the effect of MD alone on PD showed
a highly significant correlation at every location.

 

Figure 4. Spherical equivalent regression coefficients of pattern deviations at each visual field (VF)
location for (A) patients with (at most) minor VF depression (mean deviation (MD) within ±1 dB) vs.
(B) patients with severe VF depression (MD < −12 dB). Non-significant coefficients are colored in
black, significant positive coefficients in red, and significant negative coefficients in blue. In short, at
red/blue locations, myopes have more/less VF depression.
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Figure 5. (A) Impact of spherical equivalent (SE) on visual field pattern deviations that are not
explained by glaucoma severity (mean deviation, MD) and (B) interaction effects between glaucoma
severity (MD) and SE. Significant locations are denoted by filled squares, non-significant locations
by small, open squares. In label (A), red/blue locations denote positive/negative coefficients, i.e.,
locations where myopes have more/less VF depression regardless of glaucoma severity. In label (B),
red/blue locations denote negative/positive coefficients of the interaction term (SE × MD). In short,
at red/blue locations, increasing glaucoma severity is related to more/less VF depression in myopes.

Example VFs of myopic and hyperopic patients seen at Mass. Eye and Ear displaying
these VF loss patterns are shown in Figure 6. With worsening glaucoma, myopic individuals
tend to develop deeper paracentral VF defects, while hyperopic individuals tend to develop
greater VF depression in the Bjerrum and temporal regions.

Finally, we examined the effect of SE on PD at the 4 most central VF locations (marked
by the red squares in Figure 1C) as a function of VF loss severity. Myopia was signifi-
cantly correlated with decreasing PD values at the central 4 locations (p < 0.001), and the
correlation became stronger with decreasing MD (Table 1).
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Figure 6. Example visual fields (VFs) of myopic and hyperopic patients with glaucoma, and the
progression of VFs over time. Total deviation (TD) plots are shown for each patient: the color
plots represent the numerical TD values (dB) and the grayscale plots represent the probability plots.
In myopic patients (left panel), VF defects tend to be located in the paracentral and nasal step
regions, whereas in hyperopic patients (right panel), VF defects tend to be located in the Bjerrum and
temporal regions.

Table 1. Spherical equivalent regression coefficients of pattern deviations for the central four visual
field (VF) locations on SITA 24-2 by VF loss severity. Each mean deviation (MD) bin contains MDs
within ±3 dB of the respective bin center given in the first column. p values are adjusted for multiple
comparisons.

MD Bin Center (dB) SE Coefficient p Value

0 0.03 6.82 × 10−46

−6 0.05 3.22 × 10−14

−12 0.06 0.000455
−18 0.12 7.04 × 10−5

−24 0.20 5.92 × 10−6

4. Discussion

In this study, we systematically investigated and quantified the effect of ametropia
on retinal sensitivity at each VF location in the 24-2 pattern. While effects of myopia on
specific VF defects have been reported [19–23], to our best knowledge, no prior work has
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examined this relationship in detail over the full range of ametropia and over the entire VF
test locations. Additionally, we studied the interactive effect of ametropia and glaucoma
severity on VF loss patterns. Our results show that while the effects of ametropia on
individual PD values are small, there are distinct patterns of VF loss associated with myopia
and hyperopia, and the relationship becomes stronger with increasing VF loss severity.

The Glaucoma Research Network dataset does not contain ophthalmic diagnoses,
but given the origins of this large dataset, we may safely assume that VF loss occurring
in these patients is mostly due to glaucoma. We first hypothesized that because of the
structural variations in myopic and hyperopic eyes [8,9], there would be differences in
light sensitivity depending on the degree of ametropia, regardless of the presence of VF
loss. We demonstrate that in patients with minimal VF loss, patterns of light sensitivity
differ among myopes and hyperopes, with myopes having relatively decreased sensitivity
in the paracentral and temporal VF areas and hyperopes in the Bjerrum region and nasal
step areas (Figure 4A). Notably, the different patterns in Figure 4A,B indicate a possibly
independent effect of ametropia from that of nerve fiber anatomy associated with ametropia
on VF loss. Therefore, we chose to statistically disentangle these two effects. Figure 5A
shows the “pure SE effect”, i.e., the effect without accounting for the variance explained
by VF loss severity. As expected, a pattern similar to Figure 4A is seen, with myopes
having decreased sensitivity in the paracentral, inferior Bjerrum, and temporal areas.
These “pure SE effects” could originate from ocular anatomical parameters associated with
(axial) ametropia, but could also result from lens related diseases (e.g., nuclear cataract) or
even by trial lens related measurement artifacts. Without medical diagnoses, potentially
confounding diseases could not be controlled for in the current study. In a previous work
on high myopia, Ohno-Matsui et al. [23]. carefully controlled for diseases and excluded trial
lens artifacts by applying soft contact lenses for perimetry. They studied 492 highly myopic
eyes without known glaucoma: among the eyes with significant VF defects, temporal
field defects were observed in 61.5% of the eyes with round discs, 75.0% of the eyes with
vertically oval discs, and 68.2% of the eyes with obliquely oval discs. Consistent with
their results, our study found the temporal field to be the dominant location of reduced
sensitivity in myopia. While they focus only on extremely myopic patients, we examine
the full range of ametropia and show that myopic and hyperopic individuals, regardless of
VF loss severity, have distinct patterns of light sensitivity.

We also hypothesized that, given the anatomical differences in RNF bundle trajectories
between myopic and hyperopic eyes, there would be an interaction effect of ametropia
and glaucoma severity on VF patterns. As mentioned above, using linear modeling with
the interaction term (SE × MD) as a regressor, we were able to disentangle the effect of
SE from that of MD. Lens artifacts and diseases of the anterior segment such as cataracts
are most likely additive to VF loss patterns but would not interact with glaucomatous
VF loss severity. This means, the “pure SE effect” bundles all possibly artifactual lens
effects and confounding diseases so that our SE × MD interaction results can likely be
solely explained by retinal differences associated with ametropia, such as differences
in nerve fiber anatomy. We demonstrate that with increasing severity of VF loss and
degree of ametropia, myopes develop more profound paracentral and nasal step VF
depressions, while hyperopes develop more depression in the Bjerrum and temporal VF
points (Figures 4B and 5B). Furthermore, while myopia alone is associated with decreased
sensitivity in the temporal sector and increased sensitivity in the nasal step sector, the
pattern reverses when the interactive effect of ametropia and VF loss severity is examined.
These distinct patterns indicate that different mechanisms are responsible for the effects of
ametropia and glaucoma on VF loss.

We performed additional analyses after excluding subjects older than 80 years or
younger than 18 years, as these patients might have a higher ratio of non-excluded pseu-
dophakia (see Discussion) or not have age-matched controls, respectively. Similar effects
on VF patterns were observed with or without the age exclusion criteria (Supplementary
Materials Figure S2). Furthermore, we performed analyses after excluding eyes with
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MD < −18 dB, because our dataset and others indicate that the pattern standard deviation
and PD values begin to normalize at this degree of VF loss severity [30]. Again, similar
effects were observed with this exclusion criterion (Supplementary Materials Figure S3),
indicating that our results are not caused by potential non-linearities of the PD values.
Finally, we re-analyzed the data after excluding eyes with lower absolute refractive error
(−1.5 D ≤ SE ≤ +1.0 D) to exclude the vast majority of pseudophakics (see Discussion).
Similar results were obtained with this exclusion criterion as well (Supplementary Materials
Figure S4).

Given our findings, we further examined the effect of ametropia on light sensitivity
at the 4 most central VF locations on the 24-2 plot representing macular function. This
experimental design was inspired by our previous work [17] showing that CRVT nasaliza-
tion was significantly correlated with VF depression only in the central sector (as defined
by the annular scheme [17] and the Garway-Heath scheme [31]). In the current study,
we demonstrate that myopia is significantly associated with VF loss in the central four
locations and that the correlation becomes progressively stronger with increasing VF loss
severity (Table 1). These results are consistent with our previous finding that myopes have
more nasally located CRVTs [15], which in turn is associated with deeper central VF depres-
sion [16,17]. Although we cannot conclude any causal relationships, CRVT nasalization
may explain the increased susceptibility of myopic eyes to central VF loss. We and others
have speculated that CRVTs can act as stabilizing forces against glaucomatous deformation
of the lamina cribrosa [17]. More nasally located CRVTs in myopic eyes can result in greater
mechanical strain in the temporal area, making the macular region more susceptible to
glaucomatous damage.

Our finding that myopic individuals are predisposed to central vision loss is con-
sistent with previous studies showing an association between myopia and paracentral
scotomas [19–22]. Mayama et al. focusing on the central 12 points on HFA 30-2 VFs
of 313 glaucoma patients, reported that myopia is associated with damage in the lower
cecocentral VF [19]. Myopia was also found to be a risk factor for VF progression in the
upper paracentral subfield in 92 normal-tension glaucoma patients [20]. In a recent study,
Dias et al. found myopia to be associated with the presence of parafoveal scotomas in 130
glaucomatous eyes with disc hemorrhage [21]. The current study agrees with these prior
works and significantly expands upon them by analyzing a dataset of over 120,000 VFs
pointwise, rather than focusing only on the presence of paracentral scotomas or a subset of
VF locations. Using this systematic approach, we show that myopic VF depression not only
affects the cecocentral and paracentral areas but also extends to the nasal step locations,
forming an arcuate pattern that corresponds to the superior and inferior arcuate bundle
trajectories. Our results support the recommendations from previous studies that myopic
individuals, particularly those with high myopia, deserve closer monitoring for central
field defects which are highly correlated with quality of life [32,33].

While our study does not provide direct mechanistic evidence, we briefly discuss
potential physiologic explanations for the VF patterns observed. First, the effect of SE
alone on VF light sensitivity is likely due to structural differences between myopic and
hyperopic eyes. Myopia is associated with increased axial length, optic disc tilt, and
torsion [8,9,12,15,34]. Furthermore, structural parameters such as optic disc torsion [35]
and abrupt change in scleral curvature [23] have been associated with VF defects in myopic
eyes. The stretching or bending of optic nerve fibers due to mechanical tension may explain
the increased susceptibility of myopic eyes to develop VF loss at certain locations. On the
other hand, the VF patterns seen from the interaction of ametropia and glaucoma suggest
that differences in RNF anatomy are responsible for the effect. The major superotemporal
and inferotemporal RNF bundles, i.e., the arcuate fibers, are particularly susceptible to
damage and are preferentially lost in glaucoma [36,37]. These bundles lie closer to the
fovea in myopic eyes, as shown as a schematic in Figure 1B [10–13]. The reciprocal patterns
observed, in which myopic VF loss shifts centrally and nasally with worsening glaucoma
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and hyperopic VF loss occurs in the opposite direction, correspond well to the respective
locations of the arcuate fiber trajectories in myopic and hyperopic eyes.

In the present study, ametropia was significantly correlated to VF loss severity, but
the effect was weak (r = 0.045). This likely represents a clinically insignificant result, in
line with our previous study of a smaller population (n = 438) showing no significant
association between SE and MD [15]. Our recent studies have shown, however, that optic
nerve related parameters associated with myopia have specific impacts on the abnormality
patterns of RNFL thickness measured by optical coherence tomography (OCT) [13,38].
Consistent with these findings, the current study shows differences in the patterns of
relative light sensitivity between myopes and hyperopes, resulting in an effect modification
of glaucomatous VF loss. Indeed, the magnitude of ametropia’s effect on individual PD
values was small, and we would not expect ametropia alone to produce VF loss that
mimics glaucoma. However, the overarching patterns of VF loss indicate that there are
distinct zones of vulnerability in myopic and hyperopic eyes predisposing them to different
patterns of VF loss. These patterns are exemplified in Figure 6 showing VF progression in
myopic and hyperopic glaucoma patients.

There are several strengths of our study: first, we used a large sample size of over
120,000 eyes collected from multiple institutions to study the effect of ametropia on visual
function. Second, we used a systematic and quantitative approach to examine the effect of
the full spectrum of SE pointwise over the entire 24-2 VF, quantifying the effect of SE on PD
values at each VF location. Finally, our study focuses on the interaction term (SE × MD) in
the regression analysis, separating the effect of ametropia from that of VF loss severity. This
specific study design addresses well-known challenges related to research on myopia and
posterior eye diseases, as it filters out the various potential impacts of refractive error on
the VF and allows to extract only those effects that are immediately relevant for glaucoma.

This study also has several limitations. First, because of the retrospective, cross-
sectional nature of our study, we could establish associations between ametropia and VF
patterns, but not causal relationships. Second, because axial length was not recorded by the
HFA device, we used SE as an alternative. Third, in the absence of diagnostic information
in our dataset, patients with lens related conditions could not be excluded from analysis.
This is of particular relevance for cases of pseudophakia due to cataract surgery, which
is a confounder when investigating impacts of ametropia on posterior eye diseases. We
addressed this potential problem in two ways. First, as the prevalence of cataracts strongly
increases with age, in a supplemental analysis we recalculated our results with subjects
older than 80 years excluded. Second, in another supplemental analysis, we excluded
all eyes with relatively mild refractive errors (−1.5 D ≤ SE ≤ +1.0 D), which is a range
into which the vast majority of eyes fall after cataract surgery [39]. For either of these
two additional data analyses, the effects we found were similar to the original results
and did not change any of our conclusions. Apart from pseudophakia, we would like
to note again that our focus on the SE×MD interaction term would extract most lens
related properties as those are likely additive to VF loss patterns but would not be expected
to interact with glaucomatous VF loss severity. Fourth, this study was restricted to the
24-2 pattern test. The 10-2 VF test has higher sensitivity for central vision compared to
the 24-2 [40] and may be better suited to examine the detailed pattern of central VF loss.
Fifth, a linear association between SE and PD was observed at most, but not all, of the VF
locations (Figure 3). Nonlinear regression may be used in future studies to better model the
association. Finally, the current study focused on functional data (VFs) and not structural
data (e.g., RNFL defects on OCT), so we could only speculate the anatomical basis of the
observed VF patterns. Future work will focus on characterizing the structure-function
relationship and the effect of ametropia on this relationship.

In conclusion, utilizing a large dataset of over 120,000 VFs, we characterized the
effect of ametropia on the spatial pattern of VF loss as a function of glaucoma severity.
We demonstrate that myopic and hyperopic individuals are predisposed to developing
different patterns of VF loss. With worsening VF loss severity, individuals with myopia
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have increased depressions at the paracentral and nasal step regions; conversely, hyperopes
have increased depressions in the Bjerrum and temporal regions. Clinicians should be
aware of these effects from ametropia and take them into account when interpreting VF
loss, particularly in patients with severe VF depression.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10132796/s1, Figure S1: Regression coefficients for each of the 52 visual field locations;
Figure S2: Impact of spherical equivalent (SE) on visual field pattern deviations that is not explained
by glaucoma severity (mean deviation, MD), excluding age larger than 80 years old; Figure S3: Impact
of spherical equivalent (SE) on visual field pattern deviations that is not explained by glaucoma
severity (mean deviation, MD), for MD less than −18 dB; Figure S4: Impact of spherical equivalent
(SE) on visual field pattern deviations that is not explained by glaucoma severity (mean deviation,
MD),excluding lower refractive error.
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Abstract: Background: Presbyopia treatment in pseudophakic patients with a monofocal IOL is
challenging. This study investigates the refractive results of femto-PresbyLASIK and analyzes
presbyopia treatment in pseudophakic eyes. Methods: 14 patients with 28 pseudophakic eyes were
treated with femto-PresbyLASIK. The dominant eye was targeted at a distance and the non-dominant
eye at −0.5 D. The presbyopic algorithm creates a steepness in the cornea center by using an excimer
laser that leads to corneal multifocality. Results: 6 months after surgery a refraction of −0.11 ±
0.13 D (p = 0.001), an uncorrected distance visual acuity of 0.05 ± 1.0 logMAR (p < 0.001) and an
uncorrected near visual acuity of 0.15 ± 0.89 logMAR (p = 0.001) were achieved in the dominant eye.
For the non-dominant eye, the refraction was −0.28 ± 0.22 D (p = 0.002), the uncorrected distance
of visual acuity was 0.1 ± 1.49 logMAR, and the uncorrected near visual acuity was 0.11 ± 0.80
logMAR (p < 0.001). Spherical aberrations (Z400) were reduced by 0.21–0.3 μm in 32% of eyes, and
by 0.31–0.4 μm in 26% of eyes. Conclusion: By steepening the central cornea while maintaining
spherical aberrations within acceptable limits, PresbyLASIK created a corneal multifocality that
safely improved near vision in both eyes. Thus, femto-PresbyLASIK can be used to treat presbyopia
in pseudophakic eyes without performing intraocular surgery.

Keywords: presbyLASIK; excimer laser; multifocality; pseudophakic

1. Introduction

While patients are increasingly aware of the possibility that they do not need to wear
spectacles after cataract surgery, if they have a simultaneous multifocal intraocular lens
(IOL) placed, few patients are benefiting from this advanced technology. Indeed, the
vast majority of patients are choosing a monofocal IOL. Limitations to the wider use of
multifocal IOL might be their high cost, the careful patient selection that is required for
good outcomes, or the patients’ fear of side effects. Monofocal IOL placement after cataract
surgery allows perfect vision, but only at one focal distance. This monovision can lead
to patient dissatisfaction, and a desire to regain multifocality without corrective lenses.
Unfortunately, solutions to restore multifocality remain scarce and poorly explored.

There are different ways to reach multifocality. The goal is to achieve the best possible
visual outcome while maintaining a low level of optical disturbance. There are only 3
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surgical options to treat presbyopia [1]. One option is to exchange the monofocal lens with
a multifocal one, but this remains challenging, as treated eyes might be weakened by the
first surgery. Thus, this does not have a high level of safety [2]. A second option would be
the implantation of a multifocal add-on IOL [3], but this has several limitations. The power
calculations of lenses are not as precise as with a laser. Deposits in the interface between
the IOL in the bag and the add-on IOL might also disturb the vision. The rubbing of the
add-on IOL against the iris tissues might induce ocular inflammation [4], or a pigment
dispersion syndrome that risks elevated intraocular pressure and glaucoma. Lastly, this is
an intraocular procedure that poses a certain amount of complication risk. The third option
is to obtain multifocality at the corneal level. The concept of multifocal PresbyLASIK is an
attractive correction method, because the surgical technique is based on the LASIK method.
In contrast to a multifocal IOL implantation, minimal invasive surgery is necessary, because
the eye does not need to be opened up. PresbyLASIK involves two steps. The first step is
to correct ametropia for distance vision, and the second step is to make an addition for near
vision. In multifocality, the central part of the cornea is most often adjusted for proximity,
and the middle periphery is corrected for distance [5–10].

A conventional PresbyLASIK always represents a compromise between distance
and near vision, since it creates unwanted aberrations, especially spherical aberrations in
the central pupillary region. To minimize unwanted aberrations, today’s PresbyLASIK
treatment algorithms are wavefront-guided. Compared to the well-established treatment
of presbyopia with a multifocal IOL, PresbyLASIK is a newer surgical technique, but it
has the advantage of being less invasive than implanting an IOL, because the eye does
not need to be opened up. On the other hand, the use of PresbyLASIK is much more
demanding. Patient selection and the interpretation of objective preoperative topographic
and wavefront analyses are challenging. In particular, decisions based on the Zernike
polynomial analysis of the cornea have a high influence on the surgical result.

It is not sufficient to use the general LASIK criteria for PresbyLASIK application.
The lack of encouraging treatment results of PresbyLASIK to date is likely because the
indication for surgery was on LASIK criteria, and corresponding refraction and other
parameters from the wavefront analysis were not taken into account [11]. Moreover, even
if wavefront analysis is done perfectly, it must be adapted to pupillary diameter in the
mesopic condition [12].

The PresbyLASIK, in particular the Supracor algorithm, was already successfully used
with presbyopic phakic eyes [11,13,14]. Therefore, in this retrospective study, we assessed
refractive outcomes after PresbyLASIK in pseudophakic patients.

2. Materials and Methods

We included 14 patients with 28 pseudophakic eyes in this retrospective case series.
The same surgeon performed all surgical procedures. The study was approved by the
Ethics Committee in Novi Sad (34–08.18). This study was conducted in accordance with
the Protocol, the Declaration of Helsinki, and all applicable regulatory requirements.

In the following Table 1, all significant preoperative PresbyLASIK data were listed
of all 14 patients, such as mean age, UDVA, CDVA, UNVA, CNVA for the dominant and
non-dominant eye, as well as the refraction preoperative levels for the dominant and non-
dominant eyes. The mean period between cataract surgery and presbyopia was 8.93 ± 3.82
(range 6–16) months (Table 1).
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Table 1. Details regarding preoperative data prior to PresbyLASIK, inclusive preoperative refraction,
visual acuity in logMAR, and time elapsed since cataract surgery in months.

Mean + SD Range

Age 55.9 ± 13.1 Years (Range 37–74)

UDVA before: Dominant eye 0.42 ± 1.13 0.3–0.5

CDVA before: Dominant eye 0.10 ± 0.87 0.0–0.2

UNVA before: Dominant eye 0.45 ± 1.0 0.7–0.3

CNVA before: Dominant eye 0.19 ± 0.81 0.3–0.1

UDVA before: Non-dominant eye 0.33 ± 0.83 0.5–0.2

CDVA before: Non-dominant eye 0.11 ± 0.85 0.2–0.0

UNVA before: Non-dominant eye 0.53 ± 1.2 0.7–0.4

CNVA before: Non-dominant eye 0.20 ± 0.83 0.3–0.1

Preoperative refraction: dominant eye
−1.14 ± 0.73 sph
−0.96 ± 0.77 cyl

−1.62 ± 1.03 sph aquiv

−2.0–−0.25
−2.0–0

−3.0–−0.5

Preoperative refraction: non-dominant eye
−0.59 ± 0.81 sph
−1.23 ± 0.67 cyl

−1.23 ± 1.03 sph aquiv

−1.75–±0.25
−2.0–−0.25
−2.63–0.13

Time elapsed since the cataract surgery (months) 8.93 ± 3.82 6–16

Inclusion criteria were a dissatisfaction with myopic refraction obtained with a
monofocal IOL with manifest refraction spherical equivalent (MRSE) between −0.5 and
−4.0 diopters (D), astigmatism of 2.50 D or less, mean keratometry between 41.00 and
46.00 D, a central corneal thickness of 540 μm or more, a mesopic pupil diameter between
4 and 6 mm, and a kappa angle of less than 6◦. Exclusion criteria were the presence
of ocular surface disease, clinically significant corneal opacity, posterior segment ocular
pathologies, and abnormal corneal topography. All pseudophakic patients received the
same IOL (Nidek NS 60YG, Nidek CO. LTD., Gamagori, Japan) during the cataract surgery.

All patients had a complete ophthalmologic examination prior to surgery, including
manifest refraction, cycloplegic refraction, slit lamp microscopy of the anterior ocular
segment, dilated fundoscopy and intraocular pressure measurement. The preoperative
examination also included corneal topography with the Orbscan II system (Technolas
Perfect Vision GmbH, Munich, Germany) and Pentacam (Oculus optical devices, Wetzlar,
Germany). Wavefront aberrometry measurements were performed preoperatively with
the Zywave II aberrometer (Technolas Perfect Vision GmbH) with undilated pupils and
pupillometry. Eye dominance was determined by means of a “hole test”. The measurement
was carried out under scotopic conditions. The aberration analysis was carried out in a
6-mm zone.

Uncorrected near (UNVA) and distance (UDVA) visual acuity, and corrected near
(CNVA) and distance (CDVA) visual acuity, were assessed using Snellen visual charts for
distance vision and the Jaeger Scale for near vision, and then converted into a logarithm of
the minimum angle of resolution (logMAR) notation. In all examinations, the eyes were
not dilated. The examinations were performed at baseline, then postoperatively at 1 week,
1 month, 3 months and 6 months. Bilateral LASIK multifocal aspheric corneal ablation
treatment was performed at least 6 months after cataract surgery.

The procedures were completed using the Supracor PresbyLASIK algorithm with
a Teneo 317 excimer laser (Technolas Perfect Vision GmbH, Munich, Germany). The
dominant eye of the patient was planned as plano for distance, while the non-dominant eye
was slightly aimed at myopia of −0.5 D. However, we simulated the desired postoperative
outcome before surgery using a contact lens. In the 14 patients included in the study, the
distance setting was considered comfortable for the dominant eye. The LASIK incision was
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performed using a femtosecond laser (Ziemer Ophthalmic Systems, LDV, Port, Switzerland)
with a target flap thickness of 110 μm. The hinge was set superior in each case, with a flap
diameter of 9.5 mm.

Our presbyLASIK protocol included a treatment algorithm with 2 phases. In the
first phase, the dominant eye is treated for emmetropia and the non-dominant eye to
aim for −0.5 diopters myopia with the excimer laser. The Munnerlyn formula [15] was
used to determine the feasibility of the ablative process. In a second phase, but in the
same treatment, a central steepness is achieved by ablation in a 3–6 mm zone and, in
principle, is an addition for near vision. A multifocality is created in the cornea, which
seamlessly represents a correction for near, intermediate and distance vision (Figure 1).
Multifocality was created in both treated eyes during PresbyLASIK. To counteract the
spherical aberration induced by this multifocal treatment, the laser applied additional
wavefront-guided correction.

 

Figure 1. Topographical imaging showing a central steepness of the cornea created using the Supracor PresbyLASIK
algorithm.

This wavefront-guided correction reduces higher-order aberrations (HOA), as shown
by the point spread function (PSF). It can be qualitatively appreciated in a patient example
of how the PSF was significantly reduced after wavefront-guided presbyLASIK (Figure 2).
The focus was mainly on the correction of spherical aberration.

The postoperative topical regime was Tobradex (Alcon Laboratories, Inc., Fort Worth,
TX, USA) 3 times daily for seven days, and topical hyaluronic acid 0.15% 3 times daily for
a month.

Statistical analysis was performed using the IBM SPSS Statistics version 22.0 (IBM
Corp., Armonk, NY, USA). The Kolmogorov–Smirnov and Shapiro–Wilk tests were used to
test the data sets for normal distribution. If p > 0.05, the data set was considered normally
distributed. If the data sets were parametric, they were calculated using the Pearson
normality test, an unpaired t-test and ANOVA test. For the non-parametric data sets, the
Friedmann test was used for further analysis. Significance was considered to be when
p < 0.05.
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Figure 2. Reduction of PSF after wavefront-guided presbyLASIK.

3. Results

A total of 28 eyes in 14 patients were treated, of which 9 (64%) were female and 5
(36%) were male. The mean age was 56 ± 13 years. Mean preoperative MRSE was −1.43 ±
1.03 D (range: −0.50 to −3.0 D), mean sphere −0.87 ± 0.81 D (range: −2.00 to 0.25 D) and
mean cylinder −1.13 ± 0.73 D (range: 0.00 to −2.00 D). The mean preoperative monocular
CDVA was 0.1 ± 0.85 logMAR (Snellen) and the CNVA, 0.19 ± 0.82 logMAR (Jaeger 5).

3.1. Dominant Eye
3.1.1. Refraction

The mean preoperative refraction in the dominant eye was −1.63 ± 1.03 D. Distance
adjustment was aimed for emmetropia. The mean postoperative refraction was −0.04 ±
0.29 D, 0.01 ± 0.28 D and −0.11 ± 0.13 D after 1, 3 and 6 months, respectively (Figure 3).
Refraction significantly improved from preoperative testing to 1-month postoperative
testing (p = 0.001), without further significant changes at later times (p = 0.37) and (p = 0.42).

Figure 3. Stability: Change in refraction over time in the dominant eye.
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3.1.2. Distance Vision

At the 1-week postoperative test, 93% of eyes had a UDVA better than 0.2 logMAR,
while the remainder had better than 0.3 logMAR. At 1 month after surgery, 50% of eyes had
a UDVA of 0.1 logMAR, 36% had a UDVA of 0.2 logMAR, and the remainder (14%) had a
UDVA of 0.3 logMAR. These same percentages persisted at 3 months, postoperatively (50%,
UDVA of 0.1 logMAR; 36%, 0.2 logMAR; 14%, 0.3 logMAR. At 6 months, postoperatively,
57% of eyes had UDVA of 0.0 logMAR and the remainder of eyes (43%) had a 0.1 logMAR
(Figure 4). Preoperative UDVA was 0.42 ± 1.15 logMAR and increased to 0.14 ± 1.05
logMAR, 0.21 ± 1.10 logMAR, 0.07 ± 1.05 and 0.05 ± 1.00 logMAR 1 week, 1 month, 3 and
6 months postoperatively, respectively. Compared to the preoperative value, the increase
to each postoperative value was significant (p < 0.001). Visual acuity significantly increased
between the first postoperative week and the third postoperative month (p = 0.014) and
from the first postoperative month to the third postoperative month (p = 0.017).

Figure 4. Uncorrected distance visual acuity percentage distribution.

The mean CDVA was 0.10 ± 0.89 logMAR preoperatively. CDVA fluctuated from 0.12
± 0.83 logMAR at 1 week postoperatively, 0.14 ± 1.05 logMAR at 1 month postoperatively,
0.05 ± 1.0 logMAR at 3 months postoperatively, to 0.03 ± 1.05 logMAR at 6 months
postoperatively. CDVA increased significantly from preoperative values to those obtained
at 3 months (p = 0.027) and 6 months (p = 0.003), postoperatively. There was also a
significant increase in CDVA from the first postoperative week to the third postoperative
month (p = 0.003), and the sixth postoperative month (p < 0.001). CDVA also significantly
increased from the first postoperative month to the third postoperative month (p < 0.001)
and to the sixth postoperative month (p < 0.001). There was no significant change in CDVA
after the third postoperative month.

CDVA was also assessed in terms of safety. At 1 week postoperatively, CDVA was
unchanged in 71% of eyes, while 29% lost 1 line of CDVA. At 1 month postoperatively,
CDVA was unchanged in 71% of eyes, but 14% lost 1 or 2 lines of CDVA, respectively.
At 3 months postoperatively, CDVA was unchanged in 50% of eyes, while the other half
gained 1 line. By 6 months, 21% of eyes had unchanged CDVA and 79% gained 1 line
(Figure 5).
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Figure 5. Safety: Changes in corrected distance visual acuity over time compared to preoperative
values.

The cumulative CDVA at 1 week postoperatively was 0.3 logMAR or better in all eyes,
0.2 logMAR or better in 93%, 0.1 logMAR or better in 50%, and 0 logMAR or better in 7% of
eyes. At 1 month postoperatively, CDVA was 0.3 logMAR or better in all eyes, 0.2 logMAR
or better in 86% and 0.1 logMAR or better in 50%. At 3 months postoperatively, CDVA was
already 0.1 logMAR or better in all eyes, and 29% had CDVA of 0 logMAR or better. At
6 months postoperatively, all eyes had a 0.1 logMAR or better and 57% had a CDVA of
0 logMAR or better (Figure 6).

Figure 6. Cumulative corrected distance visual acuity.

The cumulative UDVA at 1 week postoperatively was 0.3 logMAR or better in all eyes,
0.2 logMAR or better in 93% of eyes, and 0.1 logMAR or better in 50% of eyes. One month
postoperatively, UDVA was 0.3 logMAR or better in all eyes, 0.2 logMAR or better in 93%
of eyes and 0.1 logMAR or better in 7% of eyes. Three months postoperatively, UDVA
was already 0.2 logMAR or better in all eyes, 93% of eyes had UDVA of 0.1 logMAR or
better and 21% of eyes had UDVA of 0 logMAR. At 6 months postoperatively, all eyes had
a 0.1 logMAR or better and 57% of eyes had a UDVA of 0 logMAR or better (Figure 7).
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Figure 7. Cumulative uncorrected distance visual acuity.

3.1.3. Near Vision

The mean preoperative UNVA was 0.46 ± 1.0 logMAR. At 1 week postoperatively
UNVA increased to 0.13 ± 0.77 logMAR, 1 month postoperatively to 0.09 ± 0.89 log-
MAR, 3 months postoperatively to 0.14 ± 0.89 logMAR and 6 months postoperatively to
0.15 ± 0.89 logMAR. The difference in UNVA was significant at each time point compared
to preoperative values (p < 0.001).

The CNVA was 0.19 ± 0.80 logMAR preoperative. One week postoperatively, there
was a slight visual improvement to 0.10 ± 0.89 logMAR, 1 month postoperatively to 0.08 ±
1.04 logMAR, 3 months postoperatively 0.10 ± 1.0 logMAR and 6 months postoperatively
to 0.10 ± 0.96 logMAR. Visual acuity only increased significantly between the preoperative
values and 1 month postoperatively (p = 0.007). Otherwise, there was no other significant
improvement compared to preoperative values (p > 0.05).

3.2. Non-Dominant Eye
3.2.1. Refraction

The refraction target value was set at −0.5 D. The mean preoperative refraction was
−1.23 ± 1.03 D, −0.29 ± 0.35 D at 1 month postoperatively, −0.26 ± 0.32 D at 3 months
postoperatively and −0.28 ± 0.22 D at 6 months postoperatively. Refraction significantly
changed at 1 month (p = 0.001), 3 months (p = 0.004) and 6 months (p = 0.002), compared to
preoperative values (Figure 8).

Figure 8. Stability: Change in refraction over time in the non-dominant eye.
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3.2.2. Distance Vision

At 1 week postoperatively, 7% of eyes had an uncorrected distance visual acuity
(UDVA) of 0 logMAR, 21% of 0.1 logMAR, 50% of 0.2 logMAR and 21% of 0.3 logMAR,
respectively. By 1 month after surgery, 14% of eyes had a UDVA of 0.1 logMAR and 86%
had a UDVA of 0.2 logMAR. At 3 months postoperatively, 71% of eyes had a UDVA of
0.1 logMAR and 29% of 0.2 logMAR. Six months postoperatively, 14% had a UDVA of
0 logMAR and 86% of 0.1 logMAR (Figure 9). The mean UDVA was 0.33 ± 0.82 logMAR
preoperatively, and increased to 0.17 ± 0.85 logMAR, 0.19 ± 1.30 logMAR, 0.12 ± 1.15
logMAR and 0.1 ± 1.40 logMAR at 1-week, 1-, 3- and 6-month postoperative examinations,
respectively. Compared to preoperative values, there was a significant improvement in
UDVA after 3 and 6 months postoperatively (p < 0.001). Between the first postoperative
week and the third and sixth postoperative month, there was a significant improvement in
UDVA (p = 0.031 and p = 0.004). Between the first and third postoperative months, there
was an improvement in UDVA (p = 0.01). All other parameters were not significant.

Figure 9. Distribution of uncorrected distance visual acuity.

The mean CDVA was 0.11 ± 0.85 logMAR preoperatively, 0.13 ± 0.77 logMAR,
0.12 ± 1.10 logMAR, 0.08 ± 1.05 logMAR and 0.05 ± 1.0 logMAR at 1-week, 1-, 3- and
6-month postoperative examinations, respectively. A significant increase in CDVA was
observed between preoperative tests and 6 months postoperatively (p = 0.02). From the
first postoperative week to the third postoperative month (p = 0.01), and to the sixth post-
operative month (p < 0.001), there was a significant increase in CDVA. Compared to the
first postoperative month, CDVA significantly increased at the third postoperative month
(p = 0.036), and at the sixth postoperative month (p = 0.002). All other tested parameters to
CDVA did not vary significantly with time.

CDVA was assessed in terms of safety. At 1 week postoperatively, 43% of eyes were
unchanged, 43% lost 1 line of CDVA, and 7% 2 lines. At 1 month postoperatively, 64% of
eyes were unchanged. While 7% of eyes gained 1 line of CDVA, 29% lost 1 line of CDVA.
At 3 months postoperatively, 64% of eyes were unchanged and 36% gained 1 line of CDVA.
By 6 months, 50% of eyes were unchanged, 36% gained 1 line and 7% gained 2 lines of
CDVA (Figure 10).
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Figure 10. Safety: Changes of corrected distance visual acuity in percentage.

The cumulative CDVA at 1 week postoperatively was 0.4 logMAR or worse in 7% of
eyes, 0.3 logMAR or better in 93%, 0.2 logMAR or better in 86%, 0.1 logMAR or better in
29% and 0 logMAR or better in 29%. At 1 month postoperatively, CDVA was 0.2 logMAR
or better in all eyes and 0.1 logMAR or better in 64%. At 3 months postoperatively, CDVA
was already 0.1 logMAR or better in all eyes, and 21% had CDVA of 0 logMAR or better.
At 6 months postoperatively, all eyes had a 0.1 logMAR or better and 29% had a CDVA of
0 logMAR or better (Figure 11).

Figure 11. Cumulative corrected distance visual acuity in percentage.

The cumulative UDVA at 1 week postoperatively was 0.3 logMAR or better in all
eyes, 0.2 logMAR or better in 79% of eyes, 0.1 logMAR or better in 29%, and 0 logMAR or
better in 7%. One month postoperatively, UDVA was 0.2 logMAR or better in all eyes, and
0.1 logMAR or better in 14% of eyes. Three months postoperatively, UDVA was already
0.2 logMAR or better in all eyes, and 71% of eyes had a UDVA of 0.1 logMAR or better. At
6 months postoperatively, all eyes had a 0.1 logMAR or better and 14% had a UDVA of
0 logMAR or better (Figure 12).
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Figure 12. Cumulative uncorrected distance visual acuity.

3.2.3. Near Vision

The mean UNVA was 0.54 ± 1.22 logMAR preoperatively. Postoperative examinations
at 1 week, then at 1, 3, and 6 months, revealed that near vision increased to 0.10 ± 0.82
logMAR, 0.09 ± 0.89 logMAR, 0.1 ± 0.77 logMAR and 0.11 ± 0.80 logMAR, respectively.
Compared to the preoperative values, postoperative visual acuity increased significantly at
each time point (p < 0.001).

The mean preoperative CNVA was 0.19 ± 0.82 logMAR. It increased to 0.08 ± 1.05
logMAR 1 week post-operatively and remained stable at each time point until at least
6 months, the last time they were tested. Postoperative CNVA values were significantly
better than preoperative values (p = 0.02).

3.3. Higher-Order Aberrations

The RMS of higher-order aberrations (RMS-HOA) (at 6 mm diameter) increases in
mean by 0.07 ± 0.1 μm from preoperatively to 6 months postoperative values (p = 0.04),
which is significant. Customized treatment decreased the spherical aberration (Z400)
decrease in mean by 0.36 ± 0.12 μm (p < 0.001). Quatrefoil aberrations (Z440) decreased
significantly at 6 months (p < 0.001), compared to the preoperative values in mean, by
0.29 ± 0.11 μm (p < 0.001). The total coma RMS did not significantly increase in mean,
changing by 0.03 ± 0.07 μm (p = 0.35). The total trefoil RMS did not significantly decrease,
changing by 0.02 ± 0.05 μm (p = 0.28).

4. Discussion

In our study, postoperative UDVA and UNVA were better than preoperative values
for all our patients. All patients in the study could be considered as spectacles-free for
driving or for reading in standard conditions.

Most ophthalmologists consider that having a residual accommodation is an advan-
tage for near visual acuity [16], and for some, it might be considered a necessary capacity
for good outcomes. Herein, it could be demonstrated that even without any residual
accommodation—all of our patients were pseudophakic—it is possible to obtain a monocu-
lar UNVA of almost 0.1 logMAR and 0.15 logMAR with PresbyLASIK in non-dominant
and dominant eyes, respectively. Indeed, the target refraction values of the dominant eye
(set to plano) were achieved, as confirmed by the visual acuity of 0.1 logMAR or more at
6 months postoperatively. As expected, UNVA was slightly lower, averaging 0.14 logMAR
at 6 months after surgery. In the non-dominant eye (set to −0.5 D), the target refraction
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value of −0.5 D was not perfectly reached; we found a slight overcorrection with a mean
postoperative refraction value of −0.27 D at 6 months postoperatively. This led to a rather
high uncorrected distance vision of at least 0.1 logMAR. The uncorrected near vision was
0.11 logMAR due to the slight overcorrection, which was only slightly better than in the
dominant eye. Satisfaction was high among all patients, because the patients were very
well informed and knew what to expect. However, it must be taken into account that the
situation could be somewhat different with a larger group of patients. In any case, patient
information is eminently important, especially for PresbyLASIK.

Conventional femto-PresbyLASIK is always a compromise between distance and
near correction, as it creates unwanted aberrations in the pupillary region, especially
spherical aberrations. If not taken into account, spherical aberrations might lead to an
unsatisfactory quality of vision. With the wavefront-guided treatment, however, spherical
aberrations could decrease, giving improved visual outcomes. In our study, we attempted
to account for the most clinically relevant aberrations, namely, spherical aberrations (Z400).
The approach allowed us to significantly decrease Z400 aberrations, even in a multifocal
treatment, which usually frequently induces spherical aberrations. The Z300 (i.e., coma
and trefoil) aberrations are not usually affected during multifocal treatment, as long as it
is centered on the corneal apex. Therefore, we excluded patients with a kappa angle over
6◦. Wavefront-guided treatments are also apparently effective in correcting the aberration
induced not only by the cornea but also by the intraocular lens [17].

Similar studies have been made recently to determine the feasibility of presbyopia
correction using LASIK technologies. A recent study used an aspheric ablation pro-
file to increase spherical aberrations and enhance near vision associated with a micro-
monovision [18]. However, as expected, increasing spherical aberration was associated
with a decrease in far vision (UDVA of 0.08 logMAR at 6 months), with a micro-monovision
that was not well tolerated in 4% of patients.

If we compare our pseudophakic population to phakic patients having undergone
a wavefront-guided presbyLASIK treatment, we obtain quite similar results in terms of
UDVA and UNVA. In another study, a UDVA and a UNVA of 0.22 logMAR and 0.30 log-
MAR, respectively, and a 0.1 logMAR Snellen equivalent in the non-dominant eye, were
achieved [19].

Compared to the treatment of presbyopia with multifocal IOLs, which is considered
to be already established, wavefront-guided PresbyLASIK is a newer surgical technique,
with the advantage that it is less invasive than implanting an IOL, because the treatment
is applied on the eye surface. On the other hand, the application of wavefront-guided
PresbyLASIK is much more demanding regarding the indication and interpretation of
the objective preoperative topographic and wavefront analyses, which have a high influ-
ence on the surgical result. Wavefront-guided femto-PresbyLASIK significantly alters the
biomechanical and optical properties of the cornea, which have a major influence on the
surgical outcome. It is not sufficient to apply the general LASIK criteria for the indication
of wavefront-guided femto-PresbyLASIK. This is probably also the reason for the not
universally encouraging treatment results, because the surgical indication was made on the
basis of the LASIK criteria, and the corresponding refraction and other parameters from the
wavefront analysis were not taken into account. In this sense, it can be assumed that not
only the suitable patients received wavefront-guided femto-PresbyLASIK treatment [11].

Our study has a few limitations. First, there is a need for an adequately sized ran-
domized trial, since our study was a retrospective analysis with a limited number of
participants. However, it must be emphasized that all patients included in this study were
in a pseudophakic state, and only later requested enhancement after cataract surgery had
been performed. Indeed, an alternative would have been to perform a LASIK treatment
with a so-called monovision LASIK (i.e., one eye for distance and the other for near vision).
In this technique, the patient selection is less crucial [20], but the non-dominant eye has
a drastic decrease in far vision, and stereoscopic vision is impacted [21]. Therefore, up
to 15% of patients who undergo monovision LASIK may be dissatisfied [22]. Second, we

88



J. Clin. Med. 2021, 10, 2282

could not compare our patient population to patients who had multifocal lens implantation.
Therefore, extrapolating our results to this population of patients is not possible.

The industry and researchers should focus on more accurate or innovative wavefront-
guided PresbyLASIK protocols, especially addressing the needs of pseudophakic patients,
as this problem affects a large number of people in their early sixties, and could substantially
improve the quality of life for these patients. Even if our results are very encouraging,
there is still some room for progress. It is conceivable that an entire eye-adapted treatment
protocol could be developed for each patient, based on the spherical aberration of the
cornea and the IOL.

Clinicians should be aware of more precise refractive outcomes after LASIK in patients
with a monofocal IOL than a multifocal IOL [23]. If the patient is not carefully selected, the
surgical outcome may be worse with a multifocal IOL due to the larger optical aberrations
and reduced targeting accuracy compared to LASIK. Indeed, using a laser to adapt the size
of the optic and transition zone might offer a more customized treatment profile [24].

Finally, clinicians should also manage patient expectations and anxiety. In our study,
UDVA fluctuated a lot during the first six months. This is a natural phenomenon caused
by corneal remodeling. Initially, the multifocal treatment plan leads to light myopization,
and UDVA decreases. Then the corneal epithelium compensates for the irregular corneal
shape induced by laser treatment by flattening the surface, which is associated with an
emmetropic shift and a slight decrease in near visual acuity. Near-vision decrease was very
low, at 6 months in the dominant eye, and insignificant in the non-dominant eye.

5. Conclusions

Steepening the central cornea with wavefront-guided PresbyLASIK creates a corneal
multifocality, which improved near vision in both eyes. The procedure was safe, as
postoperative spherical aberration was within acceptable limits. Wavefront-guided femto-
PresbyLASIK offers the possibility of treating presbyopia in pseudophakic eyes without
having to perform intraocular surgery.
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Abstract: This study evaluates the impact of the severity of myopia and the type of visual correction
in presbyopia on vision-related quality of life (QOL), using the refractive status and vision profile
(RSVP) questionnaire. A total of 149 subjects aged 41–75 years with myopic presbyopia were recruited:
108 had low myopia and 41 had high myopia. The RSVP questionnaire was administered. Rasch
analysis was performed on five subscales: perception, expectation, functionality, symptoms, and
problems with glasses. Highly myopic subjects had a significantly lower mean QOL score (51.65),
compared to low myopes (65.24) (p < 0.001). They also had a significantly lower functionality
score with glasses (49.38), compared to low myopes (57.00) (p = 0.018), and they had a worse
functionality score without glasses (29.12), compared to low myopes (36.24) (p = 0.045). Those
who wore progressive addition lenses (PAL) in the high-myope group (n = 25) scored significantly
better, compared to those who wore single-vision distance (SVD) lenses (n = 14), with perception
scores of 61.19 and 46.94, respectively (p = 0.029). Highly myopic presbyopes had worse overall
QOL and functionality, both with and without glasses, compared to presbyopes with low myopia.
High-myopic PAL users had a better perception outcome than SVD lens wearers. Low-myopic PAL
wearers had a better QOL than SVD wearers.

Keywords: myopia; quality of life; RSVP questionnaire; presbyopia

1. Introduction

Presbyopia is a global problem affecting 1.8 billion people worldwide [1], of which at
least 826 million were not adequately corrected as of 2015 [2]. The number of presbyopes
is set to increase to 2.1 billion by 2030, against a backdrop of an ageing global population
where the median age could reach 40 years by 2050 [3]. While the impact of presbyopia
can be minimised easily by using visual correction such as spectacles, contact lenses, or
refractive surgery, up to 34% of presbyopes in developed countries do not have adequate
correction [4]. This is compounded by the projected rise in myopia’s prevalence and severity
globally, which will have a further impact on the quality of life (QOL) for presbyopes [3].

In people with both presbyopia and myopia, adequate correction for near and far
vision is crucial for daily activities. The negative impact of presbyopia on both visual
functions and QOL has been demonstrated with the use of questionnaires [5,6]. Similarly,
the detrimental impact of myopia on vision-related outcomes has been shown in previous
studies [7–9]. However, there is a lack of studies that look at the collective impact of
myopia and presbyopia on QOL, the correction habits of presbyopic patients, and the
impact of the combination of corrections utilised on their QOL. The refractive status and
vision profile (RSVP) questionnaire and visual analogue scale (VAS) are methods that are
well established, validated, and can be used to capture outcomes that cannot be measured
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through objective clinical assessments, enabling better management of the clinical practice
and research evaluation of new treatments [10–15].

Therefore, this study aims to evaluate the QOL of presbyopes with low and high my-
opia and to determine how different optical corrections, namely progressive addition lenses
(PAL) and single-vision distance (SVD) lenses, affect the QOL outcomes of presbyopes with
various myopia severity.

2. Materials and Methods

2.1. Study Population

A total of 149 people aged 41 to 75 years, who had both myopia and presbyopia,
participated in this study in the period between August 2016 and March 2018. Presbyopia
was defined as the need for reading glasses, near addition, or, in some cases, removing the
distance correction. Myopia was defined as spherical equivalent (SE) of ≤−0.50 diopters
(D). All participants were myopic, with no more than 2.00 D of astigmatism in either eye;
with anisometropia of less than 1.50 D; and with no history of any eye diseases (such
as cataracts, glaucoma, age-related macular degeneration, or other eye complications)
or surgeries.

The study adhered to the tenets of the Declaration of Helsinki, and ethics approval was
obtained from the Singapore Polytechnic Ethics Review Committee. All tests were admin-
istered at the Singapore Polytechnic Optometry Centre after obtaining written informed
consent from all participants.

2.2. Examinations

Only participants with distance visual acuity of at least 0.3 LogMAR (measured using
the Early Treatment Diabetic Retinopathy Study (ETDRS) chart), near visual acuity of at
least N5 (using the N-point near chart), and at least 1.9 log contrast sensitivity (using the
Pelli-Robson Contrast Sensitivity chart with habitual correction) were included in the study.
Study participants did not undergo any refraction assessment; thus, their distant spectacle
power was used as the refractive error. Spectacle power was measured with an automated
focimeter (Topcon, CL.100; Topcon Corporation, Tokyo, Japan).

2.3. Questionnaires

A detailed questionnaire was used to collect demographic (age, gender, occupation),
ocular, and general medical history from the participants for the purpose of screening. In
total, 182 were screened before 149 were recruited. The questionnaire was administered by
research staff and completed by the participants themselves.

The original RSVP questionnaire consists of 42 questions. Four questions were omitted,
as they were contact lens-related and did not apply to our study objective. There were
38 questions on the different types of vision-dependent activities to assess the level of
difficulty in performing daily activities (Table 1). The items used a five-point rating
scale. The 38 items were divided into the following five subscales: perception (5 items),
expectation (5 items), functionality (14 items), and visual symptoms (13 items).

The current state of health (1 item) was measured using the VAS. This is a measure
of perception that ranges across a continuum of values. VAS is a horizontal line, 100 mm
in length, anchored by a word descriptor at the end—in this case, the “worst imaginable
health state” at zero, and the “best imaginable health state” at 100.
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Table 1. Summary of the refractive status and vision profile (RSVP) questionnaire.

Questions Scale

Perception

(1) I worry about my vision.
(2) My vision holds me back.
(3) I am frustrated with my vision.
(4) My vision makes me less self-sufficient.
(5) Because of my vision, there are things I am afraid to do.

(1) Never
(2) Rarely
(3) Sometimes
(4) Often
(5) Always

Expectation

(1) I am frustrated to use glasses to get the best possible vision.
(2) I could accept less than perfect vision if I didn’t need glasses any

more.
(3) As long as I could see well enough to drive without wearing

glasses, I wouldn’t mind having a vision that was less than
perfect.

(4) I am only satisfied with my life if I have very sharp vision
without glasses.

(5) I think my vision will be worse in the future.

(1) Strongly disagree
(2) Disagree
(3) Neither agree nor disagree
(4) Agree
(5) Strongly agree

Functionality (With and without correction)

(1) Watching TV or movies
(2) Working or outdoor activities
(3) Taking care of or playing with children
(4) Seeing your alarm clock
(5) Seeing clearly when you wake up
(6) Seeing a clock on the wall
(7) Doing your job
(8) Doing sports/recreation
(9) Swimming
(10) Your social life
(11) Reading and near work
(12) Driving at night
(13) Driving in the rain
(14) Driving when there is a glare from oncoming headlights

(1) Not applicable
(2) No difficulty at all
(3) A little difficulty
(4) Moderate difficulty
(5) Severe difficulty
(6) So much difficulty that I did not do the activity

with this type of correction

Visual Symptoms (With and without correction)

(1) Your eyes feeling irritated
(2) Drafts (from heating or air-conditioning) blowing into your eyes
(3) Eyes being sensitive to light
(4) Pain in your eyes
(5) Changes in your vision during the day
(6) Your vision is cloudy or foggy
(7) Glare (reflections off shiny surfaces, snow)
(8) Things looking different out of one eye versus the other
(9) Seeing a halo around lights
(10) Seeing in dim light
(11) Your depth perception
(12) Things appearing distorted
(13) Judging distance when going up or down steps (stairs, curbs)

The current state of healthYour own health state today 0 (worst imaginable health state) to 100 (best imaginable
health state) using a visual analogue scale

2.4. Statistical Analysis

A Rasch analysis was used to transform the data, and, for further analysis, we used
the Andrich rating scale model, with Winsteps software, version 3.68; (Winsteps, Chicago,
IL, USA) [16,17]. The transformed scores were scaled from 0 to 100, with a higher score
indicating better satisfaction and better QOL. Rasch analysis uses the raw score from the
questionnaire and expresses the respondent’s outcome on a linear scale, which accounts
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for the unequal difficulties across all test items. The Rasch analysis was done for the
overall QOL and the five subscales of perception, expectation, functionality, symptoms,
and problems with glasses.

A chi-square test was used to test for differences in the proportion of participants
between groups, and an analysis of variance (ANOVA) was used for the difference in the
mean QOL between the groups, using statistical software Statistica, version 13.2 (TIBCO
Software Inc., Palo Alto, CA, USA). Values of p < 0.05 were taken to be statistically signifi-
cant differences.

3. Results

Of the 149 participants with both myopia and presbyopia, 108 (72.5%) were presbyopic
with low myopia (SE ≤ −0.50 D to SE > −5.00 D), and 41 (27.5%) were presbyopic with
high myopia (SE ≤ −5.00 D), with a mean age (±SD) of 52.1 ± 6.9 years. Moreover,
89 (59.7%) of the participants were females, and 60 (40.3%) were males. There was a
significant difference in the distribution of gender, especially in the highly myopic group
(p = 0.04). This difference in gender distribution did not have any effect on the QOL
score (F (1, 145) = 0.30; p = 0.49), even with the additional effect among the myope group
(F (1, 145) = 0.79; p = 0.32). Of the 41 with high myopia, most (85%) had an SE in the range
of −5.00 D to −9.00 D. The power of the study was 99.4%, with an effect size of 0.83.

Eighty (53.7%) wore PALs, 61 (40.9%) wore SVD lenses, one (0.7%) wore single-vision
near lenses, four (2.7%) wore bifocals, and the remaining three (2%) did not wear glasses.
Among those with high myopia, 14 (35.9%) were SVD wearers, and 25 (64.1%) were PAL
wearers. Among those with low myopia, 47 (46.1%) were SVD wearers, and 55 (53.9%) were
PAL wearers. There were more females in the low-myopic group than in the high-myopic
group (p = 0.04), and the distance-corrected habitual visual acuity was significantly better
in the low-myopic group (−0.09 ± 0.09 logMAR) compared to the high-myopic group
(−0.04 ± 0.09 logMAR) (p = 0.003) (Table 2).

Table 2. Baseline characteristics of presbyopic participants with low myopia and high myopia
(n = 149). Mean ± standard deviation. PAL, progression addition lens; SVD, single-vision distance
lens; VAS, visual analogue scale. * Statistically significant with p-value of <0.05.

Low Myopia
(n = 108)

High Myopia
(n = 41)

p-Value

Mean age (years) 51.8 ± 6.6 52.8 ± 7.7 0.43
Gender, n (%)

Female 70 (64.8%) 19 (46.3%) 0.04 *
Male 38 (35.2%) 22 (53.7%)

Mean spherical equivalent,
diopters −3.1 ± 1.7 −5.6 ± 2.4 <0.001 *

Type of glasses, n (%)
PAL 55 (50.9%) 25 (61.0%) 0.40
SVD 47 (43.5%) 14 (34.1%) 0.50

Others 6 (5.6%) 2 (4.9%) -
Mean distance visual acuity,

LogMAR −0.09 ± 0.09 −0.04 ± 0.09 0.003 *

Mean near visual acuity,
LogMAR 0.25 ± 0.20 0.25 ± 0.14 0.57

Mean log contrast sensitivity 1.94 ± 0.02 1.94 ± 0.03 0.22
Current health (VAS) 77.48 ± 1.50 73.07 ± 2.42 0.12

The health-state score was significantly correlated with the QOL score, but the cor-
relation was weak, r2 = 0.10 (p < 0.05). The health-state score was similar between the
two myopic groups (p = 0.43), and between the PAL- and SVD-lens wearers (p = 0.81).

High myopes had a significantly lower overall QOL (51.7) than low myopes (65.2)
(p < 0.001; Figure 1). High myopes also had significantly poorer functionality with glasses,
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with a score of 29.1, compared with those of presbyopes with low myopia, with a score of
36.2 (p = 0.01). Similarly, presbyopes with high myopia had poorer functionality without
glasses (49.4) than low myopes (57.0; p = 0.04).

Figure 1. The quality of life (QOL) scores of presbyopes with low myopia versus high myopia, with
error bars representing standard error. * Statistically significant, with a p-value of <0.05; ** statistically
significant, with a p-value of <0.001.

With glasses, a greater proportion of high myopes had difficulty driving at night
(low myopes 27.5% vs. high myopes 54.2%) (X2 (1, n = 93) = 5.6; p = 0.02) and driving
in the rain (11.3% low myopes vs. 36.7% high myopes; X2 (1, n = 92) = 8.3; p = 0.004).
High myopes also had more issues swimming with correction (19.4% low myopes vs.
36.7% high myopes; X2 (1, n = 92) = 4.5; p = 0.03). Without glasses, high myopes had
greater difficulty reading and doing near work (42% low myopes vs. 83.9% high myopes;
X2 (1, n = 131) = 16.6; p < 0.001). They were also less able to see clearly when they woke up
(42.3% vs. 88.2%; X2 (1, n = 131) = 21.4; p < 0.001) or see the alarm clock (40.4% vs. 80.0%;
X2 (1, n = 129) = 16.0; p < 0.001).

For presbyopes with low myopia, the group using PAL had significantly better overall
QOL than SVD lens users (p = 0.04; Figure 2), although there was no significant differ-
ence between SVD lens and PAL wearers in all the other subscales, such as perception,
expectation, functionality, and symptoms.

Figure 2. The QOL scores of presbyopes with low myopia who wore PAL and SVD lenses for all five sub-
scales, with error bars representing standard error. * Statistically significant, with p-value of <0.05.

In the group of presbyopes with high myopia, those who wore PAL had significantly
better perception (61.2) than those who wore SVD lenses (46.9; p = 0.03). High myopes
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wearing SVD lenses stated that they were more often afraid to do things because of their
vision (SVD 57.1% vs. PAL 28%; X2 (1, n = 39) = 4.3; p = 0.04), and were more frustrated
with their glasses (71.4% vs. 32.0%; X2 (1, n = 39) = 5.6; p = 0.02). No other significant
differences were found for the other subscales, for presbyopes with high myopia wearing
PAL and SVD lenses (Figure 3).

Figure 3. The QOL scores of highly myopic presbyopes who wore PAL and SVD lenses for all five
subscales, with error bars representing standard error. * Statistically significant, with p-value of <0.05.

4. Discussion

4.1. Significant Findings

Presbyopes with high myopia had poorer overall QOL compared to those with low
myopia. Similarly, high myopes had worse functionality scores compared to low myopes.
Compared to SVD users, PAL users, on average, had better overall QOL scores for both
myopic groups. PAL users also had better perception scores for high myopes. The difference
in gender distribution did not have a significant effect on the QOL score.

The highly myopic group had significantly poorer visual acuity, with a difference of
0.05 logMAR, which equates to 2–3 letters from the visual acuity chart. This slight decrease
in visual acuity may not be considered clinically significant by clinicians. However, it may
have a tangible effect, contributing to poorer QOL and functionality outcomes with glasses.
Therefore, this study’s outcome from the QOL reflected the tangible effects of reduced
vision felt by the participants, which were often dismissed as insignificant by clinicians.

Reduced best-corrected visual acuity with spectacle lenses in high myopia has been
found in previous studies [9,18–25]. In addition, there was a higher proportion of high
myopes who experienced severe trouble with driving at night and in the rain [26]. Besides
visual acuity affecting the corrected vision of high myopes, the night vision threshold [26],
higher-order aberration [20,21], and larger pupil size may also contribute to poorer vision
under dim lighting, as experienced when driving at night and in the rain. Further phys-
iological stretching from axial elongation due to myopia also reduces the function and
resolution of photoreceptors [22,26]. Some studies also found reduced contrast sensitivity
at high spatial frequencies in fully corrected high myopes, which may contribute to re-
duced functionality with glasses [27]. However, we did not find any differences in contrast
sensitivity between low and high myopic groups, as found by Collins et al. [19]. Further
investigation is required to measure contrast sensitivity at different spatial frequencies in
order to elucidate the underlying cause of reduced functionality with glasses.

It was expected that the difference in the refractive error between high- and low-
myopic groups (−5.52 ± 2.4 D compared to −3.1 ± 1.7 D; p < 0.001) would have a sig-
nificant impact on the unaided visual acuity of high-myopic groups, even though it was
not measured. With significantly poorer vision without glasses, a higher proportion of
high-myopic presbyopes would have issues seeing both far and near, as they are severely
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under-corrected for both distances. This would result in a poorer outcome in functional-
ity without glasses for the high-myopic group. The poorer outcome in QOL regarding
uncorrected vision was also reflected in other studies [18,28,29]. Our study shows that
a larger proportion of high myopes had difficulty reading and doing near work, as well
as waking up with clear vision and looking at an alarm clock without glasses. All the
affected activities, as mentioned above, were near-distance activities, as also reported in
other studies [18,29]. The lack of distance activities reported without glasses was due to
the inability to carry them out without glasses. No high myopes drove without glasses.

This study found that highly myopic PAL wearers had a better score for perception
subscales compared to SVD lens wearers. In the perception subscale, highly myopic
SVD lens wearers were more “afraid to do things due to their vision” and were also
more “frustrated with their glasses.” SVD lenses only correct distance vision and not near
vision; hence, highly myopic SVD lens wearers will have poor near and intermediate
vision, with or without glasses. To overcome blurred vision due to working distance, they
may need to remove and put on SVD glasses more frequently, adding to the frustration.
Compared with SVD wearers, low-myopic PAL wearers also had a significantly better
overall QOL, with no other difference in the other subscales. Despite the lack of a significant
difference in each subscale, the significant differences in the overall QOL may be due to
the additive effect of multiple components. Other studies have found that near vision
is affected while using SVD lenses for presbyopes, while having better outcomes using
PAL [30–33]. Poorer near and intermediate vision with SVD lenses may significantly affect
QOL outcomes in low myopes; they may also significantly affect the perception subscale
for high myopes. Moreover, Pesudovs et al., 2006 found that PAL wearers have reduced
sensitivity to light, eye pain, and redness compared to SVD lens wearers, while doing near
work, for early presbyopes [33]. As such, the visual comfort from PAL could be another
factor in this outcome.

4.2. Strengths and Limitations of the Study

This is the first study that explores the correction habits of presbyopes and the im-
pact of the severity of myopia on QOL. This study was able to measure the subjective
differences between the severity of myopia and the types of visual correction, which was
otherwise not significantly different from clinical measures. However, the recruitment rate
of patients with high myopia (27.5%) was much lower compared with those having low
myopia (72.5%). This, however, is a reflection of myopia’s prevalence in the population [3].
Refraction and axial length measurements were not conducted to directly link the causal
effect of refractive error and elongation of the eye to the QOL outcome. Unaided visual
acuity and contrast sensitivity with spatial frequencies need to be measured to directly
understand the contribution of these factors to some of the subscales, such as function-
ality with and without glasses. More details such as the lens design of PAL should be
included in order to further understand whether it has an impact on QOL. Though the
RSVP questionnaire has been shown to be deficient in several psychometric properties
with underutilised response scales, it was chosen not only because it was validated but
also because it includes measures for quality of vision and life [11–15,34–36].

4.3. Suggestions for Future Work

From this study, the QOL assessment recorded outcomes that could not be measured
through typical clinical tests or may be deemed clinically insignificant. Hence, such
questionnaires should be administered during dispensing to achieve higher success rates.
Work should be done to understand which are the important and contributing subscales
for each eye condition and interventions, in order to apply the right questionnaire for each
condition. A systematic review could be done on all types of vision correction used for
presbyopia, such as PAL, SVD, contact lenses, and intraocular lenses, in order to understand
their impact on QOL.
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5. Conclusions

This study was able to measure significant subjective feedback from the RSVP ques-
tionnaire that was not found clinically (visual acuity). It was found that a significantly
higher proportion of highly myopic presbyopes reported lower vision-related QOL across
both the QOL and functionality subscales. Despite having similar best-corrected vision,
PAL wearers had better QOL outcomes than SVD lens wearers with low myopia. Moreover,
PAL wearers with high myopia had better perception than SVD wearers with high myopia.
Therefore, wearing PAL could be a better option to improve the QOL in myopic presbyopes
of various myopia levels.
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Abstract: This study was aimed to evaluate the relationship between the area under the log contrast
sensitivity function (AULCSF) and several optical factors in eyes suffering mild cataract. We enrolled
71 eyes of 71 patients (mean age, 71.4 ± 10.7 (standard deviation) years) with cataract formation
who were under surgical consultation. We determined the area under the log contrast sensitivity
function (AULCSF) using a contrast sensitivity unit (VCTS-6500, Vistech). We utilized single and
multiple regression analyses to investigate the relevant factors in such eyes. The mean AULSCF was
1.06 ± 0.16 (0.62 to 1.38). Explanatory variables relevant to the AULCSF were, in order of influence,
logMAR best spectacle-corrected visual acuity (BSCVA) (p < 0.001, partial regression coefficient
B = −0.372), and log(s) (p = 0.023, B = −0.032) (adjusted R2 = 0.402). We found no significant
association with other variables such as age, gender, uncorrected visual acuity, nuclear sclerosis
grade, or ocular HOAs. Eyes with better BSCVA and lower log(s) are more susceptible to show
higher AULCSF, even in mild cataract subjects. It is indicated that both visual acuity and intraocular
forward scattering play a role in the CS function in such eyes.

Keywords: contrast sensitivity; cataract; AULCSF; visual acuity; intraocular scattering; higher-
order aberrations

1. Introduction

Cataract still remains a major cause of visual impairment worldwide [1]. The preva-
lence rate of cataract increases with age, according to population-based studies on lens
opacities [2,3]. Cataract has a greater impact on the quality of life of older adults, including
increased difficulties in daily activities, compared with other common age-related condi-
tions [4,5]. Cataract importantly increases scattered light, when light passes through the eye
media, generating a veil of straylight over the retina that degrades vision, a phenomenon
called straylight. This veiling luminance over the retina affects the retinal image quality,
diminishing contrast and increasing the sensitivity to glare. Actually, it has been demon-
strated that the amount of scattered light was objectively assessed by the double-pass
instrument, as an objective scatter index (OSI) in cataract patients [6], and that this index
can be used for cataract classification [7]. The comparison compensation method has been
successfully applied in order to subjectively assess intraocular straylight by the logarithmic
straylight value (log(s)) [8–10]. It has been shown that visual acuity and straylight are rather
independent aspects of the overall quality of vision in cataract patients [11]. Cataracts have
been reported to notably influence driving performance in older subjects, and that the
OSI has high predictive power when it comes to simulated driving performance in older
drivers [12]. Likewise, straylight has been shown to be the best parameter for predicting
simulated driving performance in older drivers [13]. It has also been known that visual
functions apart from visual acuity may be more associated with visual complaints that
impact the quality of life.
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Since conventional visual acuity testing may not be suitable for the assessment of
detailed visual quality [14], contrast sensitivity (CS) testing will be clinically helpful for this
evaluation, especially in eyes with mild cataract. Adamsons et al. stated that preoperative
measurement of contrast sensitivity can help determine who with early cataract with mild
impairment in visual acuity is most likely to report subjective improvement in vision [15].
Superstein et al. showed that spatial contrast sensitivity testing provided an objective
assessment of patients who had good visual acuity yet also had functional complaints [16],
and that should be considered as adjuncts to visual acuity testing in evaluating certain
cataract patients [17]. The deterioration in CS function is caused not only by cataract
formation itself, but also by the aging process and its consequent effect on visual processing
and on the retina. We previously reported that intraocular forward scattering plays a more
vital role in CS function than higher-order aberrations (HOAs) in myopic subjects [18].
However, the effect of light scatter and HOAs on CS function has not been fully elucidated
in eyes having mild cataract. It may provide basic insights on understanding detailed
visual performance in mild cataract patients. The goal of the current study is twofold;
to quantitatively determine CS function in eyes with mild cataract, and to assess the
background factors affecting CS function using single and multiple regression analyses in
such eyes.

2. Materials and Methods

2.1. Study Population

We registered with the University Hospital Medical Information Network Clinical Trial
Registry (000034854). Seventy-one eyes of 71 consecutive subjects (mean age ± standard
deviation; 71.4 ± 10.7 years, 34 men and 37 women), who completed optical examinations
for cataract surgery consultation, and who had no other ocular diseases, except for mild
cataract, were enrolled in the current study. Only subjects in whom we could reproducibly
quantify all optical parameters using the straylight meter, as well as the Hartmann–Shack
aberrometry, were defined as mild cataract in this study. We randomly selected only one
eye per subject for statistical analysis, when a bilateral cataract occurred. This retrospective
study was approved by the Institutional Review Board at Kitasato University Hospital
(B16-67), and followed the tenets of the Declaration of Helsinki. Our Institutional Review
Board waived the requirement for informed consent for this retrospective review.

2.2. Assessment of Contrast Sensitivity Function

We measured the CS function using a contrast sensitivity unit (VCTS-6500, Vistech)
under photopic conditions (500 lux). We conducted this test with the best spectacle cor-
rection at a distance of 2.5 m. We determined the area under the log contrast sensitivity
function (AULCSF) by the CS data, as described previously [19]. Briefly, we plotted the
log of CS as a function of log spatial frequency and fitted third-order polynomials to the
data. We integrated the fitted function between the fixed limits of log spatial frequencies of
0.18 (corresponding to 1.5 cycles/degree) to 1.26 (corresponding to 18 cycles/degree), and
determined the obtained value as the AULCSF.

2.3. Assessment of Visual Acuity, Nuclear Sclerosis and Cataract Type

We performed visual acuity measurement using a Snellen chart at 5 m, with and
without spectacle correction. Two cataract specialists assessed the grade of nuclear sclerosis
of the crystalline lens according to the Emery-Little classification, and the cataract type
was divided into three subgroups (nuclear sclerosis, cortical, and posterior subcapsular
cataract subgroups), based on slit-lamp biomicroscopy after mydriasis. We defined as
cases those subjects who presented with an advanced form of 1 of the 3 types of cataract,
regardless of the concomitant presence of the remaining 2 types of cataract. In addition, we
investigated the relationship of the AULCSF with the logarithm of the minimal angle of
resolution (logMAR) of best spectacle-corrected visual acuity (BSCVA) and log(s) in early
cataract eyes with logMAR BSCVA of 0.05 or better.
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2.4. Assessment of Intraocular Forward Scattering and Higher-Order Aberrations

We measured the retinal straylight, as a measure of subjective forward scattering, using
the C-Quant straylight meter (Oculus Optikgeräte, GmbH, Wetzlar, Germany). Briefly, a
test field that consists of a dark circle divided into two semicircles and is surrounded by a
ring-shaped flickering light. A counter-phase compensation light is presented in one of
the semicircles, reducing the flicker perception on that side. The subjects are instructed
to select which semicircle is flickering more intensely. We repeated this process 3 times
with different levels of compensation light, resulting in a logarithmic straylight value
(log(s)) [8–10]. We used the measurement only when the estimated standard deviation was
<0.08 and the quality factor for psychometric sampling was >1.00 [9].

We determined ocular HOAs for a 4-mm pupil after mydriasis using the Hartmann-
Shack aberrometry (KR-1W, Topcon, Tokyo, Japan). We separately calculated the root mean
square of the 3rd- and 4th-order coefficients.

2.5. Statistical Analysis

We used commercially-available statistical software (Bellcurve for Excel, Social Survey
Research Information Co, Ltd., Tokyo, Japan) for statistical analyses. We conducted step-
wise multiple regression analysis to assess the relationship of the CS function with several
parameters. We utilized the AULCSF as the dependent variable, and age, gender, logMAR
of uncorrected visual acuity (UCVA) and BSCVA, nuclear sclerosis grade, log(s), ocular
3rd-order aberrations, and ocular 4th-order aberrations as the explanatory variables. We
also conducted Spearman’s rank correlation test to evaluate the relationships between the
AULCSF and other variables. We applied a one-way analysis of variance for the analysis of
the AULCSF among the 3 cataract subgroups. We described the results as mean ± standard
deviation, and deemed a p-value < 0.05 statistically significant.

3. Results

Table 1 shows the patient demographics in the present study. The mean AULSCF was
1.06 ± 0.16 (range, 0.62 to 1.38). The AULCSF was 1.07 ± 0.11, 1.08 ± 0.16, and 1.01 ± 0.20,
in the nuclear sclerosis, cortical, and posterior subcapsular cataract subgroups. We found
no significant differences in the AULCSF among the three subgroups (analysis of variance,
p = 0.391). Table 2 summarizes the results of multiple regression analysis. The relevant
explanatory variables were logMAR BSCVA (p < 0.001, partial regression coefficient B
= −0.372) and log(s) (p = 0.023, B = −0.032) (adjusted R2 = 0.402). The equation was
described as follows: AULCSF = (−0.372 × logMAR BSCVA) + (−0.032 × log(s)) + 1.385.
There were no significant associations with other explanatory variables such as age, gender,
UCVA, nuclear sclerosis grade, ocular 3rd-order HOAs, or ocular 4th-order HOAs. The
standardized partial regression coefficient was determined in order to investigate the level
of each variable’s influence. The most relevant variable was logMAR BSCVA, followed by
the log(s). Table 2 shows similar results by single regression analysis. Figures 1 and 2 show
significant associations between the AULCSF and logMAR BSCVA (r = −0.640, p < 0.001),
and those between the AULCSF and the log(s) (r = −0.427, p < 0.001), respectively. With
better BSCVA, lower log(s), or both, the AULSCF became significantly higher in eyes having
mild cataract. On the other hand, we found no significant correlations of the AULCSF with
ocular 3rd-order aberrations (r = −0.144, p = 0.264), or 4th-order aberrations (r = −0.167,
p = 0.194). For subgroup analysis in 26 early cataract eyes with logMAR BSCVA of 0.05 or
better, we also found significant correlations between the AULCSF and logMAR BSCVA
(r = −0.388, p = 0.049), and those between the AULCSF and the log(s) (r = −0.405, p = 0.040),
but no significant correlations between the AULCSF and 3rd-order aberrations (r = −0.249,
p = 0.220), or those between the AULCSF and 4th-order aberrations (r = −0.128, p = 0.532).
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Table 1. Demographic and visual functional data of the study population.

Patient Demographics and Visual Function

Age (years) 71.4 ± 10.7 years (95% CI, 50.5 to 92.3 years)
Gender (Male:Female) 34:37

LogMAR UCVA 0.67 ± 0.49 (95% CI, −0.29 to 1.62)
LogMAR BSCVA 0.16 ± 0.19 (95% CI, −0.22 to 0.54)

Sphere (D) −1.10 ± 4.18 D (95% CI, −9.28 to 7.09 D)
Cylinder (D) 1.05 ± 0.90 D (95% CI, −0.71 to 2.80 D)

Grade of nuclear sclerosis 2.08 ± 0.19 (95% CI, 1.16 to 3.02)
Log(s) 1.93 ± 1.08 (95% CI, −0.18 to 4.05)

Ocular 3rd-order aberrations (μm) 0.21 ± 0.12 μm (95% CI, −0.03 to 0.45 μm)
Ocular 4th-order aberrations (μm) 0.13 ± 0.06 μm (95% CI, 0.01 to 0.25 μm)

AULCSF 1.06 ± 0.16 (95% CI, 0.75 to 1.37)
CI = confidence interval, logMAR = logarithm of the minimal angle of resolution, UCVA = uncorrected visual
acuity, BSCVA = best spectacle-corrected visual acuity, D = diopter, AULSCF = area under the log contrast
sensitivity function.

Table 2. Results of correlation analysis and stepwise multiple regression analysis to select variables relevant to the area
under the log contrast sensitivity function (AULCSF) in eyes with mild cataract.

Variables
Spearman

Correlation
Coefficient

p-Value
Partial Regres-

sion Coefficient

Standardized
Partial Regres-

sion Coefficient
p-Value

Log(s) −0.427 <0.001 −0.032 −0.241 0.023
LogMAR BSCVA −0.640 <0.001 −0.372 −0.467 <0.001

Age (years) −0.149 0.213 not included -
Gender (male = 0, female = 1) 0.096 0.428 not included -

LogMAR UCVA −0.150 0.211 not included -
Grade of nuclear sclerosis −0.128 0.287 not included -

Ocular 3rd-order aberrations (μm) −0.144 0.264 not included -
Ocular 4th-order aberrations (μm) −0.167 0.194 not included -

1.385 Constant

LogMAR = logarithm of the minimal angle of resolution, BSCVA = best spectacle-corrected visual acuity, UCVA = uncorrected visual acuity.

Figure 1. A scatterplot between the AULSCF and logMAR best spectacle-corrected visual acuity
(Spearman correlation coefficient r = −0.640, p < 0.001).
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Figure 2. A scatterplot between the AULSCF and log(s) (Spearman correlation coefficient r = −0.427,
p < 0.001).

4. Discussion

In the current study, our findings showed that both BSCVA and log(s) were signifi-
cantly correlated with the CS function in eyes with mild cataract, although some of the
variance has remained unanswered, as confirmed by the moderate R2 value (0.402). Since
CS can be affected by multiple factors, such as retina and brain processing [20,21], it is
reasonable that the CS function cannot be totally clarified by the optics. To the best of our
knowledge, this is the first study to determine the detailed clinical factors affecting the CS
function by single and multiple regression analyses in mild cataract subjects.

With regard to visual acuity and CS function for cataract, Adamsons et al. described
that the CS scores were lower for patients having mild lens opacities than for patients
having clear lenses at high spatial frequencies, suggesting that decreased visual function
for patients with early cataracts whose visual acuity is only minimally impaired [22].
Fujikado et al. reported that the AULCSF was moderately associated with the HOAs as
well as with intraocular scattering in eyes having cataract [23]. Shandiz et al. found a
significant loss of CS at all frequencies with increasing cataract severity, indicating that the
AULCSF may provide additional information compared with standard visual acuity tests
in patients with early cataracts [24]. Visual acuity encompasses a narrow central visual
angle (0.02 degrees), whereas CS encompasses an angle of approximately 0.30 degrees. It is
understandable that BSCVA was significantly associated with the AULSCF in the present
study. It is suggested that BSCVA is one of the most relevant factors influencing the CS
function for clinical use, even in eyes having mild cataract.

With regard to log(s) and CS function for cataract, van den Berg et al. and van der
Meulen et al. demonstrated that visual acuity was not strongly correlated with straylight,
indicating that each measurement shows different aspects of quality of vision [11,25].
Palomo-Álvarez et al. stated that the mean straylight (1.38 ± 0.24) in the cataract group
was significantly worse than that (1.17 ± 0.11) in the control group [26]. Their findings of
log(s) in cataract patients were slightly lower than our findings, presumably because of
the differences in patient age (67.96 ± 7.11 years vs. 71.4 ± 10.7 years), cataract type, and
cataract grade. Paz Filgueira et al. showed that straylight meter measurements demonstrate
the loss of CS resulting from nuclear and posterior subcapsular opacities [27]. Martínez-
Roda et al. found significant associations of the grading according to the lens opacities
classification system III [28] with log(s) and OSI, although they were slightly stronger with
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OSI for all cataract types [29]. These previous and our current findings indicate that the
increase in intraocular forward scattering caused by the changes in the transparency of the
crystalline lens, contributes to the loss of CS function.

With regard to HOAs and CS function for cataract, we found no significant associations
of the AULCSF with ocular 3rd-order or 4th-order aberrations in mild cataract population in
the current study. Kuroda et al. mentioned that both light scattering and optical aberration
of the lens leads to the loss of CS in mild cataract [30]. Fujikado et al. also found a significant
correlation between the AULCSF and HOAs in cataract population [23]. The differences
in the sample size, the methodology of the measurements, the distribution of patient age,
cataract severity, and other background factors, may explain this discrepancy between the
previous and current findings.

We have several limitations to this study. Firstly, it was performed in a retrospective
fashion, and there was no control group without cataract. Considering that straylight
was subjectively assessed using the compensation comparison method, a randomized,
controlled study with a control group may provide further information for confirming our
findings. Secondly, we only included mild cataract subjects in whom we could reliably
quantify all optical metrics with these devices. Accordingly, the study population might
be biased, since severe cases that were not measurable for these metrics, including dense
and mature cataracts, were excluded from the present study. Thirdly, we evaluated the CS
function only under photopic conditions. Although the CS function under mesopic and
scotopic conditions is likely to be somewhat related to that under photopic conditions, a
further study under such conditions would be ideal to confirm our findings. Fourthly, our
optical findings might be influenced by other functions, such as cognitive function or motor
function in these older patients, especially in the case of the C-Quant testing, although we
confirmed that all participants had no history of cognitive or motor impairment.

5. Conclusions

In summary, our findings demonstrated that eyes with better BSCVA and eyes with
lower log(s) showed higher AULCSF in eyes having mild cataract, although the most
variance remained unclear. Based on our results, both visual acuity and intraocular forward
scattering play some role in predicting the CS function in mild cataract subjects. Further
research in a large cohort of cataract patients with various stages will be necessary to
confirm the authenticity of these results.
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Abstract: The prevalence of myopia is increasing globally, and the outdoor light environment is
considered as a possible factor that can retard myopia. The aim of this study was to evaluate
the prevalence of myopia and the light environment in Aracati, equatorial Brazil. We surveyed
421 children (421 right eyes; mean age, 10.6 years) and performed ocular examinations that in-
cluded non-cycloplegic refraction and axial length (AL). Multiple regression analyses were per-
formed to identify factors affecting myopia such as time spent outdoors and in near work. We mea-
sured illuminance and violet light irradiance in Aracati. The mean spherical equivalent (SE) and
AL were −0.44 ± 1.38 diopters (D) and 22.98 ± 0.87 mm, respectively. The prevalence of myopia
(SE ≤ −0.75 D) and high myopia (SE ≤ −6.0 D/AL ≥ 26.0 mm) was 20.4 and 1.4/0.48%, respectively.
Multiple regression analyses showed that myopia was not associated with lifestyle factors. The aver-
age illuminance in Aracati was about 100,000 lux from morning to evening. The current results reflect
the ALs and the prevalence of myopia among Brazilian schoolchildren. There is a possibility that the
light environment in addition to other confounding factors including racial differences affects the
ALs and refractive errors.

Keywords: myopia; refractive error; axial length; school children; light environment; violet light; illuminance

1. Introduction

Myopia, a common refractive error, mainly results from continuous increases in
axial length (AL) [1]. The etiology of myopia is thought to be an interaction of genetic and
environmental factors. However, the precise mechanism remains unclear. The prevalence of
myopia has recently increased worldwide, especially in east Asia [2]. Currently, China has
a high prevalence of myopia, while the prevalence rates have ranged from 20 to 80% for
the previous 60 years; in other parts of the world such as the United States and Europe,
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the prevalence rates have doubled during the past 50 years [3]. We also recently reported
that the prevalence of myopia among elementary school and junior high school children in
Tokyo was 76.5 and 94.9%, respectively [4]. These rapid worldwide increases in myopia
during a relatively short period must have resulted from changes in environmental factors
and not genetic factors.

Outdoor activity is a factor that can suppress myopia onset [5–9] and progression [9]
as reported by several studies including a meta-analysis. Spending more than 2 h daily
outdoors is preferable [6,7,9]. The mechanism of the effects of outdoor activity remains un-
known, but a possible reason is that outdoor activity can suppress myopia not only because
of light illuminance [10,11] but also because of the short wavelength light, including violet
light (360–400 nm wavelength) [12–14], that is abundant outdoors [12]. We reported that
violet light might suppress myopia progression not only in chicks but also in children with
mild myopia and adults with high myopia [12,13]. Based on those results, we hypothesized
that the prevalence of myopia is lower in equatorial areas of Brazil, which have higher
amounts of sunlight than other areas.

Numerous environmental factors have been associated with myopia progression in
schoolchildren [15–19]; however, few studies have evaluated AL in schoolchildren using
these factors, and those studies were mostly conducted in Asia [4,20]. To date, no reports
have been published about AL and its associated factors in equatorial regions where the
sunlight is intense, although a couple of studies have reported refractive data without AL
among Brazilian schoolchildren [21–23]. Thus, using a questionnaire, we also evaluated the
association between AL and environmental factors. We clarified the prevalence of myopia
among schoolchildren in the equatorial region of Brazil by measuring refractive errors and
ALs, and we investigated the light environment including the light illuminance and the
violet light irradiance in Brazil.

2. Materials and Methods

2.1. Study Design and Participants

This cross-sectional study included 421 right eyes of 421 Brazilian schoolchildren
(age range, 5–19 years; average age, 10.6 ± 2.9 (standard deviation) years; participation rate,
74.3%) who underwent a medical check-up that included the measurement of height and
weight in the Professor Antonio Monteiro School in Pedregal, Aracati City, Ceará, Brazil,
in August 2017. Aracati City is in the equatorial area of Brazil. We explained the study
to the parents of the students. The students provided informed assent, and the parents
provided written informed consent. All students who agreed to participate in this study
underwent a medical examination. The inclusion criteria were children who could undergo
an eye examination and had no previous ocular disease. The exclusion criteria were the
presence of active ocular inflammation or systemic disease. In the questionnaire, we asked
about a past history of systemic disease, and we evaluated active ocular inflammation
during an ophthalmic medical examination. The Keio University School of Medicine
Ethics Committee, and the Institutional Review Board and Ethics Committee of Penha Eye
Institute approved this study. All the procedures involving human subjects were conducted
in accordance with the tenets of the Declaration of Helsinki.

2.2. Measures

All participants underwent eye examinations that included measurement of refrac-
tive errors and AL. We also recorded the height, weight, and body mass index (BMI) of
the participants.

The refractive errors were measured in a non-cycloplegic state using an autorefrac-
tometer (VISUREF100, Carl Zeiss Meditec AG, Jena, Germany). We used the automatic
fogging system to reduce the effects of accommodation when we measured the refraction.
The ALs were measured by partial coherence interferometry biometry (IOLMaster® 500,
Carl Zeiss Meditec AG, Jena, Germany). Four trained ophthalmologists performed all the
examinations, and the data were recorded. The device measured the AL five times and
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averaged the data. The spherical equivalent (SE) was defined as the spherical power plus
half of the negative cylinder power. Myopia was defined as an SE of −0.75 diopters (D) or
worse, and high myopia, as an SE ≤ −6.0 D or an AL ≥ 26.0 mm. Because the SE (Pearson
correlation coefficient = 0.689, p < 0.001) and the AL (Pearson correlation coefficient = 0.959,
p < 0.001) for the right and left eyes were similar for this study, only the results for the right
eye are presented. All participants with any ocular disease were immediately treated and
sent for further follow-up in Fortaleza City, Ceará, Brazil.

Illuminance was measured using the LX-1108 (MOTHERTOOL CO., Ltd., Ueda, Japan),
and violet light irradiance was measured using VL-M-A1 (NEW OPTO, Ltd., Kawasaki,
Japan). These data were collected outside in Aracati, Brazil (at 37◦ west longitude,
4◦ south latitude). All data were collected on sunny days at approximately 7:00, 10:00,
13:00, and 16:00 local time on 19 August 2017.

2.3. Questionnaire

A questionnaire in Portuguese was administered before the visit. If the participants
were too young to complete the questionnaire by themselves, Brazilian staff members
interviewed them and completed the questionnaire with the help of their parents. Informa-
tion on sociodemographic factors were collected, including age, sex, and family economic
status. Using a questionnaire, we asked their parents about the average time of activity
during one recent month. The children’s near work was assessed by asking (1) how many
hours the child spent daily reading or studying for school assignments and for pleasure,
using a computer, watching television, and playing with electronics, and (2) the distance
when the child was reading. The children’s outdoor activity was measured by asking
how long they spent in the sun daily while outdoors. The family economic status was
assessed by asking for the entire family monthly income: less than BRL 1000, BRL 1000
to 3000, BRL 3000 to 5000, more than BRL 5000, or unknown. BRL 1 was equivalent to
USD 0.18 on 19 August 2020. Parental myopia was assessed by asking the following ques-
tion: “Is the child’s parent myopic?”. The response categories were “one parent”, “both
parents”, “neither”, and “unknown”. Since some responded that the time spent sleeping
was only 120 min/day during one recent month, we considered that the answers indicating
that the children spent less than 300 min a day as unrealistic (n = 8) and treated them as if
they were not a response.

2.4. Statistical Analysis

To evaluate the factors affecting the SE and AL, we performed multiple regression anal-
yses (stepwise variable selection for regression). The Pearson correlation coefficient was
used to assess simple correlations between the SE, AL, and several variables, such as age,
sex (males = 0, females = 1), BMI, time spent outdoors, time spent in near work, family eco-
nomic status, and parental myopia. Multiple regression analyses were performed, in which
significant variables (p < 0.20) with simple correlations were compared. We confirmed that
there was no multicollinearity. All p values were 2-sided. p < 0.05 was considered to be
statistically significant. All statistical analyses were performed using the SPSS version 24.0
software (IBM, Chicago, IL, USA).

3. Results

3.1. Study Population

Table 1 shows the characteristics of the current study population and results of the
questionnaire. The mean SE was −0.44 ± 1.38 D, and the mean AL was 22.98 ± 0.87 mm
for all the participants. The average time spent outdoors was 155.9 ± 104.3 min/day,
and the average time spent doing near work was 516.4 ± 248.3 min/day. Figure 1 shows
the distribution of the subjects by age. The distributions of the SE and AL are shown in
Figures 2 and 3, respectively.

111



J. Clin. Med. 2021, 10, 115

Table 1. Characteristics of the current study population and results of the questionnaire.

Number of Cases Mean ± Standard Deviation (Range)

Age (years) 10.6 ± 2.9 (5.0–19.0)
Number of students 421

Males 212
Females 209

Height (cm) 417 144.5 ± 15.6 (110.0–179.0)
Weight (kg) 416 40.4 ± 13.9 (16.7–91.2)

BMI (kg/m2) 416 18.8 ± 3.6 (12.1–31.9)
SE (D) 421 −0.44 ± 1.38 (−12.63–7.25)

AL (mm) 416 22.98 ± 0.87 (20.16–26.90)
Time spent outdoors (min/day) 123 155.9 ± 104.3 (9.3–540.0)

Time spent in near work
(min/day) 121 516.4 ± 248.3 (60.0–1096.5)

Time spent sleeping (min/day) 113 507.8 ± 100.7 (300.0–875.0)
Family economic status

Less than BRL 1000 42
BRL 1000 to 3000 19
BRL 3000 to 5000 5

More than BRL 5000 5
Unknown 171

Number of parents with myopia
0 158
1 38
2 6

Unknown 219
Abbreviations: SE, spherical equivalent; AL, axial length; BMI, body mass index; D, diopter. BRL 1 was equivalent
to USD 0.18 on 19 August 2020.

Figure 1. The distribution of subjects at each age: The ages of the participants in this study were
mainly distributed from 6 to 16 years. The average age was 10.6 years.
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Figure 2. The distribution of SE. The participants in this study were primarily emmetropic (average,
−0.44 diopters). Abbreviations: SE, spherical equivalent; D, diopters.

 
Figure 3. The distribution of the axial lengths (ALs). The ALs of the participants in this study were
primarily in the 21.0 to 24.5 mm range (average, 22.98 mm).
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The prevalence of myopia (SE ≤ −0.75 D) was 20.4%, and the prevalence of high
myopia (SE ≤ −6.0 D) was 1.4% among all the students. Based on the AL, the prevalence
of high myopia (AL ≥ 26.0 mm) was 0.48% among all the students.

3.2. Illuminance and Violet Light Irradiance

The illuminance and violet light (360–400 nm) irradiance values in Aracati and Tokyo are
shown in Figure S1 (The illuminance and violet light irradiance in Tokyo and Aracati). The il-
luminance (lux) at 7:00, 10:00, 13:00, and 16:00 local time in Aracati/Tokyo was 92,000/76,000,
103,000/93,300, 107,500/106,000, and 80,000/54,000, respectively (Figure S1A). The violet
light irradiance (μW/cm2) at 7:00, 10:00, 13:00, and 16:00 local time in Aracati/Tokyo was
1650/1120, 2300/2000, 2320/1950, and 1030/468, respectively (Figure S1B).

3.3. Factors Affecting SE and AL According to Simple Correlation and Multiple Regression Analyses

Table 2 shows the results of simple correlation and multiple regression analyses
between the SE and the variables. The results indicate that myopia is associated with older
age (coefficient = −0.170; p < 0.001). Based on the results of the multiple regression analyses
between the AL and the variables, the AL was associated with older age (p < 0.001), male sex
(p < 0.001), and higher BMI (p = 0.01) (Table 3). Lifestyle factors were included (n = 114),
and less sleep time was associated with a longer AL according to simple correlation
(coefficient = −0.184; p = 0.025). The results of multiple regression analysis show that the
AL was significantly associated with older age and male sex (coefficient = 0.119 and −0.405,
respectively; p = 0.001 and 0.002, respectively).

Table 2. Results of simple correlation and multiple regression analysis between SE and variables
(n = 416).

Univariate Analysis Multivariate Analysis

Variable
Correlation
Coefficient

p Value Coefficient
Standard

Error
p Value

Age (years) −0.170 <0.001 * −0.082 0.023 <0.001 *
Sex (males = 0, females = 1) −0.041 0.201 N/A N/A ≥0.05

BMI −0.075 0.062 N/A N/A ≥0.05
* Significant correlation according to the Pearson correlation test; Abbreviations: SE, spherical equivalent; BMI,
body mass index; N/A, not applicable.

Table 3. Results of simple correlation and multiple regression analysis between AL and variables
(n = 414).

Univariate Analysis Multivariate Analysis

Variable
Correlation
Coefficient

p Value Coefficient
Standard

Error
p Value

Age (years) 0.326 <0.001 * 0.079 0.015 <0.001 *
Sex (males = 0, females = 1) −0.267 <0.001 * −0.438 0.078 <0.001 *

BMI 0.248 <0.001 * 0.031 0.012 0.01 *
* Significant correlation according to the Pearson correlation test; Abbreviations: AL, axial length; BMI, body mass
index.

4. Discussion

The current results show that the mean refractive error among the Brazilian schoolchil-
dren was −0.44 ± 1.38 D, the myopia prevalence in Aracati was 20.4%, and the prevalence
of high myopia was 1.4%. In the current study, the mean AL was 22.98 ± 0.87 mm,
and based on the AL, the prevalence of high myopia (AL ≥ 26.0 mm) was 0.48%. These re-
sults show a possibility that children in an equatorial area of Brazil might have shorter
ALs than those in other studies [4,24–26] (Figure 4). A search of PubMed was undertaken
for articles including the search terms “axial length”, “children”, and “myopia”, and we
chose the references in which the age was the same as in our study (7 and 12 years old)
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and the studies that included more than 300 participants. In the current study, the mean
ALs of the schoolchildren aged 7 and 12 years were 22.63 and 23.29 mm, respectively,
which were the shortest among these studies [4,24–26] (Figure 4A,B). Possible reasons
why the mean ALs of the schoolchildren aged 7 and 12 years in the current study were
the shortest among these studies [4,24–26] are race and extended time of outdoor activity.
Unfortunately, we could not obtain accurate information about the participants’ races.
The mechanism of outdoor activity’s effect remains unknown, but a possible reason is the
strong light environment including light illuminance [10,11] and the short wavelength of
the light [12–14] that is abundant outdoors. We measured them only during 1 day, but there
were no such published data, and we used them as Supplementary Data.

Figure 4. Comparison of the axial lengths (ALs) of (A) 7 and (B) 12 year-old schoolchildren in the
current study with those from previous studies. Compared with some previous studies, the ALs of
both the 7 and 12 year-old schoolchildren in the current study were the shortest.

We also compared our data with a previous study from Brazil to eliminate the racial
differences. According to a previous study [27], which reported the ALs among Brazilian
schoolchildren in Campinas (at 46◦ west longitude, 23◦ south latitude), the mean ALs were
22.5, 23.0, and 23.2 mm among the children aged 6, 10, and 14 years, respectively. In the
current study, the mean ALs were 22.5, 23.0, and 23.0 mm (almost plateaued) among the
children aged 6, 10, and 14 years, respectively. The mean ALs were the same for those
aged 6 and 10 years, though we focused on the ALs of those aged 14 years. In Campinas,
the mean AL for those aged 14 years was 23.2 mm; on the other hand, it was 23.0 mm
in Aracati. The results indicate that the AL might plateau in Aracati at around 10 years
because the mean ALs were same for those aged 10 and 14 years. These results show that
the mean ALs of the adolescent children in Aracati plateaued and were shorter than those
in Campinas. These results indicate that the ALs of children near the equatorial region
where the sun light is intense in the same country might be short without factors such as
the time spent outdoors and genetic backgrounds.

Several studies have suggested that increased time spent in near work is a possible risk
factor for myopia [18,28–32]. Indeed, the time spent doing near work has been increasing
recently among students [33,34]. When we evaluated the time spent doing near work in
Aracati, the mean time was 516.4 min/day. By contrast, the time spent doing near work
in Tokyo was 274.0 min/day [4]. However, in our previous study, which reported the
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prevalence of myopia among schoolchildren in Tokyo, we asked parents about the average
time of activity excluding school time; therefore, it is possible that the time spent doing
near work is almost the same in Aracati and Tokyo.

Outdoor activity is a well-known factor that suppresses myopia onset [7,35–40],
and some clinical studies [41–43] have reported that outdoor activity may suppress myopia
progression. In the current study, the mean time spent outdoors among Brazilian children
was 155.9 min/day. However, the mean time spent outdoors among Japanese elementary
school children was 78.3 min/day [4], which was about half of that in Aracati. Some stud-
ies have reported that spending more than 2 h daily outdoors can suppress myopia [6,7].
According to the results of the current study, the low prevalence of myopia in Aracati may
be associated with the extended amount of time engaged in outdoor activities despite the
long periods spent doing near work. However, the time spent engaged in outdoor activities
was not significantly associated with myopia in the current study. We consider this because
the mean time spent outdoors among children in Aracati was over 2 h daily (155.9 min
daily). The effect of decreasing the risk of incident myopia almost plateaued under that
condition, i.e., over 2 h daily of outdoor activity, according to a systematic review of the
effects of outdoor activity against myopia [8]. For that reason, the time spent outdoors was
not significantly associated with myopia in the current study.

The outdoor light environment, including the illuminance and wavelength, is now
attracting attention in attempts to retard myopia [14]. High illuminance levels have been
effective against myopia in some animal experiments [11,44,45]. Furthermore, we recently
found that 360 to 400 nm violet light, which is abundant in sunlight, suppressed myopia
progression in both chicks and humans [12], i.e., not only in children with mild myopia
but also in adults with high myopia [13]. Therefore, we measured the illuminance and
violet light irradiance in the current study. Although we did not compare the illuminance
and irradiance of violet light globally and annually, a website titled “World Weather
Online” [46] shows the ultraviolet index (UVI), which was developed by the World Health
Organization and is a measure of UV radiation levels. The calculated annual average
UVI in 2017 was 6.75 in Aracati, 6.92 in Singapore, and 4.25 in Tokyo [46]. Although
the UVIs in Singapore and Aracati were almost the same, the prevalence of myopia in
Singapore was very high [47–49] because of differences in the time spent outdoors and
genetic backgrounds between Singapore and Aracati. A previous study [50] showed
that the average time spent outdoors among Singaporean children was only 61 min/day,
although the time spent outdoors in Aracati was 155.9 min/day in the current study.
Even though genetic backgrounds affected the rate of myopia prevalence, the time spent
outdoors in Aracati, which was almost 2.5 times more than that in Singapore, may also
affect ALs and refractive errors. Therefore, environmental factors including both the time
spent outdoors and light environment are crucial factors for the prevalence of myopia.

The current multiple regression analysis results indicated that AL was significantly
associated with older age and male sex. In the current study, there was no significant
relationship between myopia and lifestyle factors. Regarding the time spent sleeping,
the average time among the Brazilian children was 507.8 min daily in the current study,
and the time among Japanese school children was 525.2 min daily, which we reported
previously [4]. Thus, the time spent sleeping among Brazilian students was less than
that of Japanese students by about 20 min daily. A previous study reported that high
myopia was significantly correlated with short sleep duration in Japan [51], although the
time spent sleeping among Brazilian children was shorter; nevertheless, their ALs were
shorter than those of the Japanese school children. These investigations imply that lifestyle
factors are not associated with myopia in the equatorial area of Brazil because of the light
environment including the illuminance, annual daylight hours, and violet light irradiance.
Thus, the current study indicates that the intensity of the sunlight may play an important
role in the low prevalence of myopia and short AL among the Brazilian schoolchildren in
equatorial regions.
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The current study had some limitations. First, we did not use cycloplegia. The non-
cycloplegic refraction was a big limitation of this study, especially for children because the
non-cycloplegic refraction masked the real refraction as a result of their accommodative
ability. Considering that, the prevalence of myopia may have been overestimated. We also
might have overestimated the AL because a previous study reported that the AL was
0.009 mm shorter after cycloplegia in children whose mean age was 9.20 years [52]. Since the
difference was small, the ALs in Brazilian schoolchildren tended to be short, and measuring
the AL was the strength of the current study. Second, there may have been some recall
bias and misunderstanding of the questionnaire. Third, we could not obtain accurate
information about the participants’ races because the percentage of mixed-race individuals
was about 43%, according to The Brazilian Institute of Geography and Statistics. It may be
better to choose another place in Brazil where the sunlight is less intense because the races
in Brazil and Japan differ. Fourth, over half of the students did not completely answer
the questionnaire about their lifestyle, and we could perform multiple regression analysis
about lifestyle for only 114 participants. We considered that the lack of association between
lifestyle factors and myopia could be because of a lack of power. Finally, we measured
only the violet light irradiance because we focused on violet light in the current study.
We should have measured not only violet light but also other spectral components of light.

5. Conclusions

In summary, the current results reflect the ALs and the prevalence of myopia among
Brazilian schoolchildren. There is a possibility that the light environment in addition to
other confounding factors including racial differences affects their ALs and refractive errors,
and further studies are needed in the future.

6. Patents

Outside the submitted work, but related to myopia prevention, H.T., T.K., and K.T.
have been applying internationally for two patents, WO 2015/186723 and WO 2017/094886.
The former has been registered in Japan, the U.S., and China, and the latter, in Japan,
the U.K., France, Germany, Italy, Hong Kong, and Singapore.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-038
3/10/1/115/s1, Figure S1: The illuminance and violet light irradiance in Tokyo and Aracati.
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Abstract: Laser-assisted in situ keratomileusis (LASIK) contributes to increased patient happiness
one month after surgery; however, longer term effects are unknown. We performed a retrospective
cross-sectional study on 472 patients who underwent bilateral LASIK surgery to measure happiness
and satisfaction with LASIK, and to identify affecting factors. Patients completed questionnaires on
satisfaction with the surgery and the subjective happiness scale (SHS) before, and 1, 3, 6, and 12 months
after surgery. Multiple regression analyses were performed to determine independent predictors
of SHS and satisfaction scores. Mean SHS increased at one month but was similar to baseline
levels by six months. The SHS of older patients was greater than younger ones at baseline and
at one and three months, while satisfaction among the older group was poorer at one and three
months. Multiple regression analyses revealed that the decrease in SHS score from one month to
three months correlated with baseline SHS, SHS at one month, uncorrected distance visual acuity
(UDVA), and age. Regression analysis revealed SHS at six months correlated with preoperative SHS,
SHS at one month, and satisfaction at six months. Satisfaction at final visit correlated with age, UDVA,
anisometropia, and with SHS at each visit. We conclude that happiness and satisfaction were age-
and UDVA-dependent, and anisometropic patients report poorer satisfaction scores.

Keywords: myopia; LASIK; happiness; satisfaction; anisometropia

1. Introduction

Surgical correction of refractive errors restores uncorrected visual acuity and quality of life (QOL).
Ophthalmic surgery drastically improves vision, even on the same day as the procedure, and patients
experience the benefits of surgery. Cataract surgery is the most common surgical procedure for
the elderly to improve vision and its effects on cognitive function, sleep and motor function [1–3].
Laser-assisted in situ keratomileusis (LASIK) for myopia correction is another established vision-restoring
surgery, and beneficial for unaided vision and QOL in all generations [4–7]. Recent investigations
described improved subjective happiness after LASIK [8] and cataract surgery [9] and a decline in
dry eye symptoms [10]. Happiness is associated with health and disease, including longevity, QOL,
cardiovascular diseases, and the neuroendocrine system [11–14]. Happiness or positive emotions are
now regarded as a critical component of health [15–17], and subjective happiness can be measured
with a validated questionnaire—the subjective happiness scale (SHS) [18,19].
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Psychometric parameters may not remain stable for a long time, despite constantly normalized
or improved physical status according to response shift theory [20]. Response shift theory has been
applied to patient-reported outcomes when there are changes to the patients’ internal standards after
the event. Likewise, happiness may not be stable after LASIK under constant ocular conditions in terms
of visual acuity, refraction, and accommodation [21–24]. Despite the satisfactory surgical outcome of
LASIK, such as spectacle independence, happiness may be autoregressive depending on individual
life events [25,26] and happiness after LASIK has not been fully investigated.

Numerous repeats have associated satisfaction with LASIK and age, complications, and uncorrected
distance visual acuity (UDVA) [21–24]. We hypothesized that anisometropia could be another factor
contributing to the decline of satisfaction and happiness that may happen in some patients due to
ocular conditions, surgical complications, and intentional monovision for presbyopic LASIK [27–30].
Anisometropia after LASIK could be a significant issue, both in unexpected and expected cases.
One magnetic resonance imaging (MRI) study described cortical changes in anisometropic adults after
LASIK, and the authors discussed improved fixational instability [31].

The aim of this study was to track changes in SHS and satisfaction after LASIK and explore
predictors that affect psychological parameters. We focused on postoperative anisometropia, in addition
to conventionally assessed age, refraction, visual acuity and presbyopia. The measurement of subjective
happiness with the validated questionnaire “SHS” is a novel aspect of the current study.

2. Experimental Section

2.1. Patients and Ethical Approval

This study was a retrospective chart review of patients who underwent bilateral LASIK procedures
at the Minamiaoyama Eye Clinic, Tokyo, between September 2011 and August 2014. Subjects completed
preoperative and postoperative (1, 3, 6 and 12 months after surgery) questionnaires of SHS and
satisfaction with surgery. The Institutional Review Board of the Minamiaoyama Eye Clinic approved
the research protocol, and the study was conducted in accordance with the tenets of the Declaration of
Helsinki. Informed consent was obtained with an opt-out option.

2.2. Surgical Procedure and Ocular Examinations

Bilateral LASIK procedures were performed in succession on each patient using identical
procedures. The corneal flap was created using an MK-2000 microkeratome (Nidek Co., Ltd.,
Aichi, Japan), an IntraLase FS60 (Abbott Medical Optics, Inc., Tokyo, Japan), or an IntraLase iFS laser
(Abbott Medical Optics, Inc., Tokyo, Japan). Laser ablation was performed using the EC-5000 CXII
excimer laser (Nidek Co., Ltd., Aichi, Japan). Detailed procedures, examinations, and postoperative
medications have been described previously [8].

2.3. Outcome Measures

Outcome measures included UDVA, uncorrected near visual acuity (UNVA), manifest spherical
and cylindrical powers, SHS, and satisfaction score. SHS was measured with the validated Japanese
version of the SHS [19]. The scale is a four-item questionnaire of subjective happiness where each item
requires patients to rate the statements on a seven-point Likert scale. Question and answers were:
1. “In general, I consider myself, (not a very happy person) 1-2-3-4-5-6-7 (a very happy person)”;
2. “Compared with most of my peers, I consider myself, (less happy) 1-2-3-4-5-6-7 (more happy)”;
3. “Some people are generally very happy. They enjoy life regardless of what is going on, getting the
most out of everything. To what extent does this characterization describe you? (not at all) 1-2-3-4-5-6-7
(a great deal)”; 4. “Some people are generally not very happy. Although they are not depressed,
they never seem as happy as they might be. To what extent does this characterization describe you?
(not at all) 1-2-3-4-5-6-7 (a great deal)”. The overall SHS score was calculated by taking the mean of
the responses of the four items after a rescaling was carried out for question 4. The possible scores
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ranged from one to seven and higher values corresponded to higher subjective happiness. A one-item
questionnaire rated on a four-point Likert scale ranging from 1 (very satisfied), 2 (satisfied), 3 (less
satisfied), to 4 (least satisfied) was used to measure patient satisfaction with surgery. A lower score
indicated a higher level of satisfaction. Satisfaction score has been used in many studies with a Likert
scale, visual analogue scale (VAS), and specific questions. For example, participants answered how
strongly they agreed with the statement “I would recommend my current method of vision correction
to a close friend or family members” for comparison of satisfaction between LASIK and contact lens
prescription [22]. The SHS and satisfaction questionnaires were routinely employed for all patients
scheduled for refractive surgery to aid in decision-making and we offered it at every visit before
and after LASIK in our practice. However, some patients refused to complete the questionnaire,
and sometimes appointments were cancelled after LASIK.

2.4. Statistical Analysis

The data obtained from the right eyes were used for all statistical analyses. Visual acuity was
converted to the logarithm of the minimum angle of resolution (logMAR). Differences between the
preoperative and postoperative SHS scores and satisfaction scores were tested using the Dunnett
multiple comparison test. We then performed a multiple regression analysis to assess factors affecting
SHS and patient satisfaction with LASIK surgery. Finally, we conducted a multiple regression
analysis to investigate predictors of postoperative SHS, delta SHS (final SHS—SHS at one month),
and possible predictors of satisfaction scores (SHS and satisfaction score at each visit, UDVA and UNVA
at each visit, near add power, presence of anisometropia at one month after LASIK, sex, and age).
Patients were stratified by age: <40 years of age (y) as the younger group, and ≥40 y as the older group.
Anisometropia after LASIK was defined as anisometropia ≥ 0.75 D and/or UDVA in under-corrected
(anisometropia ≥ 0.50 D) eye < 20/20. p-value < 0.05 was considered significant. All statistical analyses
were performed using SPSS version 24 for Windows (SPSS Inc., Chicago, IL, USA).

3. Results

There were 472 participants (175 men, 37.1%) and mean age was 34.5 ± 9.7 y. Postoperative
UDVA and refraction were stable up to six months (Table 1). Postoperative UDVA of ≥20/20 was
achieved in 90.7% of participants, and a refractive error ≤ 0.5 D was achieved in 92.7% of participants.
The number of returning participants was 331 at one month, 175 at three months, 123 at six months,
and 34 at 12 months; therefore, we used data at 12 months for the results at final visit. The mean
SHS of all participants increased one month after surgery († p = 0.002, vs. baseline, Dunnett test)
and thereafter decreased to values similar to baseline at three months (p = 0.999) and at six months
(p = 0.999), whereas satisfaction was unchanged at three and six months (Table 1, Figure 1).

Table 1. Ophthalmological and psychometric results.

Time after LASIK

Baseline 1 m 3 m 6 m

Subjective Happiness Scale 5.20 ± 0.94 5.35 ± 0.94 (0.002) 5.30 ± 0.97 (0.999) 5.16 ± 1.01 (0.999)

Satisfaction 1.58 ± 0.66 1.57 ± 0.71 (0.999) 1.47 ± 0.62 (0.999)

Uncorrected Distance Visual
Acuity 1.14 ± 0.31 −0.09 ± 0.15 −0.09 ± 0.15 −0.10 ± 0.13

Spherical equivalent (D) −4.96 ± 2.32 0.02 ± 0.41 −0.03 ± 0.40 −0.06 ± 0.39

Cylindrical error (D) 0.84 ± 0.75 0.12 ± 0.29 0.11 ± 0.26 0.11 ± 0.27

p-value of multiple comparison in parentheses (Dunnett test vs. baseline for subjective happiness scale and vs.
1 month for satisfaction). Abbreviations: D, diopter; m, month(s).
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Figure 1. Subjective happiness score (left) and satisfaction scores (right) in patients stratified by age.
(Left) Mean Subjective Happiness Score (SHS) of all participants (blue symbol) peaked at one month
after surgery († p = 0.002, vs. baseline), but then decreased at three months (p = 0.999) and returned
to baseline at six months (p = 0.999). SHS was greater in the older group (grey symbol) compared
with the younger group (red symbol) at baseline (* p = 0.005) and at one month (* p < 0.001), but were
similar at three months (p = 0.155) and at six months (p = 0.103). (Right) Mean satisfaction score of all
participants (blue symbol) improved slightly but did not reach statistical significance. Satisfaction score
was significantly worse in the older group (grey symbol) than the younger group (red symbol) at one
month (* p = 0.003), at three months (* p = 0.017), but not at six months (p = 0.128).

Participants were next stratified by age according to a previous study [8]—342 patients were in the
younger group (<40 y) and 130 in the older group (≥40 y). The number of patients in younger/older
groups were 342/130 at baseline, 235/91 at one month, 119/54 at three months, and 94/23 at six months.
The mean age of the younger/older groups was 29.7 ± 5.8 y/47.3 ± 5.4 y, and the preoperative refraction
of the younger/older groups was −5.44 ± 2.41 D/−4.46 ± 2.91 D (p < 0.001). There was no difference in
postoperative refraction and UDVA. The SHS scores of the older group were much greater than the
younger group at baseline (* p = 0.005, unpaired t-test) and at one month (* p < 0.001), but decreased at
three and six months, with no difference between the two groups, (p = 0.155 and p = 0.103, respectively).
There was no significant change in SHS scores in the younger group (Figure 1). Satisfaction score
was worse in the older group than the younger group at one (p = 0.003) and three months (p = 0.017),
but not at six months (p = 0.128; Figure 1).

Multiple regression analysis revealed that the delta SHS ((SHS at final visit) − (SHS at 1 month))
correlated with SHS at one month (p = 0.018), preoperative SHS (p = 0.029), postoperative UDVA
(p = 0.021), and age (p = 0.041; Table 2). Satisfaction with surgery at six months correlated with
age (p = 0.047), preoperative SHS (p = 0.022), SHS at six months (p = 0.001), satisfaction at one
month (p < 0.001), UDVA at six months (p < 0.001), and presence of isometropia (p = 0.020; Table 3).
Preoperative and postoperative UNVA were not correlated with SHS or satisfaction scores.

Participants were next stratified by isometropia (n = 413, mean age 33.7 ± 9.5 y) and anisometropia
(n = 60, mean age 40.3 ± 9.4 y). The mean anisometropia of the anisometropia group at final visit was
1.13 ± 0.53D in the monovision group and 0.58 ± 0.44 in the other anisometropia group (p = 0.367,
unpaired t-test). The final satisfaction score of the isometropia/anisometropia group was one for
243 (59.7%)/15 (25.9%), two for 133 (32.7%)/27 (46.6%), three for 20 (4.9%)/12 (20.7%), and four for
1 (0.2%)/4 (6.9%; p < 0.001, Mann–Whitney U test; Figure 2). Satisfaction in the isometropic group
was greater than in the anisometropic group at one month (p = 0.002, unpaired t-test), three months
(p < 0.001), and six months (p < 0.001), whereas the SHS was similar between the two groups (Table 4).
The final satisfaction score was 1.39 ± 0.58 in the younger isometropic group, 1.96 ± 0.92 in the
younger anisometropic group, 1.79 ± 0.75 in the older isometropic group, and 2.19 ± 0.82 in the
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older anisometropic group (Figure 3). Among younger patients, there was a significant difference
in satisfaction between isometropic and anisometropic groups (p = 0.002, Mann-Whitney U test,
Bonferroni correction), but not among older patients (p = 0.098). SHS and satisfaction with surgery
was similar between participants with monovision and anisometropia (Table 4).

Table 2. The results of linear and multiple regression analyses on factors associated with postoperative
subjective happiness (SHS).

Time after LASIK

1 m 3 m 6 m DeltaSHS A

Independent Variables β P β P β P β P

Age
0.123 0.026 0.024 0.750 0.008 0.929 −0.166 0.051

0.124 0.024 * 0.020 0.791 0.017 0.847 −0.176 0.041 *

Sex
−0.043 0.437 0.071 0.349 −0.125 0.178 0.041 0.629

−0.047 0.391 0.070 0.359 −0.126 0.176 0.068 0.427

Preoperative SHS
0.749 <0.001 * 0.795 <0.001 * 0.460 <0.001 * −0.217 0.010 *

0.751 <0.001 * 0.706 <0.001 * 0.477 <0.001 * −0.188 0.029 *

SHS at 1 m
− − 0.795 <0.001 * 0.555 <0.001 * −0.209 0.014 *

− − 0.771 <0.001 * 0.562 <0.001 * −0.199 0.018 *

Satisfaction
−0.200 <0.001 * −0.087 0.278 −0.234 0.011 −0.093 0.277

−0.249 <0.001 * −0.104 0.198 −0.242 0.001 * 0.032 0.722

Preoperative UDVA
−0.018 0.745 −0.188 0.013 * 0.104 0.264 0.067 0.428

0.012 0.825 −0.196 0.010 * 0.119 0.208 0.031 0.714

Postoperative UDVA
−0.078 0.156 0.999 0.996 −0.121 0.191 −0.032 0.702

−0.159 0.008 * 0.001 0.989 −0.142 0.141 −0.195 0.021 *

Preoperative UNVA
−0.059 0.292 0.100 0.193 −0.109 0.249 −0.092 0.289

0.060 0.278 −0.118 0.128 0.085 0.380 0.029 0.741

Postoperative UNVA
−0.159 0.177 0.013 0.866 −0.241 0.266 0.197 0.242

0.300 0.092 −0.003 0.978 0.386 0.189 0.170 0.504

Near add power
−0.097 0.477 −0.318 0.055 −0.003 0.991 −0.298 0.189

−0.251 0.164 −0.394 0.106 −0.335 0.347 −0.322 0.229

Isometropia
0.005 0.928 0.004 0.957 −0.109 0.239 −0.013 0.876

0.028 0.607 0.006 0.936 −0.108 0.253 −0.044 0.606

Dependent variable: postoperative SHS at each visit. * p < 0.05. The results of linear regression, upper rows;
the results of multiple regression adjusted for age and sex, lower rows. men = 1, women = 0; isometropia = 1,
anisometropia = 0. Delta SHS A = (value at final visit) − (value at 1 month). m, month(s); UDVA, uncorrected
distance visual acuity; UNVA, uncorrected near visual acuity.

Table 3. The results of linear and multiple regression analyses on factors associated with satisfaction
with the surgery.

Time after LASIK

1 m 3 m 6 m

Independent Variables β P β P β P

Age
0.268 <0.001 * 0.305 <0.001 * 0.180 0.045

0.269 <0.001 * 0.304 <0.001 * 0.180 0.047 *

Sex
−0.017 0.746 0.045 0.551 0.023 0.794

−0.029 0.583 0.028 0.699 0.009 0.920

125



J. Clin. Med. 2020, 9, 3473

Table 3. Cont.

Time after LASIK

1 m 3 m 6 m

Independent Variables β P β P β P

Preoperative SHS
−0.160 0.003 * 0.026 0.726 −0.160 0.075

−0.208 <0.001 * −0.008 0.905 −0.209 0.022 *

SHS
−0.200 <0.001 * −0.083 0.278 −0.234 0.011

−0.234 <0.001 * −0.095 0.198 −0.239 0.001 *

Satisfaction at 1 m
− − 0.577 <0.001 * 0.451 <0.001 *

− − 0.555 <0.001 * 0.436 <0.001 *

Preoperative UDVA
−0.060 0.272 0.070 0.355 −0.059 0.524

−0.004 0.928 0.0817 0.263 −0.029 0.749

Postoperative UDVA
0.445 <0.001 * 0.403 <0.001 * 0.368 <0.001 *

0.409 <0.001 * 0.352 <0.001 * 0.350 <0.001 *

Preoperative UNVA
−0.062 0.259 −0.087 0.253 −0.005 0.956

0.078 0.146 0.027 0.708 0.047 0.611

Postoperative UNVA
−0.366 0.001 * −0.309 <0.001 * −0.175 0.402

−0.007 0.963 0.163 0.116 0.089 0.741

Near add power
0.192 0.158 0.101 0.549 −0.074 0.776

−0.044 0.786 0.012 0.960 −0.119 0.743

Isometropia
−0.171 0.001 * −0.284 <0.001 * −0.302 <0.001 *

−0.125 0.020 * −0.218 0.004 * −0.280 0.002 *

Dependent variable: satisfaction score at each visit. * p < 0.05. The results of linear regression, upper rows; the results
of multiple regression adjusted for age and sex, lower rows. men = 1, women = 0; isometropia = 1, anisometropia =
0. m, month(s); SHS, subjective happiness scale; UDVA, uncorrected distance visual acuity; UNVA, uncorrected
near visual acuity.

Figure 2. Distribution of final satisfaction score stratified by isometropia/anisometropia. Final satisfaction
scores were significantly poorer in the anisometropia group (p < 0.001, Mann-Whitney U test).
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Table 4. Subjective happiness scale and satisfaction in isometropic and anisometropic participants.

Time after LASIK

Subjective Happiness Scale Baseline 1 m 3 m 6 m

Isometropia 5.18 ± 0.95 5.35 ± 0.95 5.30 ± 0.96 5.12 ± 1.01

Anisometropia 5.37 ± 0.84 5.34 ± 0.80 5.29 ± 1.02 5.48 ± 0.98

p-value 0.140 0.928 0.957 0.239

Satisfaction score

Isometropia − 1.53 ± 0.62 1.49 ± 0.65 1.41 ± 0.54

Anisometropia − 1.89 ± 0.83 2.08 ± 0.84 2.00 ± 0.87

p-value − 0.002 * <0.001* <0.001 *

Subjective Happiness Baseline 1 m 3 m ** Final Visit

Monovision (n = 10) 5.44 ± 0.88 6.05 ± 0.89 − 5.54 ± 1.06

Other anisometropia (n = 50) 5.39 ± 0.87 5.28 ± 0.80 − 5.27 ± 0.91

p-value 0.870 0.128 − 0.426

Satisfaction

Monovision 1.80 ± 1.30 − 2.08 ± 0.90

Other anisometropia 1.91 ± 0.76 − 2.09 ± 0.86

p-value 0.863 − 0.990

* p < 0.05, Unpaired t-test. The numbers of subjects are final visit. ** No analysis due to small sample size.
m, month(s).

Figure 3. Satisfaction score stratified by anisometropia. The final satisfaction scores of the younger
anisometropic group was poorer than the score of the younger isometropic group (* p = 0.002),
whereas there was no difference between the older groups. Blue, younger anisotropic group; red, older
anisometropic group; grey, younger isometropic group; yellow, older isometropic group.

4. Discussion

The present study successfully identified a subjective happiness increase at one month after LASIK
using a validated questionnaire and then a subsequent decrease; this satisfaction remained stable after
LASIK. Both psychometric parameters were age- and UDVA-dependent, and, in particular, satisfaction
was poorer in participants with anisometropia. Multiple regression analysis revealed that the delta
SHS correlated with age, preoperative SHS, satisfaction and UDVA, being consistent with a previous
study for SHS at one month [8]. The current study indicates that patients with a greater improvement
in SHS tended to regress to baseline, despite constant satisfaction. SHS and satisfaction were not
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correlated with UNVA, and this result confirmed that even older patients exclusively expected LASIK
to be more useful for UDVA than UNVA.

We speculate that most of the younger patients without presbyopia fully enjoyed the benefits of
improved UDVA and spectacle independence. In contrast, some of the older patients with decreased
UNVA may struggle to adapt and accept the visual compromises inherent in presbyopia. This group
also eventually need driving glasses and daily glasses, even after successful surgery due to declining
visual function with age [27–37]. Older patients may also experience response shifts [20]; their SHS
score was greater than that of the younger group at baseline, initially increasing, but then continuously
decreasing until there was no difference with the younger group. Lensectomy with implantation
of multifocal intraocular lens is sometimes a suitable option for the elderly with high myopia with
early cataract [21]. Aged eyes may suffer dry eye symptoms, which is more prevalent in older
populations [38,39], and a common pathology of decreased visual function with increased aberration
and increased scattering originally induced by tear film instability on the ocular surface [40,41]. Dry eye
symptoms may be newly developed after LASIK [42], and the loss of corneal innervation caused by flap
making has been suggested as the major cause, affecting the corneal-lacrimal gland, corneal-blinking,
and blinking meibomian gland reflexes, resulting in decreased aqueous and lipid tear secretion and
mucin expression. Dry eye measurements, including the Schirmer test, conjunctivocorneal staining,
tear film break-up time, as well as dry eye symptoms, should be evaluated in future studies.

Post-LASIK anisometropia can be classified as monovision and other anisometropia. Monovision is
a planned anisometropia in which the dominant eye is corrected for distant vision, and the nondominant
eye is corrected for near vision. Even after simulation with contact lenses, the acceptance by patients
is unpredictable. The present study revealed satisfaction was poorer in anisometropic patients,
even in cases of monovision, whereas SHS was similar in anisometropic and isometropic groups.
We speculate that anisometropic patients may be happier with improved UDVA, and simultaneously
disappointed by fixational instability and insufficient binocular vision. In particular, younger patients
with anisometropia were dissatisfied at final visit compared with younger isometropic patients who
may be sensitive to anisometropia or insufficient UDVA due to under- or overcorrection [31,43].

This study had several limitations. A questionnaire for reporting detailed QOL would be more
helpful to assess participants’ happiness and satisfaction, as with the Refractive Status and Visual Profile
(RSVF) [37], SF-36(MOS 36-Item Short-Form Health Survey) [44], and VFQ-25 (NEI Visual Function
Questionnaire-25) [45], for example. Future studies would also benefit from including questionnaires
for quality of life related to daily vision (such as night vision, vision for driving, vision for reading)
to more comprehensively assess subjective happiness and satisfaction. Presbyopic examinations and
dry eye examinations should be conducted for further evaluation of visual function in aged eyes.
Finally, happiness should be linked to lifestyle-related parameters, and could be further confirmed with
integrated regression analyses. A prospective study with a longer observation period is warranted to
minimize drop-out cases and achieve more conclusive results for SHS after LASIK.

5. Conclusions

SHS was maximal one month after LASIK and thereafter regressed to baseline at three months.
Satisfaction was stable between 1 and 12 months after LASIK. Both parameters were age- and
UDVA-dependent, and younger anisometropic patients reported poorer satisfaction scores at their
final visit. As is conventionally addressed, surgeons should be careful of indication and explanation
for older patients. Special attention should be paid to postoperative younger anisometropic patients.
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Abstract: Background: To evaluate the precision and accuracy of objective refraction measurement
obtained with combinations of instrument design and technique. We also compared the performance
of the instruments with subjective refraction measurements. Method and analysis: The objective
refraction was measured in 71 subjects with three autorefractometers that have different designs
and measurement principles (binocular with fogging, binocular without fogging, and monocular
with fogging). Repeatability and reproducibility metrics were calculated for the objective refraction
measurements. The agreement of the objective refraction measurements between the three instruments
and the agreement with the subjective refraction measurements were evaluated. Results: All three
autorefractometers had repeatability and reproducibility limits smaller than 0.70D. The smallest
difference (0.10D) in the spherical equivalent was seen between the two binocular instruments.
Compared with the subjective refraction, the binocular without fogging technique had the smallest
mean difference in spherical equivalent (<0.20D) whereas the binocular fogging technique had the
smallest limit of agreement interval (1.00D). For all comparisons, the mean difference and limit of
agreement interval for the cylindrical components were lower than 0.10D and 0.75D, respectively.
Conclusion: All three instruments evaluated had good repeatability and reproducibility. The binocular
fogging technique provided the best agreement with subjective refraction.

Keywords: refraction; fogging; monocular/binocular view; precision

1. Introduction

Autorefractometers provide fast and accurate starting points for subjective refraction and are
extensively used in both clinical practice and research. Refraction without the use of cycloplegic
agents to paralyze the ciliary muscles is known to show higher myopic values [1–4]. From the age of
20 years, this effect was not seen and hence cycloplegic refraction is suggested to be of less clinical
relevance [4,5]. There are different autorefractors available, each varying in measurement principle and
optical design. Depending on the autorefractometer used, the objective refraction measurements can
be performed either with or without fogging, monocular or binocular, through the central or the whole
pupil, and with or without open-field viewing. The results of objective refraction measurements vary
among autorefractors, and those differences are in most cases clinically significant [6–8]. This could be
explained due to the measurement principle and design of each.

As new autorefractometers are developed, the reliability of such instruments needs to be assessed.
This is done by comparing the objective refraction values obtained from the new instruments with
the standard subjective refraction [9]. The subjective refraction is the gold standard method to
determine the optical correction needed, as this takes into account both the optical and neural factors.
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The differences between the objective and subjective refraction values can be due to the instrument
design and its measuring principle. For example, proximal myopia can be induced in closed-field
autorefractometers [10], and when the built-in fogging system is not used more myopic values can be
obtained [5,11].

With continuous development in the measurement principles and designs in the new autorefractors,
it is important to assess which combinations provide the most accurate objective refraction values.
In the present study, we evaluated the precision and agreement of three autorefractometers that have
different measurement principles (monocular/binocular and fogging/no fogging). We also compared
the performance of these three instruments with subjective refraction.

2. Methods and Materials

2.1. Subjects

A total of 71 healthy participants (15 men and 56 women; mean age of 26.6 ± 4.6 years, range 19–40
years) were included in this study. Data from only the right eye per participant were analyzed in order
not to artificially reduce the confidence interval around the limits of agreement [12]. This study was
approved by the Regional Ethical Committee and adhered to the tenets of the Declaration of Helsinki.
The informed consent was obtained from each participant after explaining the purpose, nature, and
possible consequences of the study.

The inclusion criteria to participate in this study were no ocular dysfunctions that could affect the
refraction, no history of ocular disease or refractive surgery procedure, best corrected visual acuity
(BCVA) of 0.0 logMAR or better, intraocular pressure below 21 mmHg, no pregnancy or lactation, and
no use of any systemic or ocular medication that could have any impact on the refraction.

2.2. Instrumentation

Three different autorefractometers were used in this study: the NVision-K 5001 (Shin-Nippon,
Japan), the Eye Refract (Visionix, France), and the WaveAnalyzer 700 (Essilor, France). These
instruments, that have different designs and measurement principles, were used to measure the
objective refraction of each participant. The main differences among the autorefractometers are
summarized in Table 1.

Table 1. Summary of the main differences among the autorefractometers.

Characteristics Eye Refract NVision-K 5001 WaveAnalyzer 700

Measurement principle Wavefront Retinal image size Wavefront
Open/Binocular view Yes Yes No

Simultaneous binocular measurement Yes No No
Fogging Yes No Yes

Acronym used in the text B+ F+ B+ F− B− F+

B+ F+: binocular with fogging. B+ F-: binocular without fogging. B− F+: monocular with fogging.

The Eye Refract is a binocular refractor that measures the objective refraction simultaneously on
both eyes and provides a semi-open-field view. This instrument combines a digital phoropter with a
dual Hartman-Shack sensor and uses fogging while measuring the objective refraction. The Eye Refract
has been reported to provide similar refraction and BCVA than a conventional subjective refraction [13].
In this study, the participants were instructed to look at a fixation target displayed on a digital screen
at 4.5 m from the instrument.

The NVision-K 5001 is an open-field autorefractor in which the objective refraction is measured
monocularly without fogging. This instrument has been reported to provide repeatable [14] and
accurate [15] measurements of the refractive error. During the measurement, the participants fixated
binocularly to a Maltese Cross placed at 4 m from the instrument.
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The WaveAnalyzer 700 combines a Hartmann-Shack sensor, a Scheimpflug camera, and a Placido
disc ring to measure objective refraction and anterior segment parameters. This is a closed-field
autorefractometer that measures the objective refraction monocularly with fogging technique.

2.3. Measurements

All the objective refraction measurements were performed by a single experienced examiner.
In total, three objective measurements were performed with each instrument on each participant.
The measurements were performed on two consecutive days. On the first day, two measurements were
performed in succession with each instrument under repeatability conditions. These measurements
were used to calculate the repeatability metrics and assess the agreement among the autorefractometers.
On the next day, a third measurement was performed between 23 and 25 h after the last measurement
of the previous day. This measurement was used together with the first measurement from day 1
to calculate the reproducibility metrics. On both days, the instrument order was randomized for all
participants, and the room illumination was the same.

Another experienced observer measured the subjective refraction on a different day in a subgroup
of 40 participants (8 men and 32 women; mean age of 26.3 ± 4.7 years) that were chosen randomly from
the study population. The objective refraction measured from the WaveAnalyzer 700 was used as a
starting value for the subjective refraction. The subjective refraction was performed with conventional
fogging method with the aim of finding the maximum positive/minimum negative spherical value
that gives the maximum visual acuity. The cylinder was refined using the Jackson Cross cylinder
technique. From the binocular refraction performed, only the values from the right eyes were included
in the analysis.

2.4. Statistical Analysis

The objective and subjective refractions were measured using the spherocylindrical notation, and
were converted into power-vector notation for analysis purposes, using the following Equations [16]:

M = S +
C
2

J0 = −C
2
· cos 2·α

J45 = −C
2
· sin 2·α

In these equations, M represents the spherical equivalent, J0 and J45 represent the cylindrical
vectors, S, C, and α represent the spherical power, the negative value of the cylindrical power, and the
cylinder axis, respectively. All statistical calculations were done using the M, J0, and J45.

Descriptive statistics were used to summarize the baseline demographics of the results obtained
from each measurement and autorefractor. The precision of each instrument was described in terms
of repeatability and reproducibility metrics. For this, the within subject standard deviation (Sw)
was calculated using the respective measurements for repeatability and reproducibility. The Sw was
estimated from the square root of the residual mean square from the one-way analysis of variance
(ANOVA) with the subjects as a factor [12]. The repeatability and reproducibility limits were then
calculated as 1.96· √2·Sw and represent the expected limits that 95% of the measurements should
be within. The Pearson correlation coefficient was calculated to determine the relation between the
precision of the measurements and M.

A Bland-Altman analysis for repeated measurements was used to assess the agreement among
the instruments [17]. The 95% limits of agreement were also calculated. The agreement between the
subjective and objective refraction was assessed using a Bland-Altman for non-repeated measurements.
An ANOVA was also performed to find whether the differences among the autorefractometers and
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subjective refraction were statistically significant. In all cases, the statistical significance limit was set
to a p-value < 0.05.

3. Results

3.1. Precision

The refractive outcomes obtained with each measurement and autorefractor are summarized in
Table 2. On average, the differences among the three measurements taken with the same autorefractor
were smaller than 0.10D for M, J0, and J45. These differences were not statistically significant (p > 0.05)
for any of the components.

Table 2. Refractive values obtained with each autorefractor.

M J0 J45

Measurements 1 2 3 1 2 3 1 2 3

B+ F+ −1.30 ± 2.44 −1.31 ± 2.47 −1.26 ± 2.45 0.15 ± 0.36 0.16 ± 0.35 0.16 ± 0.36 −0.05 ± 0.19 −0.05 ± 0.20 −0.05 ± 0.18
B+ F- −1.20 ± 2.40 −1.21 ± 2.42 −1.14 ± 2.35 0.08 ± 0.34 0.09 ± 0.35 0.06 ± 0.35 −0.09 ± 0.17 −0.10 ± 0.18 −0.09 ± 0.16
B− F+ −1.44 ± 2.73 −1.45 ± 2.64 −1.38 ± 2.62 0.14 ± 0.37 0.15 ± 0.37 0.15 ± 0.36 −0.02 ± 0.20 −0.01 ± 0.21 −0.03 ± 0.21

The values represent average ±1 standard deviation. All values are expressed in dioptres. B+ F+: binocular with
fogging. B+ F−: binocular without fogging. B− F+: monocular with fogging. M: spherical equivalent. J0 and J45:
cylindrical vectorial components.

Figure 1 shows the repeatability and reproducibility limits of each autorefractor for the M
(Figure 1A), J0 (Figure 1B), and J45 (Figure 1C). For all the instruments, the repeatability limits were
smaller than the reproducibility limits for each vectorial component. However, the differences never
exceeded 0.07D for both fogging instruments. For the B− F+, the maximum difference between the
repeatability and reproducibility limits was 0.10D.

Figure 1. Repeatability and reproducibility limits of objective refraction measurement with the three
instruments. The repeatability and reproducibility limits were calculated as 1.96· √2·Sw where Sw is
the within subject standard deviation. (A) spherical equivalent, (B) cylindrical vector J0, (C) cylindrical
vectors J45. B+ F+: binocular instrument with fogging, B+ F−: binocular instrument without fogging,
and B− F+: monocular instrument with fogging.

The repeatability limits of all instruments for M (Figure 1A) were smaller than 0.65D and similar
among each other (differences smaller than 0.10D). For the astigmatic components (Figure 1B,C),
the repeatability limits of all the fogging instruments were smaller than 0.25D. The reproducibility
limits obtained for M were larger than or equal to 0.60D for the three instruments, and those values
were similar among them. For the cylindrical components, the non-fogging instrument showed the
largest value for both J0 and J45 (reproducibility limit larger than 0.25D).

Figure 2 shows the relation between the repeatability (Figure 2A–C) and reproducibility
(Figure 2D–F) of the measurements against the M for the three instruments. For B− F+ (Figure 2C,F),
the Sw for the reproducibility has a significant negative correlation to M (r = −0.36, p = 0.0023).
The other parameters did not show a significant correlation to M.
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Figure 2. Correlation between spherical equivalent and within subject standard deviation for
repeatability (A–C) and reproducibility (D,E) for each instrument. The results for the binocular
instrument with fogging are shown in (A,D), for the binocular instrument without fogging are shown
in (B,E), and for the monocular instrument with fogging are shown in (C,F).

3.2. Agreement among Autorefractors

Figure 3A summarizes the agreement values between the autorefractors. In this figure, the symbols
and error bars represent the mean difference and 95% limits of agreement, respectively. On average,
the smallest (0.10D) and largest (0.25D) difference in M was seen between the two binocular instruments,
and between B+ F− and B− F+, respectively. The limit of agreement interval was about 2.00D for
each comparison.

Figure 3. Agreement between different refractive methods. (A) Agreement between the objective
refraction measurements. (B) Agreement between the subjective refraction and the objective refraction
measurement by each instrument. The filled symbols denote the mean difference and the error bars
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denote the 95% agreement limits. M, J0, and J45 represent the spherical equivalent and the two
cylindrical vectorial components. B+ F+: binocular instrument with fogging, B+ F−: binocular
instrument without fogging, and B− F+: binocular instrument with fogging. SR: subjective refraction.

The agreement among the autorefractors was similar for both J0 and J45. The mean difference and
limit of agreement interval were always lower than 0.10D and 0.75D, respectively. The lowest limit of
agreement interval was obtained between the two fogging instruments (about 0.35D), and that interval
was about 0.50 to 0.60D for the other two comparisons.

Figure 4A–C show the relationship between the differences and the mean M for the autorefractor
comparisons. The red line represents the quadratic polynomial curve fit of the data. The B+F+ showed
a “U” shaped curve with the other two autorefractors. Compared to B+ F+, B+ F− tends to provide
less myopic values for mean M between −7.00 D to +0.25 D. Whereas, B− F+ tends to provide more
myopic values in general. A trend was seen between the difference and mean M of the comparison of
B+F− and B−F+. The B−F+ showed more myopic values as the mean M becomes more myopic.

Figure 4. Relation between spherical equivalent and the mean difference among different refractive
methods. (A–C) Relation between the spherical equivalent and the mean difference of each instrument.
(A) Relation between the binocular instrument with fogging (B+ F+) and the binocular instrument
without fogging (B+ F−); (B) relation between the B+ F+ and the monocular instrument with fogging
(B− F+); (C) relation between the B+F− and B−F+. (D–F): relation between spherical equivalent and
the mean difference for the comparison between the subjective refraction and the objective refraction
measurement by each instrument. (D) relation between the subjective refraction (SR) and the B+ F+;
(E) relation between the SR and B+ F−; (F) relation between the SR and B− F+. For all figures, the open
circles denote the mean difference and the red lines represent the quadratic polynomial curve fit.

3.3. Agreement between the Subjective and Objective Refraction

Figure 3B summarizes the agreement values between the subjective and the objective refraction
measured with each autorefractor. In this figure, the symbols and error bars represent the mean
difference and limits of agreement, respectively. On average, the M was positive and lower than 0.50D
for each comparison between the subjective and objective refraction. The narrowest and widest limits
of agreement interval were about 1.00D (obtained for B+ F+) and 1.75D (obtained for B+ F−).

The agreement between the subjective and each objective refraction was similar for both J0 and
J45. For all comparisons, the mean difference and limit of agreement interval were lower than 0.10D
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and 0.75D, respectively. The narrowest limit of agreement interval was obtained for both B+F+ and B−
F+ (about 0.50D in both cases), and the widest interval was obtained for B+ F− (about 0.70D).

Figure 4D–F show the relationship between the differences and the mean M for all three
comparisons. The red line in each graph represents the quadratic polynomial curve fit of the
data. There is no trend seen for the comparison of subjective refraction with the B+ F+. The B+
F− and B− F+ showed a “U” shaped curve. For the comparison of the subjective refraction and B+
F−, the former provided more myopic values for the mean M between −6.00D and −1.00D. For the
comparison of the subjective refraction and B− F+, the entire curve was above zero difference line
(dashed line), and the least difference was seen at −2.50D mean M.

4. Discussion

We evaluated the precision and agreement of three autorefractometers and compared their
performance with the subjective refraction. This was done in order to find the measurement principle
and technique (monocular/binocular and fogging/no fogging) that provides the best objective refraction
values. All three autorefractometers evaluated had good repeatability and reproducibility parameters.
Comparing the objective refraction measurements, the mean difference in M was lower than 0.25D
among all the instruments. Compared to the subjective refraction, the limit of agreement intervals
were lower than 1.75D for all instruments.

Our precision results showed good repeatability and reproducibility outcomes, and the limits
never exceeded 0.70D for M and 0.40D for the cylindrical components. The autorefractometers available
for clinical use have been shown to have good repeatability and reproducibility for measuring the
objective refraction [7,14,18–20]. With the introduction of new instruments, the intra- and inter-session
precision needs to be evaluated, although the objective refraction measurements are automated and
are seldom influenced by the examiner. There are other factors like patient’s accommodation that
can influence the measurements. These could the reason why the precision parameters are worse
for M than for the cylindrical components. The repeatability limits were slightly better than the
reproducibility limits for all three components measured with each autorefractometer. This could also
be due to subject factors such as accommodation and fixation.

The relation between the repeatability and reproducibility of the measurements against M for
each autorefractometer (Figure 2) was weak for all instruments, although the correlation for B−F+
was significant (r = −0.36). These results show that the repeatability and reproducibility of these
autorefractometers do not depend on the patient’s refractive error. We calculated the measurement
tolerance, MT (MT = (1.96 · Sw)/

√
N) for N number of measurements [21,22]. For 1, 2, and 3 number of

measurements, the MT for M is 0.44D, 0.31D, and 0.25D for measurements taken under repeatability
conditions, and 0.49D, 0.34D, and 0.28D for measurements taken under reproducibility conditions.
In all cases, one measurement is enough to ensure a MT less than 0.50D.

Comparing the objective refraction measurements among the three different instruments, we found
that the limit of agreement interval was about 2.00D. This interval is considerably large clinically and
thus these instruments cannot be used interchangeably. Many of the previous studies have also shown
similar large limits of agreement intervals [7,10,23,24]. The difference in the objective refraction values
obtained with different autorefractometers are suggested to be caused by the fixation target, viewing
conditions, fogging system, and wavefront sensors for measurements [23,24].

Comparing the two binocular vision systems used in the present study, the open-view instrument
(B+ F−) provided less myopic values than the semi-open-view instrument (B+ F+). Similarly, the B+
F− provided less myopic values than the B− F+ instrument. Though the fogging system is shown to
provide less myopic values [5,11], the open/closed view also seem to impact the measurement accuracy.
This might be different while measuring in children where accommodation plays a major role [1,4,5].
Comparing the two fogging instruments, the monocular instrument provided more myopic values in
general, highlighting the importance of binocular view.
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In order to assess the clinical accuracy of the objective refraction measurements, we have to
compare it with the subjective refraction. Our results show that on average, the M from all three
autorefractometers provide more myopic values than subjective refraction, and the limits of agreement
interval was lower than 1.75D. Similar limits of agreement intervals were reported in previous literature
using different autorefractometers [13,14,25,26]. Based on the relationship between the differences and
the mean M for all three comparisons (Figure 4D–F), the open-view instrument (B+ F−) measured
less myopic values compared to the subjective refraction in a range of mean M between −6.00D and
−1.00D. This instrument also provided a mean difference close to zero for M (Figure 3B). The other two
instruments provided more myopic values in general compared to the subjective refraction.

This also supports the importance of binocular open-view instruments for the measurement of
objective refraction. It is essential to know the instrument with the best precision and accuracy in
order to optimize the time spent during the subjective refraction, especially in situations where only
objective refraction measurements are used and in longitudinal measurements.

The findings from this study cannot be applicable for children since it is known that the
accommodation plays a major role in the accuracy of refraction measurements. Our study population
had fewer hyperopic subjects and the accuracy in such a case might also be affected due to
accommodation in non-presbyopic subjects.

In conclusion, all three autorefractometers had good repeatability and reproducibility parameters.
The binocular instruments were more comparable to subjective refraction and the binocular fogging
technique had the best agreement.
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Abstract: This prospective case series aimed to investigate the contrast sensitivity function
before and after lacrimal passage intubation (LPI) in eyes with epiphora due to lacrimal passage
obstruction. We included 58 eyes of 51 patients who underwent LPI for lacrimal passage obstruction.
The best-corrected visual acuity (BCVA), contrast sensitivity function, and lower tear meniscus
were compared before LPI and one month after lacrimal duct stent removal. The area under the
log contrast sensitivity function (AULCSF) was calculated for the analyses. Lower tear meniscus
was assessed using anterior segment optical coherence tomography. The BCVA was comparable
(p = 0.61) before and after LPI, while AULCSF increased significantly after treatment (before LPI:
1.29 ± 0.17, after LPI: 1.37 ± 0.14, p < 0.0001). Treatment resulted in a significant increase in contrast
sensitivity at all spatial frequencies, 3–18 cycles/degree (p < 0.01 for 3, p < 0.01 for 6, p < 0.0005 for
12, p < 0.05 for 18 cycles/degree). The lower tear meniscus parameters improved significantly after
treatment (p < 0.005); however, no correlation between the changes in the tear meniscus and those
of the AULCSF was found. The contrast sensitivity significantly improved after LPI in eyes with
epiphora due to lacrimal passage obstruction.

Keywords: contrast sensitivity function; epiphora; lacrimalpassageobstruction; lacrimalpassage intubation

1. Introduction

Patients with epiphora owing to lacrimal passage obstruction often complain of physical discomfort,
such as unwilling tearing, skin eczema, and vision-related discomfort. Although visual acuity is
maintained, it is reported that contrast sensitivity function [1], optical quality [2], and quality of life
(QoL) are compromised in eyes with epiphora owing to lacrimal passage obstruction [3–5].

Lacrimal passage intubation (LPI) is a well-established and effective method used for treating
lacrimal passage obstruction to recanalize and recover the patency of lacrimal passage; this method has
been employed as an alternative to dacryocystorhinostomy [6–12]. Moreover, dacryoendoscope and
dacryoendoscopic techniques, which have recently been developed, have allowed for the improvement
of the success rate and safety of LPI by facilitating direct visualization [13–17].

Although patients often experience an improvement in the quality of their vision, it is unknown
whether the deteriorated contrast sensitivity function of eyes with epiphora owing to nasolacrimal
passage obstruction recovers after LPI. It is important to assess the effect of LPI on contrast sensitivity,
as contrast sensitivity is widely used for the clinical assessment of quality of vision in various diseases.
As a fall in contrast sensitivity affects the quality of vision, this may be an indication for LPI in patients
with epiphora due to lacrimal passage obstruction. This study aimed to investigate contrast sensitivity
function in eyes with epiphora owing to lacrimal passage obstruction before and after LPI using
different methods.
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2. Experimental Section

This study was a single-institutional prospective case series that was approved by the Institutional
Review Board of University of Tsukuba Hospital (H27-153) and adhered to the tenets of the Declaration
of Helsinki. After the nature and possible consequences of the study were explained in detail, informed
consent was obtained from all patients.

2.1. Patient Population

Patients with lacrimal passage obstruction who received LPI between November 2015 and July
2019 at the University of Tsukuba Hospital and had a distance best-corrected visual acuity (BCVA) of
20/20 or better, as determined by Snellen testing, were considered for enrollment. The inclusion criteria
were the presence of symptoms of epiphora and at least one of the following dacryoendoscopic findings:
nasolacrimal duct obstruction (NLDO), canalicular obstruction, or punctal obstruction. The exclusion
criteria were congenital lacrimal duct obstruction, acute dacryocystitis, and a history of ocular surface
surgery. Patients with cortical cataract formation in the central lens, intraocular lens only in one eye,
other ocular diseases, or a history of treatment that might affect contrast sensitivity were excluded.
In total, 58 eyes of 51 patients (men: 17, women: 34; mean age: 62.3 ± 9.6 years; range: 37–80 years)
with lacrimal passage obstruction participated in our study. Table 1 categorizes the type of obstruction
diagnosed in all our participants. Thirty-two eyes showed NLDO alone, and 26 eyes showed the
involvement of proximal obstruction, i.e., punctal and/or canalicular obstruction with/without NLDO.
Of 32 eyes with NLDO alone, 14 had complete NLDO and the remaining 18 had partial obstruction.
Of 26 eyes with proximal obstruction, five had complete NLDO, nine had proximal NLDO, and the
remaining 12 were without NLDO.

Table 1. Type of obstruction as determined using dacryoendoscopy.

Underlying Disease Eyes (N)

Nasolacrimal duct obstruction only 32
Proximal involved 26

Common canalicular obstruction combined with nasolacrimal duct obstruction 14
Common canalicular obstruction 10

Upper and/or lower punctal obstruction 2

2.2. Surgical Technique and Postoperative Follow-Up

All surgeries were performed by three surgeons (TH, SH, KT). The surgical procedure of LPI
performed in the current study was a combination of sheath-guided endoscopic probing (SEP)
and sheath-guided intubation (SGI). This technique enables surgeons to perform lacrimal passage
reconstruction under dacryoendoscopic guidance without blind manipulation [16,17]. The lacrimal
passage anesthesia protocol involved an infratrochlear nerve block with 1% lidocaine and canalicular
system irrigation with a 4% lidocaine solution, followed by the dilation of both puncta. Prior to SEP,
a dacryoendoscope (LAC-06NZ-HS; MACHIDA Endoscope Co., Ltd., Chiba, Japan) was covered with
a sheath that was prepared with an 18-gauge plastic cannula (SurFlash Polyurethane IV Catheters;
Terumo Corporation, Tokyo, Japan). After a dacryoendoscope equipped with a sheath was inserted
into the punctum, SEP was performed by widening the blocked section. The outer diameter of the
dacryoendoscope was 0.9 mm (20 gauge). After the removal of the dacryoendoscope, the sheath
was temporarily retained in the lacrimal passage and used as a guide for tube insertion during
SGI. An 11-cm-long polyurethane Nunchaku-style lacrimal duct stent tube (LACRIFAST; KANEKA
Corporation, Tokyo, Japan) was connected with the sheath. By retrieving the sheath through the nasal
cavity, the surgeon was able to draw the lacrimal tube into the recanalized passage. The same steps
were repeated for the other punctum using a combination of SEP and SGI. During this operation,
the precise location of the lacrimal passage obstruction was recorded and utilized for diagnosing the
type of obstruction in each case.
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A lacrimal passage lavage with saline was performed every month postoperatively. The lacrimal
duct stent tube was removed 2 to 3 months postoperatively, which is similar to the periods in previous
reports [3,5,9,12]. In addition, a dacryoendoscopic investigation was performed to confirm whether
the obstructed lacrimal passage was successfully recanalized.

2.3. Examination Protocol

Assessment of lower tear meniscus using anterior segment optical coherence tomography (OCT)
and contrast sensitivity was performed preoperatively and 1 month after the removal of lacrimal duct
stent tube to avoid the possible effects of intubation-associated ductal inflammation on the meniscus
and visual function.

2.4. Assessment of Tear Meniscus

Cross-sectional images of the lower tear meniscus were captured vertically across the central
cornea using swept-source anterior segment optical coherence tomography (OCT; SS-1000, CASIA;
Tomey Corp., Nagoya, Japan). The OCT images were processed using in-built software. The principles,
technique, and reproducibility of evaluating tear meniscus using this device have been described
previously [18,19].

Lower tear meniscus height (TMH) and lower tear meniscus area (TMA) were calculated from the
cross-sectional OCT images of the lower tear meniscus. The measurement was performed 4–5 s after
blinking, with spontaneous eye opening.

2.5. Assessment of Contrast Sensitivity

The CSV-1000E chart (Vector Vision CO., Greenville, OH, USA) was used to measure contrast
sensitivity function. The test was performed monocularly when the pupils of the eyes were undilated,
and the testing distance was 2.5 m with best spectacle correction. Background illumination of the
translucent chart was provided using a fluorescent luminance source of the instrument and was
automatically calibrated to 85 cd/m2.

The CSV-1000E chart presents vertical sine-wave gratings at four spatial frequencies, i.e., 3, 6, 12,
and 18 cycles/degree; each spatial frequency has eight different levels of contrast. Each row consists
of eight pairs of circular patches and includes sine waves of a single spatial frequency. In each
pair, one patch presents a grating, and the other patch is blank. The patients were asked to identify
the patch with the grating, and the contrast level of the last correct response was defined as the
contrast threshold in logarithmic values for each frequency [20]. From these data, the area under
the log contrast sensitivity function (AULCSF) was calculated according to the method described by
Applegate et al. [21]. In brief, the AULCSF was determined as the integration of the fitted third-order
polynomials of the log contrast sensitivity units between the fixed limits of 0.48 (corresponding to
3 cycles/degree) and 1.26 (18 cycles/degree) on the log spatial frequency scale. This provides contrast
sensitivity data as one number and makes statistical analysis easier. The AULCSF calculated by
the average levels of contrast in each spatial frequency as described by the supplier (http://www.
vectorvision.com/educational-resources/) is 1.24 in people aged 50–75 years.

2.6. Statistical Analyses

Normally distributed data before and after LPI were compared using a paired t-test (two-tailed
test). Data that were not normally distributed were compared using the Wilcoxon signed-rank test.
Analysis of the correlation between the difference in tear meniscus dimension (TMH and TMA) and
the difference in quality of vision (BCVA and contrast sensitivity) before and after LPI were evaluated
using Pearson’s correlation coefficient.

The AULCSF was compared between eyes with only NLDO and those with the involvement of
proximal obstruction using an unpaired t-test (Student’s t-test).
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The p values of < 0.05 were considered statistically significant for all analyses. Statistical analyses
were performed using Statcel (add-in software for Microsoft Excel), version 4 (Microsoft Corp.,
Redmond, WA, USA).

3. Results

3.1. Comparison of Parameters before and after LPI

Table 2 shows the comparison of BCVA, AULCSF, TMH, and TMA before and after LPI. The BCVA
was comparable (p = 0.61) before and after surgery, while AULCSF increased significantly after surgery
(p < 0.0001). The lower tear meniscus parameters, TMH and TMA, decreased significantly after surgery
(p < 0.005).

Table 2. Comparison between measured parameters before and after lacrimal passage intubation.

Parameters Before LPI After LPI p Value

BCVA (logMAR) −0.10 ± 0.06
(−0.08, −0.18 to −0.08)

−0.10 ± 0.05
(−0.08, −0.18 to −0.08)

a 0.61

AULCSF 1.29 ± 0.17
(1.31, 1.17 to 1.44)

1.37 ± 0.14
(1.39, 1.28 to 1.49)

b <0.0001

Tear meniscus height (mm) 0.46 ± 0.20
(0.46, 0.31 to 0.58)

0.34 ± 0.11
(0.33, 0.24 to 0.42)

b <0.005

Tear meniscus area (mm2)
0.09 ± 0.07

(0.07, 0.04 to 0.11)
0.04 ± 0.03

(0.04, 0.03 to 0.06)
a <0.005

Data are presented as the mean ± standard deviation (median, interquartile range). The a p value, evaluated using
the Wilcoxon signed-rank test. The b p value, evaluated using a paired t-test. LPI, lacrimal passage obstruction;
BCVA, best-corrected visual acuity; AULCSF, area under the log contrast sensitivity function.

3.2. Comparison of Contrast Sensitivity at Four Specific Frequencies before and after LPI

Treatment resulted in significant increases in contrast sensitivity at all spatial frequencies from 3 to
18 cycles/degree (p < 0.01 for 3, p < 0.01 for 6, p < 0.0005 for 12, p < 0.05 for 18 cycles/degree; Figure 1).

Figure 1. Contrast sensitivity at four specific frequencies before and after lacrimal passage obstruction.
Treatment resulted in significant increases in contrast sensitivity at all spatial frequencies from 3 to
18 cycles/degree (p < 0.01 for 3 cycles/degree, p < 0.01 for 6 cycles/degree, p < 0.0005 for 12 cycles/degree,
p < 0.05 for 18 cycles/degree). Values are expressed as the mean ± standard deviation. * p < 0.05,
** p < 0.01, *** p < 0.0005

3.3. Correlations between Changes in Tear Meniscus and Changes in AULCSF

The changes in AULCSF did not correlate with the changes in TMH (r = 0.009, p = 0.95) or
TMA (r = 0.109, p = 0.41). The changes in log contrast sensitivity at each frequency were correlated
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with the changes in neither TMH (3 cycles/degree: r = −0.108, p = 0.41; 6 cycles/degree; r = 0.108,
p = 0.42; 12 cycles/degree; r = −0.014, p = 0.91, 18 cycles/degree; r = −0.001, p = 0.99) nor TMA
(3 cycles/degree: r = 0.026, p = 0.84; 6 cycles/degree: r = 0.082, p = 0.54; 12 cycles/degree: r = 0.114,
p = 0.39; 18 cycles/degree: r = 0.016, p = 0.91).

3.4. Changes and Comparison of AULCSF in Eyes with NLDO Only and Those with the Involvement of
Proximal Obstruction before and after LPI

Figure 2 shows changes in AULCSF in eyes with NLDO only and those with the involvement of
proximal obstruction. The AULCSF significantly improved after LPI in both the groups (NLDO only
group: 1.26 ± 0.17 to 1.36 ± 0.16, p < 0.001; proximal involvement group: 1.33 ± 0.16 to 1.38 ± 0.13,
p < 0.05). Before LPI, there was a significant difference in AULCSF between the two groups (p < 0.05);
however, the difference became insignificant after LPI (p = 0.32).

Figure 2. Changes and comparison of AULCSF in eyes with NLDO only and those with the involvement
of proximal obstruction before and after LPI. The AULCSF improved significantly after LPI in both
groups (NLDO only group, p < 0.001; proximal involvement group, p < 0.05). Before LPI, there was a
significant difference in AULCSF between the two groups (p < 0.05); however, the difference became
insignificant after LPI (p = 0.32). Values are expressed as the mean ± standard deviation. LPI, lacrimal
passage obstruction; AULCSF, area under the log contrast sensitivity function; NLDO, nasolacrimal
duct obstruction. * p < 0.05, ** p < 0.001

There were no significant differences in TMH or TMA between the two groups before and after LPI
(TMH before LPI: p = 0.11, TMH after LPI: p = 0.24, TMA before LPI: p = 0.37, TMA after LPI: p = 0.22).

4. Discussion

Contrast sensitivity tests are more sensitive for investigating the quality of vision than are standard
visual acuity tests, which capture high spatial frequency channels well but do not necessarily predict
vision at middle and lower frequencies [22]. Therefore, contrast sensitivity tests are useful for evaluating
the quality of vision in eyes without or with slight decline in visual acuity. For example, dry eyes or eyes
that underwent LASIK intervention show deterioration of contrast sensitivity, while their visual acuity
remains unaffected [23,24]. In line with these findings, we previously reported a reduction in contrast
sensitivity in eyes with epiphora caused by lacrimal passage obstruction, in which conventional
visual acuity is maintained [1]. A contrast sensitivity test is also useful for evaluating the quality
of vision before and after treatment in various anterior segment disease of the eyes, such as dry
eye [25,26], ptosis and dermatochalasis [27], conjunctivochalasis [28], and cataract [29], as well as
posterior segment eye diseases such as retinal detachment [30], epiretinal membrane [31], and posterior
vitreous detachment [32], among others [33]. To the best of our knowledge, this is the first study to
report improvement in the contrast sensitivity of the eyes after LPI for epiphora owing to lacrimal
passage obstruction.
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Regarding dry eyes—another common disease characterized by abnormalities in the tear film on
the ocular surface—Koh et al. reported that AULCSF of dry eyes decreased to 1.24 ± 0.16, while that
of normal eyes was 1.35 ± 0.11 [23]. Asano et al. revealed that eye drop treatment with diquafosol
ophthalmic solution improves AULCSF from 1.26 ± 0.12 to 1.35 ± 0.14 in patients with SCL-related dry
eyes [34]. In our study, LPI improved AULCSF from 1.29 ± 0.16 to 1.37 ± 0.14, which was comparable
to the findings of the two above-mentioned reports, i.e., treatment for lacrimal passage obstruction
with treatment for dry eye brings the same level of improvement in contrast sensitivity.

In this study, we found that AULCSF before LPI was significantly worse in the NLDO only group
than in the proximal involvement group. When we performed lacrimal passage system irrigation,
reflux fluid often contained mucus and/or pus in the eyes with NLDO alone but not in those with
proximal involvement. Differences in the turbidity of tear meniscus between eyes with NLDO alone
and those with proximal involvement may affect the difference in contrast sensitivity. Hiraoka et al.
reported that increased light scattering after instillation of brinzolamide causes deterioration of contrast
sensitivity [35]. In patients with NLDO, it is possible that light scattering may increase because of
excessive retention of proteins in tear film that is not excreted into the nasal fossa, while this is less
common in the eyes with proximal involvement. In contrast, tear meniscus volume did not seem
to directly affect contrast sensitivity because there were no significant differences in TMH or TMA
between the NLDO only and proximal involvement groups. The AULCSF improved after LPI in both
the groups, and there was no difference in AULCSF between both groups after LPI. This may suggest
that LPI leads to normalization of tear content, resulting in the improvement of contrast sensitivity to
the same level in both cases. Although it is not volume-dependent, excessive tear meniscus volume
can lead to instability of the tear film on the corneal surface, which can affect contrast sensitivity in
eyes with lacrimal passage obstruction.

Improvement in AULCSF was not correlated with changes in tear meniscus parameters in this
study. Our previous study including unilateral lacrimal passage obstruction cases also revealed no
correlation between AULCSF and tear meniscus parameters [1]. Similarly, Koh et al. reported that tear
meniscus parameters were not correlated to the quality of vision or optical quality in patients with
epiphora owing to nasolacrimal passage obstruction [2]. From these results, tear meniscus volume does
not seem to affect visual quality in patients with lacrimal passage obstruction. One possible explanation
would be that the tear film varies and has different phases with blinking; therefore, the condition of tear
meniscus is not constant between OCT measurement of the tear meniscus and the visual quality tests.

This study had some limitations. Contrast sensitivity and the other parameters were not recorded
with the stent in place, since postoperative measurements were performed one month after removal
of the stent. As many patients are aware of improvement in their visual performance soon after LPI,
with the stent in place, contrast sensitivity and the other parameters should also be investigated at
that stage, to precisely describe the effect of LPI on vision. Another limitation was the rather short
follow-up period in the study. Patency decreases with follow-up, and long-term results of LPI are not
always satisfactory [7,36]. Recurrence of stenosis and obstruction of the lacrimal passage during longer
follow-up may affect the quality of vision. Further investigations are needed to clarify the long-term
effects of LPI on visual function including contrast sensitivity.

5. Conclusions

In conclusion, contrast sensitivity significantly improved after LPI in eyes with epiphora owing
to lacrimal passage obstruction. Contrast sensitivity measurement before and after LPI might aid in
our understanding of the effectiveness of treatment on the recovery of visual function in eyes that
underwent LPI.
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Abstract: Presbyopia is increasing globally due to aging and the widespread use of visual display
terminals. Presbyopia is a decrease in the eye’s amplitude of accommodation (AA) due to loss
of crystalline lens elasticity. AA differs widely among individuals. We aimed to determine the
factors that cause presbyopia, other than advanced age, for early medical intervention. We examined
95 eyes of 95 healthy volunteers (33 men, 62 women) aged 22–62 years (mean: 37.22 ± 9.77 years)
with a corrected visual acuity of ≥1.0 and without other eye afflictions except ametropia. Subjective
refraction, AA, maximum and minimum pupillary diameters during accommodation, axial length
of the eye, and crystalline lens thickness were measured. AA was measured using an auto
refractometer/keratometer/tonometer/pachymeter. The difference between maximum and minimum
pupillary diameters was calculated. On multiple regression analysis, age and difference in pupillary
diameter were both significantly and independently associated with AA in participants aged<44 years,
but not in those aged ≥45 years. Our results suggest that the difference in pupillary diameter could
be an important age-independent factor for evaluating AA in healthy individuals without cataract.
Thus, improving the difference in pupillary diameter values could be an early treatment target
for presbyopia.

Keywords: amplitude of accommodation; pupillary diameter; presbyopia; cataract; crystalline lens;
subjective refraction; axial length of the eye

1. Introduction

Presbyopia is defined as a decrease in the amplitude of accommodation (AA) of the eye resulting
from the loss of elasticity in the crystalline lens. The aging of society has increased the number of people
with presbyopia to 1.37 billion in 2020, which is predicted to reach 1.8 billion by 2050 [1]. The number
of patients with asthenopia, neck stiffness, and headache due to the non-correction or under-correction
of presbyopia has also been increasing [2–6], likely in part because of the widespread use of visual
display terminals (VDTs) [7]. Furthermore, the worldwide loss in gross domestic product (GDP) due
to the non-correction or under-correction of presbyopia in individuals younger than 65 years old was
reported to be $25 billion in 2011, which is equivalent to 0.037% of the GDP [1]. This attests to the
gravity of this social problem.
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AA gradually decreases from early childhood, with a linear decline observed from 20 to 50 years
of age [8,9]. Although subjective symptoms of presbyopia are confirmed from around the age of
40 years, large individual variations are known to occur [10–12]. In addition to aging, which is the
greatest risk factor for the decline in AA, hypermetropia [13], temperature [14,15], female sex [13,16,17],
diabetes [15], alcohol intake [13], smoking [18,19], and laser-assisted in situ keratomileusis [20] have
also been implicated.

Methods for presbyopia correction include reading glasses, multifocal or monovision contact
lenses, and refractive surgeries. In terms of medical treatments, pirenoxine was reported to be useful
in preventing progression of presbyopia [19]. There have also been reports of supplements such as
Enkin® (a food product containing lutein), astaxanthin [21], docosahexaenoic acid, and composite
antioxidants [22] as well as thermotherapy [23] for presbyopia correction. However, no perfect
treatment has yet been developed.

Pupillary diameter is an important optical factor in accommodation. However, it has not been fully
evaluated in presbyopia. We hypothesized that the dynamics of pupillary diameter may be associated
with the AA in addition to conventionally recognized parameters including age, sex, lens thickness,
axial length, and refraction. In this study, we aimed to identify factors affecting AA in the normal
population by analyzing the data of various ocular examinations.

2. Materials and Methods

2.1. Participants

In this prospective observational study, the left eyes of 95 healthy participants aged 22–62 years,
with no ocular complications other than ametropia, were studied from August 2019 until January
2020. Participants with a corrected distance visual acuity (CDVA) in the logarithm of minimal angle
resolution [logMAR (CDVA)] worse than 0.0 were excluded from the study. The participants were
further divided according to age, with those 45 years of age and over in one group (older group)
and those under 45 years of age in the other group (young group), since most people are aware of
presbyopia by the age of 45 as their AA drops to 3 diopter level [10]. This study was approved by
the ethics committee at Shonan Keiiku Hospital and was conducted with the written consent of all
participants, in accordance with the Declaration of Helsinki.

2.2. Ocular Examinations

The subjective refraction, CDVA, AA, maximum and minimum pupillary diameters during
accommodation, axial length of the eye, and crystalline lens thickness were measured for all participants.
AA was measured using an auto refractometer/keratometer/tonometer/pachymeter (TONOREF III®;
NIDEK, Tokyo, Japan). The maximum and minimum pupillary diameters were also measured
simultaneously using the same device. The subjects were instructed to look at the internal target of
TONOREF III® monocularly without the aid of contact lenses or glasses. While the target was moving
closer from the initial position, continuous measurement of refraction and pupil size was performed
concomitantly, at up to 30 s. All measurements were obtained firstly from the right and then from
the left eye. Since the measurement values of the left eye were determined to be optimal based on
a preliminary study, the analysis was performed using the results of the left eye. The difference in
pupillary diameter (DPD) was defined as the difference between the maximum and minimum pupillary
diameters during the measurement of AA. Axial length and crystalline lens thickness were measured
using the IOL Master 700® (Carl Zeiss Meditec AG, Jena, Germany).

2.3. Measurement of AA and Pupillary Diameter by TONOREF III®

The subjects were instructed to look at the internal target of TONOREF III® monocularly, and
the objective refraction was measured first. Next, the target was moved from the initial position
closer to the eye, and the continuous measurement of refraction and pupil size was performed
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concomitantly. At up to 30 s the accommodation amplitude (AA) was calculated automatically by
subtracting the initial objective refraction (i.e., the minimum refraction) from the maximum refraction
during measurement. Therefore, AA could be measured using this device regardless of the subject’s
refractive error. The representative results of AA and pupillary diameters using TONOREF III® are
shown in Figure 1.

a b

Figure 1. Representative results of the amplitude of accommodation (AA) and pupillary diameters
measured by TONOREF III®; (a) 25-year-old female, 7.02 D of AA; (b) 53-year-old female, 0.50 D of
AA. The X-axis represents an examination time of up to 30 s. The left Y-axis represents refraction, and
the right Y-axis represents the pupil diameter during measurement. The upper wave is a continuously
recorded pupillary diameter. The colored bars represent the real-time refraction, and the line chart
represents the internal target position. The values on the left Y-axis are the maximum and minimum
refraction values, and the magnitude calculated as AA (D) is shown in the upper square. The minimum
refraction value represents refraction when the visual target is located in the initial position. The values
on the right Y-axis are the maximum and minimum pupillary diameters.

2.4. Statistical Analysis

The distributions of the continuous variables are presented as mean ± standard deviations.
Student’s t-test was used to compare differences in normally distributed clinical parameters including
age, CDVA, crystalline lens thickness, maximum pupillary diameter, and minimum pupillary diameter
between the young and old groups. The Mann-Whitney U test was used to compare the non-normally
distributed clinical parameters, such as subjective refraction, AA, axial length, and DPD, between
the young and older groups. The chi-square test was used to compare sex between the young and
older groups [24–26]. For these 10 factors, our null hypothesis was that there is no difference between
the younger and older group. A single regression analysis was used to investigate the correlation
between age and AA, DPD and AA, age and DPD. For multiple regression analysis, AA was used
as the dependent variable, and age, sex, axial length, crystalline lens thickness, subjective refraction,
and DPD were used as explanatory variables. Multiple regression analysis with interaction term was
used to indicate whether the multiple significant factors obtained from a multivariate analysis were
independent. If the significant factors were independent, the two items indicated by x are p ≥ 0.05
in interaction term. All analyses were conducted using SPSS version 25 for Windows (IBM Corp.,
Armonk, NY, USA). A p-value of <0.05 was considered statistically significant.
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3. Results

3.1. Participant Profiles and Results of Ocular Examinations

The participant profiles and results of the ocular examinations are presented in Table 1. There were
significant differences in age, AA, crystalline lens thickness, maximum pupillary diameter, minimum
pupillary diameter, and DPD between the two groups. Subjective refraction, CDVA, and axial length
were not significantly different between the two groups.

Table 1. Participant profiles and results of ocular examinations.

All
Young Group

(<45 Years Old)
Older Group

(≥45 Years Old)
p-Value

(Young vs. Old)

Number of eyes 95 70 25 -
Age (range) 22−62 22−44 45–62 <0.01 *

Sex (male/female) 33/62 30/40 3/22 <0.01 ***
Subjective refraction (D) −2.85 ± 2.53 −2.88 ± 2.33 −2.77 ± 3.10 0.333 **

AA (D) 3.19 ± 2.27 4.04 ± 2.00 0.74 ± 0.50 <0.01 **
CDVA −0.10 ± 0.05 −0.11 ± 0.06 −0.10 ± 0.04 0.359 *

Axial length (mm) 24.53 ± 2.65 24.74 ± 1.23 23.94 ± 4.64 0.745 **
Crystalline lens thickness (mm) 3.93 ± 0.37 3.81 ± 0.31 4.27 ± 0.29 <0.01 *

Maximum pupillary diameter (mm) 5.65 ± 0.91 5.94 ± 0.74 4.93 ± 0.81 <0.01 *
Minimum pupillary diameter (mm) 4.58 ± 1.02 4.76 ± 1.01 4.06 ± 0.92 <0.01 *

DPD (mm) 1.07 ± 0.55 1.17 ± 0.58 0.87 ± 0.59 <0.01 **

AA, amplitude of accommodation; CDVA, corrected distance visual acuity in the logarithm of minimal angle
resolution (logMAR (CDVA)); DPD, difference in pupillary diameter; *, p-value in Student’s t test; **, p-value in
Mann-Whitney U test; ***, p-value in chi-square test; -, not calculated. From the test based on the null hypothesis,
age, AA, crystalline lens thickness, maximum pupillary diameter, minimum pupillary diameter, and DPD were
rejected since they were significant between the two groups.

3.2. Single Regression Analyses among AA, Age, and DPD in All Participants

The results of the single regression analyses among AA, age, and DPD are presented in Figure 2.
There were significant correlations between age and AA (Figure 2a; correlation coefficient: −0.771,
p < 0.001), age and DPD (Figure 2b; correlation coefficient: −0.420, p < 0.001), and DPD and AA
(Figure 2c; correlation coefficient: 0.634, p < 0.001).

Figure 2. Single correlation curve of age and accommodation in 95 participants. (a) AA vs age
(correlation coefficient, −0.771; p ≤ 0.01; (b) AA vs. DPD (correlation coefficient, −0.420; p ≤ 0.01);
and (c) DPD vs. age (correlation coefficient, 0.634; p ≤ 0.01). AA: amplitude of accommodation, DPD:
difference in pupillary diameter. •, young group; �, older group.

3.3. Factors Affecting AA in All Participants

Table 2 shows the results of the multiple regression analysis in all 95 participants. We found that
DPD correlated positively with AA (standardized β coefficient (Std β) = 0.365, t = 5.885, p < 0.001),
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while age had a significant negative correlation with AA (Std β = −0.543, t = −6.046, p < 0.001). Table 3
shows the results of the multiple regression analysis with interaction term. The results show that DPD
and age did not interact with each other (p = 0.506); i.e., they were significant and independent factors
influencing AA.

Table 2. Multiple regression analysis in all participants (n = 95 and adjusted R2 = 0.712).

Unstandardized Standardized 95% CI

B SE Beta t p Lower Upper

(Constant) 7.345 2.113 3.476 0.001 3.145 11.546
Age −0.126 0.021 −0.543 −6.046 <0.01 ** −0.168 −0.085
Sex 0.277 0.291 0.058 0.951 0.344 −0.302 0.856

Axial length −0.058 0.052 −0.065 −1.116 0.268 −0.163 0.046
Crystalline lens thickness 0.049 0.049 0.056 0.990 0.325 −0.049 0.147

Subjective refraction −0.672 0.536 −0.109 −1.255 0.213 −1.738 0.393
DPD 1.513 0.257 0.365 5.885 <0.01 ** 1.002 2.024

Dependent variable: amplitude of accommodation. CI, confidence interval; B, partial regression coefficient; SE,
standard error; DPD, difference in pupillary diameter; **, p < 0.01.

Table 3. Multiple regression analysis with interaction term (adjusted R2 = 0.703).

Source Type III Sum of Squares df Mean Square F p

Corrected
model 344.983 3 114.994 75.098 0.000

Intercept 43.455 1 43.455 28.379 0.000
Age 26.344 1 26.344 17.204 0.000
DPD 7.691 1 7.691 5.023 0.027

Age × DPD 0.682 1 0.682 0.446 0.506
Error 139.344 86 1.531
Total 1440.115 94

df, degree of freedom; F, the ratio of mean square for each factor to that of the error; DPD, difference in
pupillary diameter.

3.4. Factors Affecting AA in the Young and Older Groups

Table 4 shows the results of the multiple regression analysis in the 70 participants who were
under 45 years of age. The results showed that DPD had a significant positive correlation with AA
(Std β = 0.438, t = 5.246, p < 0.001), meaning that people with greater differences in pupil size during
accommodation also have a higher amplitude of accommodation. On the other hand, age had a
significant negative correlation with AA (Std β = −0.395, t = −3.729, p < 0.001). Table 5 shows the
results of the interaction term. The results showed that age and DPD were significant and independent
factors that influenced AA in participants under 45 years of age.
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Table 4. Multiple regression analysis in the young group (22–44 years old, n = 70 and adjusted
R2 = 0.579).

Unstandardized Standardized 95% CI

B SE Beta t p Lower Upper

(Constant) 5.581 3.833 1.456 0.150 −2.080 13.242
Age −0.120 0.032 −0.395 −3.729 <0.01 ** −0.185 −0.056
Sex 0.596 0.349 0.148 1.709 0.092 −0.101 1.293

Axial length −0.090 0.072 −0.104 −1.246 0.217 −0.233 0.054
Crystalline lens thickness 0.174 0.137 0.106 1.271 0.209 −0.100 0.448

Subjective refraction −1.129 0.659 −0.176 −1.714 0.091 −2.446 0.187
DPD 1.513 0.288 0.438 5.246 <0.01 ** 0.937 2.090

Dependent variable: amplitude of accommodation. CI, confidence interval; B, partial regression coefficient; SE,
standard error; DPD, difference in pupillary diameter; **, p < 0.01.

Table 5. Multiple regression analysis with interaction term (adjusted R2 = 0.523).

Source Type III Sum of Squares df Mean Square F p

Corrected model 150.366a 3 50.122 26.212 0.000
Intercept 23.866 1 23.866 12.481 0.001

Age 12.427 1 12.427 6.499 0.013
DPD 1.676 1 1.676 0.876 0.353

Age × DPD 0.054 1 0.054 0.028 0.867
Error 126.203 66 1.912
Total 1420.617 70

Corrected total 276.570 69

df, degree of freedom; F, the ratio of mean square for each factor to that of the error; DPD, difference in pupillary
diameter. Age significantly correlated with the amplitude of accommodation, and the age variables were independent
of each other.

Table 6 shows the results of the multiple regression analysis in the 25 participants aged 45 years
and over. The results showed that DPD had a significant positive correlation with AA (Std β = 0.589,
t = 3.285, p < 0.01), indicating that a greater difference in pupil size during accommodation is present
in individuals with a higher amplitude of accommodation. Unlike the results presented in Tables 2–5,
age did not have a negative correlation with AA (Std β = −0.013, t = −0.069, p = 0.946).

Table 6. Multiple regression analysis in the older group (45–62 years old, n= 25 and adjusted R2 = 0.427).

Unstandardized Standardized 95% CI

B SE Beta t p Lower Upper

(Constant) 3.027 1.628 1.859 0.079 −0.394 6.447
Age −0.001 0.021 −0.013 −0.069 0.946 −0.046 0.043
Sex −0.483 0.265 −0.319 −1.823 0.085 −1.040 0.074

Axial length −0.025 0.029 −0.155 −0.873 0.394 −0.087 0.036
Crystalline lens thickness −0.008 0.017 −0.073 −0.461 0.650 −0.044 0.028

Subjective refraction −0.581 0.380 −0.330 −1.526 0.144 −1.380 0.219
DPD 1.043 0.317 0.589 3.285 < 0.01 ** 0.376 1.710

Dependent variable: amplitude of accommodation. CI, confidence interval; B, partial regression coefficient; SE,
standard error; DPD, difference in pupillary diameter; **, p < 0.01.

4. Discussion

Conventionally, age was thought to be the sole factor affecting AA in normal populations. In this
study, we found that DPD correlated significantly with AA, and this relationship was independent of
age. Therefore, we believe that DPD can be a new indicator of AA in addition to age.

The pupil has two functional roles. The first role is the light reflex, characterized by pupil
constriction in response to light, which adjusts the amount of light that enters the eyeball. The second
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role is miosis, which is one element of the near reflex (consisting of miosis, convergence, and lens
accommodation). The latency of the light reflex increases with advancing age [27]. Conversely, miotic
latency associated with the near reflex does not increase with age [28,29]. Even when presbyopia
has completely developed, accommodative reaction to near stimuli is maintained [29]. The pupillary
sphincter, which is responsible for miosis, is controlled by the parasympathetic nervous system.
Like the ciliary ring muscles that tense during accommodation, this muscle has muscarinic M3
receptors. The function of the ciliary muscles is preserved in elderly individuals [30]. It has been
reported that even in cases of intraocular lens (IOL) insertion in elderly individuals, the ciliary muscle
function is maintained [30]. Other reports have indicated that the force of contraction of the ciliary
muscle increases until the fifth decade of life [31].

Although most people worldwide are susceptible to age-related changes of presbyopia, certain
ethnicities seem to have some inherent advantages. The Moken people of southeast Asia have good
visual acuity, even while diving in the dark ocean [32]. Normally, the corneal refractive power is
lost underwater, and objects appear blurry. However, it appears that the Moken people can deepen
their focal length by constricting their pupils for focus adjustment. Gislen et al. [33] reported that
the underwater visual acuity of European children improved after they engaged in training sessions
to constrict their pupils underwater. In addition, Weng et al. recently reported that the change in
pupillary diameter was correlated with AA [34]. However, the number of subjects in Weng’s study
was small (35 subjects), and the interaction or dependence between age and the change in pupillary
diameter is not yet elucidated [34]. The current study is the first study enrolling a large number of
cases to reveal that pupillary diameter is strongly correlated with AA and that individual differences
are involved in presbyopia, independent of age.

Importantly, we found that age did not correlate with AA in the older group, probably because
the decrease in AA had almost plateaued in this group (Figure 2a, closed square plots). In contrast,
DPD strongly correlated with AA in the older group. These results suggested that DPD is a key factor
for determining AA, especially in older individuals. Future research should address the treatment of
presbyopia to develop a method to increase DPD, considering that an accommodative reaction to near
stimuli is maintained even when presbyopia has completely developed [29], and the function of the
ciliary muscles is preserved in elderly individuals [30]. Individual differences in AA are large [10–12],
but the reason remains unknown. Furthermore, it has been reported that the use of digital devices
decreases AA even in young individuals [5,35,36]. The differences in DPD might be a reasonable
explanation of those cases, and this should be addressed in future studies.

Our study has some limitations. We measured AA monocularly, and we did not check convergence.
DPD and AA are considered to be a part of the near reflex, and their relationship might be influenced
by abnormal convergence. In addition, the number of subjects with fully developed presbyopia,
i.e., over age 50, was small. These subjects warrant further investigation. Furthermore, DPD in Table 5
was not significant in the interaction term; however, it was significant on multiple regression analysis.
When the main effect in a general multiple regression analysis is not significant, the interaction term
cannot be subsequently examined. The results of the main effect in multiple regression analysis are
adopted in covariance analysis, which is used to examine the interaction term. Table 4 shows the results
of the multiple regression analysis, while Table 5 shows those of the covariance analysis. Since the
statistical methods used for these results differ slightly, it is possible that the results may vary. In any
case, the data in Tables 4–6 are still auxiliary to the main results in Tables 2 and 3. In conclusion,
this study revealed that DPD is an important independent factor other than age that affects AA in all
age groups. Therefore, increasing DPD using various methods, such as exercises or medications, might
be a new option for the treatment of presbyopia.
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Abstract: Advancements in clinical measurement of refractive errors should lead to faster and more
reliable measurements of such errors. The study investigated different aspects of advancements and the
agreement of the spherocylindrical prescriptions obtained with an objective method of measurement
(“Aberrometry” (AR)) and two methods of subjective refinements (“Wavefront Refraction” (WR) and
“Standard Refraction” (StdR)). One hundred adults aged 20–78 years participated in the course of
the study. Bland–Altman analysis of the right eye measurement of the spherocylindrical refractive
error (M) identified mean differences (±95% limits of agreement) between the different types of
measurements of+0.36 D (±0.76 D) for WR vs. AR (t-test: p< 0.001), +0.35 D (± 0.84 D) for StdR vs. AR
(t-test: p < 0.001), and 0.0 D (± 0.65 D) for StdR vs. WR (t-test: p < 0.001). Monocular visual acuity was
0.0 logMAR in 96% of the tested eyes, when refractive errors were corrected with measurements from
AR, indicating that only small differences between the different types of prescriptions are present.

Keywords: refractive error; visual acuity; myopia

1. Introduction

Subjective refraction is a key measure in the optometric and ophthalmic field. Typically,
the combination of the most positive lenses (spherical and astigmatic) that provides the highest visual
acuity is determined in this process that follows a predefined workflow [1]. Since this measurement is
by its definition subjective, the repeatability and the precision of the measurement within the same and
between different examiner can vary and was reported to have a 95% limit of agreement (LoA) between
±0.27 and ±0.75 D for the spherical equivalent refractive error [2–5]. To improve the repeatability
of the technique and to make the process easier and more time efficient, it is common to use either
objective data, which are obtained from an autorefractor, or the currently worn prescription as a
starting point for the subjective assessment of individual refractive errors. So far, studies examining
different objective autorefractors have shown that these are repeatable, under noncycloplegic as well as
cycloplegic conditions. In addition, 95% limits of agreement (95% LoA) between ±0.35 and ±0.72 D for
the measurement of the spherical refractive error under noncycloplegic conditions were reported [2,6,7].
Nowadays, aberrometers are used to describe the eyes aberrations in more detail. Although lower
order aberrations affect vision most and account for approximately 90% of the overall aberrations, [8]
also higher order aberrations such as spherical aberration, coma, and trefoil can significantly degrade
the quality of the optical image received by the retina [9]. Limits of agreement for the wavefront
measurement of the spherical error were found to be between ±0.2 (for a pupil diameter of 4.0 and
6.7 mm) [10] and ±0.55 D [11] (for pupil diameters of 4.0 and 6.0 mm) and did not differ between
several measurements, also without the use of an cycloplegic agent to block accommodation [11].
Additionally, e.g., to consider different lighting conditions [12], wavefront sensors allow to compute
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the refractive errors for different pupil sizes and/or allow the consideration of different higher order
aberrations [13].

The purpose of this study was to evaluate the agreement between three different methods to
assess the spherocylindrical correction. Method 1 represents an Autorefraction (AR) approach using
aberrometry measurements; in Method 2, the sphere of the refractive correction of Method 1 was
adjusted; and in Method 3, the sphere, the cylinder, and its axis of the prescription from Method 1
were adjusted. The study investigates the question how much refinement a clinician has to perform
subjectively so that the final prescription results in a good and acceptable visual acuity and therefore,
saves time.

2. Experimental Section

2.1. Subjects

Correction of spherocylindrical errors was measured in 100 participants, aged 20–78 years (mean:
38.7 ± 13.2 years). Participants had a mean spherical refractive error (computed from the objective
wavefront measurement for a 3 mm pupil diameter and a 12 mm vertex distance) of −1.40 ± 2.15 D
(−12.75 to +2.5 D) and a range of astigmatic refractive errors between 0 and −3.25 D. Inclusion criterions
for participation was (a) refractive error of less than ±13.00 D sphere, ≤ −6.00 D of astigmatism,
and (b) best corrected visual acuity of minimum 0.1 logMAR (logarithm of the minimum angle of
resolution). Participants with known/reported ocular diseases were not allowed to participate in the
course of the study. The study followed the tenets of the Declaration of Helsinki and was approved by
the Institutional Review Board of the Medical Faculty of the University of Tubingen (392/2015BO2).
Informed consent was obtained from all participants after the content and possible consequences of
the study had been explained.

2.2. Experimental Procedures to Measure Refractive Errors Objectively and Subjectively

Objective measurement of the refractive error of each eye was obtained once prior to the subjective
measurements by author A.O. using a wavefront aberrometer (i.Profiler plus, Carl Zeiss Vision GmbH,
Aalen, Germany). Refractive correction (Sphere, Cylinder, Axis) was calculated from the objectively
measured wavefront errors using the lower order Zernike polynomials for a pupil diameter of 3 mm
and a vertex distance of 12 mm [14]. Using the lower order terms for the spherical, straight, and oblique
astigmatic component of the wavefront shapes, a simple sphere fitting was performed to calculate the
best correction [13], based on the purely objective measurements without using higher order terms.

One examiner (author A.L.) subjectively measured the refractive errors using a digital phoropter
(ZEISS VISUPHOR 500, Carl Zeiss Vision GmbH, Aalen, Germany) and the two methods “Wavefront
Refraction” and “Standard Refraction.” The digital phoropter was operated via a tablet PC (iPad Air,
Apple, Cupertino, CA, USA). The screen of the tablet PC was covered with black paper in the area
where refractive readings were displayed to exclude any influence or bias on the examiner, during
the assessment of the spherocylindrical prescriptions with both subjective methods. The sequence
of testing of the “Wavefront Refraction” and “Standard Refraction” was randomized between each
participant, but the refraction always started with the right eye. As the ZEISS VISUSCREEN 500
also registers the time that is needed for the binocular measurement of the refractive error, time was
recorded and analyzed. During the “Wavefront Refraction,” only the spherical error of the refractive
error was adjusted, whereas during the “Standard Refraction,” the spherical error as well as the
astigmatism was adjusted. For both methods, the used optotypes (letters) were displayed on an LCD
screen (ZEISS VISUSCREEN 500, Carl Zeiss Vision GmbH, Germany) at 6 m distance and followed
the EDTRS-layout. Lighting conditions were in the range of 250 cd/m2 and followed the international
standard ISO 8596:2018 [15]. In the case of the assessment of the spherical error under monocular
conditions, three lines of letters (each consisting of five single optotypes) were presented on the screen,
and the lowest presented acuity was 0.1 logMAR. In case astigmatism was adjusted, also letters were
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used, but only one line with five letters was presented on the screen, and the letter size was 0.1 logMAR
steps bigger than the smallest optotypes visible after correction of the spherical error. A simultaneous
cross-cylinder was used to measure the astigmatism and its axis. After both procedures, the dissociated
binocular balance was tested, using a single line of letters that was dissociated using a prism (power:
right eye 3 D base up, left eye 3 D base down). The size of the presented letters was set to 0.3 logMAR
and spherical blur of +0.5 D was added to both eyes. Then, additional plus lenses were induced
until the participants perceived the images in both eyes equally blurred. Afterwards, to achieve a
binocular balance as endpoint for refraction, the nondissociated binocular best corrected vision was
tested using letters, presented in an ETDRS layout and while the blurring lenses from the previous test
were removed. The prescription was changed until visual acuity was maximal in both eyes.

2.3. Assessment of Visual Acuity and Subjective Preference

Visual acuity for each eye was assessed after correction of the refractive errors with each of the
earlier described methods. As stated above, each acuity line consisted of five optotypes and each
correctly identified single letter was scored 0.02 logMAR units [16]. Highest visual acuity describes the
smallest optotype for the given test distance that was correctly identified. At the end of the experiment,
and in order to not only rely on the subjective prescription determined by an optometrist that corrects
the refractive error, the participants were asked, which of the three corrections they preferred most.
This was done using the capability of the digital phoropter in conjunction with the tablet PC to store
the refractive readings for each single participant and to show these in a fast sequence at the end of
an examination. During such comparison, the subjects viewed a line of 5 optotypes with a size of 0.1
logMAR, presented on the described LCD display at the test distance of 6 m. Using this possibility,
the subject was able to compare the different corrections that were obtained with one of the three
methods. The following direct comparisons were evaluated in a randomized order: (a) Autorefraction
vs. Wavefront Refraction, (b) Autorefraction vs. Standard Refraction, (c) Wavefront Refraction vs.
Standard Refraction, and (d) Autorefraction vs. Wavefront Refraction vs. Standard Refraction.

2.4. Analysis and Statistics

The right eye of each subject was used for the analysis of the data. Refractive measurements were
analyzed for the spherical refractive error (S), the spherical equivalent refractive error (M), and the
cross-cylinder components J0 and J45 that were introduced by Thibos, Wheeler, and Horner [17].
The agreement between the different methods for the spherocylindrical correction of the right as well
as for the visual acuity was tested using Bland–Altman analysis [18]. The calculated mean difference
between two methods represents the estimated bias of one method, and the standard deviation of the
differences measures the random fluctuations around this mean. The computation of the 95% limit
of agreement (calculated as 1.96*standard deviation) describes how far apart measurements by two
methods were more likely to be for most individuals. Statistical analyses were performed with the
statistics software package JMP 11.0 (SAS Institute, Cary, USA). In case of the Bland–Altman analysis,
a t-test was performed to calculate statistical power between the compared methods. A one-way
ANOVA with post hoc Tukey HSD test was used to test whether the used method of refraction had an
influence on the measurement of the spherical equivalent refractive error. A t-test was used to compare
the time that each of the subjective method needed to assess the spherocylindrical refraction.

3. Results

3.1. Agreement Between Subjective and Objective Refractions

Figure 1a represents the Bland–Altman plots for the comparison of the spherical equivalent
refractive error computed from Autorefraction vs. the Wavefront Refraction and Figure 1b represents
the comparison between the Autorefraction vs. the Standard Refraction.

163



J. Clin. Med. 2020, 9, 2205

Figure 1. Bland–Altman plot for the comparison of the spherical equivalent refractive error after
binocular testing with (a) Wavefront Refraction vs. Autorefraction, (b) Standard Refraction vs.
Autorefraction, and (c) Standard Refraction vs. Wavefront Refraction.
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When comparing the Wavefront Refraction as well as the Standard Refraction to the objective data
obtained with the aberrometer, the calculated bias was around 0.3 D, resulting in too negative readings
of the spherical errors when using the aberrometer (for details, see Table 1). The limits of agreement are
smaller, in case Autorefraction was compared to the Wavefront Refraction, and this result is attributed
to the fact that only the spherical refractive error was adjusted between both methods. In addition,
when the cylinder and its axis were rechecked (comparison between Autorefraction and Standard
Refraction, Figure 1b), the limits of agreement slightly increased because the power of the cylindrical
error may have changed between both methods. The one-way ANOVA with post hoc Tukey HSD
test revealed that the used method (F4,13 = 0.89, p = 0.4) did not influenced the measured spherical
equivalent error. Table 1 summarizes the mean differences as well as the 95% limits of agreement for all
three possible comparisons as well as for the spherical refractive error (S) and the three power vectors
M, J0 and J45.

Table 1. Descriptive and statistical analysis for the comparison of the three methods to assess the
habitual refractive errors.

Mean Difference, D 95% Limit of Agreement, D p

Wavefront
Refraction vs.

Autorefraction

S * +0.36 ±0.76 < 0.001
M’ +0.36 ±0.76 < 0.001
J0◦ Not assessed
J45ˆ Not assessed

Standard
Refraction vs.

Autorefraction

S * +0.27 ±0.88 < 0.001
M’ +0.35 ±0.84 < 0.001
J0◦ −0.05 ±0.35 < 0.001
J45ˆ +0.02 ±0.27 < 0.01

Standard
Refraction vs.

Wavefront
Refraction

S * 0.09 ±0.65 = 0.6
M’ +0.0 ±0.65 = 0.3
J0◦ -0.05 ±0.36 < 0.001
J45ˆ +0.02 ±0.27 < 0.01

S * = spherical refractive error; M’ = spherical equivalent refractive error; J0◦ = Jackson cross cylinder at 0◦;
J45ˆ = Jackson cross cylinder at 45◦.

Comparisons of the power vectors J0 and J45 showed very small mean differences and low
95% limits of agreement, when methods were compared with each other. Since in case of the
refractive measurement that was based on the objective Autorefraction and the Wavefront Refraction,
the astigmatism and its axis were not changed, the descriptive as well as statistical analysis was not
assessed. For the spherical and spherical equivalent refractive error, the statistical analysis revealed a
significant difference between the measurements obtained with the objective measurement calculated
from the wavefront errors and both subjective refractive measurements (Wavefront Refraction and
Standard Refraction).

3.2. Differences in Cylinder and Its Axis

The bias between two methods as well as the 95% limit of agreement were calculated for the power
vectors M, J0 and J45. These power vectors lend itself to calculations of sums, differences, and averages
and are the correct form for describing refractions for such measures. Nevertheless, especially in case
of the cylinder and its axis, these are not the ideal notations to get an overview, if the data obtained
with an autorefractor and with a subjective refraction are equal or differ, e.g., depending on the amount
of astigmatism or on its axis. Therefore, a comparison between the measured astigmatism and its axis
between the autorefraction data and the values from the Standard Refraction was performed, following
the analysis by Grein et al. [19]. In Figure 2, the discrepancy for the axis, based on the objective
measurement of the wavefront errors and with the Standard Refraction, is analyzed depending on
the power of the astigmatic error. It must be noted that in this analysis, an astigmatism was only
considered if it was found in both methods of refraction, therefore, only data of 85 eyes were analyzed.
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A positive difference means a change of the axis into the clockwise direction, whereas a negative
difference is equal to a counterclockwise change.

 

Figure 2. Difference of the cylinder-axis (deg) between Standard Refraction and Autorefraction as a
function of the power of astigmatic error (D).

From Figure 2 it can be concluded that astigmatic errors of ≤ −1.0 D were very frequent (79% of
the 85 right eyes) and that the difference between the objective axis of the correcting cylinder and the
subjective axis differed especially at very small amounts of astigmatism. Vice versa, the difference
between the axis decreased with increasing power of astigmatism, indicating that the quality of
the objectively measured wavefront error for the cylinder axis increased with increasing power of
astigmatism. To investigate, if a measured astigmatism needs to be corrected, the difference between
the cylindrical error of the right eye when measured with the Standard Refraction and the objective
measurement of the wavefront error was analyzed. The results gave evidence that the power of the
astigmatic error based on the objective measurement of the wavefront error was more negative when
compared to the Standard Refraction, however, 74% of the measurements had a difference within
± 0.25 D.

3.3. Visual Acuity from Different Correction Methods

The monocular visual acuity that was achieved with either one of the procedures was analyzed,
as one can predict that a spherical refractive error of 0.25 D reduces the monocular visual acuity by
1 line (or 0.1 logMAR unit) [20,21], the achieved visual acuity (especially under monocular conditions)
is a good indicator for (a) the quality of a method to detect a refractive error and (b) for the agreement
between different methods. The analysis revealed that already 96% of the eyes had a visual acuity
equivalent of 0.0 logMAR or better with correction data (sphere, cylinder, and axis) obtained from
the aberrometer without further adjustments. This was slightly increased to 98%, when the refractive
error was subjectively fine-tuned by an experienced optometrist (Wavefront Refraction, n = 98 eyes;
Standard Refraction, n = 98 eyes). Table 2 summarizes the mean differences in visual acuity and the
lower as well as upper limits for the single comparisons.
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Table 2. Mean differences in visual acuity reached with each method and 95% limits of agreements.

Mean Difference
in VA, logMAR

95% Limit of
Agreement, logMAR

p

Wavefront Refraction vs. Autorefraction −0.02 ±0.07 < 0.001
Standard Refraction vs. Autorefraction −0.03 ±0.10 < 0.001

Standard Refraction vs. Wavefront Refraction −0.01 ±0.09 = 0.02

3.4. Subjective Preferences in Correction

Figure 3 summarizes the findings of the subjective preference comparison, while the participants
always had three possible decisions: whether they liked one of the corrections better than the other(s)
or they were not able to see a difference.

 

Figure 3. Subjective preferences for direct comparisons of methods (Figure 3a–c) and between methods.
(a) Autorefraction (red) vs. Wavefront Refraction (blue), (b) Autorefraction (red) vs. Standard Refraction
(green), (c) Standard Refraction (green) vs. Wavefront Refraction (blue), and (d) Standard Refraction
(blue) vs. Wavefront Refraction (green) vs. Autorefraction (red). Gray area: no difference.

When comparing the individual as well as averaged preferences, it becomes clear that participants
preferred the correction based on objective measurement of the wavefront error most (Figure 3a,b).
In case the Standard Refraction was compared to the Wavefront Refraction, subjects preferred the
Wavefront Refraction more (42%, Figure 3c). When the participants were asked to compare all
three methods with each other, the Autorefraction and Wavefront Refraction were rated similar
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(Autorefraction: 32% and Wavefront Refraction: 31%) and both ratings were higher compared to the
Standard Refraction (23%).

3.5. Number of Decisions and Time for the Assessment of the Refraction

One main advantage of the Wavefront Refraction is that the number of decisions a patient has
to make during the assessment of his or her refractive correction is reduced due to the fact that only
the sphere under monocular as well as binocular conditions is rechecked by the eye care professional.
Therefore, the number of decisions in each test was recorded and analyzed. During the process of the
Wavefront Refraction, participants had to take 17 decisions on average, while the number of decisions
increased to 25 in case of the Standard Refraction—an increase of roughly 50%. Since in the case of the
Wavefront Refraction, the power as well as the axis of an existing astigmatism was not tested, one can
assume that this procedure is much faster compared to the Standard Refraction. In case, the average
time that was needed for the Wavefront Refraction was 353 ± 82 s (range 214–575 s), while this increased
to 539 ± 119 s (range: 306–937 s) in case of the Standard Refraction (t-test: p < 0.001).

4. Discussion

Conventional autorefractors and subjective refraction following a standardized protocol are
currently the gold standard in the assessment of refractive errors. Aberrometers have gained attention
in optometric as well as ophthalmological settings since they are able to measure lower and higher order
aberrations. The study has assessed the accuracy of Autorefraction while comparing the refractive
correction as well as the visual acuity with two subjective refinement methods.

4.1. Agreement and Percentage of Agreement Between Subjective and Objective Refractions

Aberrometers have been shown to be reasonable, accurate, and repeatable [22–24]. Several
investigations [25,26] have compared the spherical-equivalent refractive error of autorefraction to
subjective refraction and the observed difference was less than or equal to ±0.50 D between 70% and
74% of the time. In case of the i.Profiler plus from ZEISS, the percentages of agreement for differences in
the spherical refractive error of ±0.50 D were higher and calculated to be minimum 76%, when Standard
Refraction was compared to the Autorefraction. One possible explanation is given by the internal
fixation target, which is additionally blurred optically during the measurement, to avoid instrument
myopia. Nevertheless, both subjective methods had fewer negative values in the final spherical
equivalent refractive error compared to the objective method, resulting in a mean difference for the
sphere of 0.36 D for Autorefraction vs. Wavefront Refraction and 0.35 D for Autorefraction vs. Standard
Refraction. Lebow and Campbell (2014) investigated differences of the objective measure from the
ZEISS i.Profiler plus to a conventional subjective measurement of the spherical equivalent refractive
error in adults and reported a mean difference of 0.11 D (more negative readings with the i.Profiler
plus) [25]. As the one-way ANOVA with post hoc Tukey HSD test showed that the device had no effect
on the measured spherical equivalent error, one cannot assume that a systematic bias exists between the
used methods and different explanations can account for the observed differences. First, subjects might
have accommodated during the objective refraction, but there was only a small trend that younger
participants showed higher differences than older participants (R = −0.2, p = 0.06). Second, and as
already described by others, roughly 0.25 D of the observed difference could also be accounted to the
fact that the location of infrared scatter layer is different than photoreceptor layer [27]. Third, chromatic
aberration might play a role, but researchers have not found an improvement in accuracy between
objective Autorefraction from wavefront errors and subjective refraction, in case polychromatic metrics
were used to compute refractive correction or by taking into account the Stiles–Crawford effect [28].

4.2. Differences in Cylinder and Its Axis

When comparing the axis of the astigmatic error that was obtained with the aberrometer to the
Standard Refraction, the gained results could lead to the interpretation that objective measurements
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are not very precise. From investigations of the interexaminer agreement of the axis of a correcting
cylindrical lens, the same distribution of difference is known; therefore, it can be concluded that such
differences can occur not only between an objective as well as a subjective method but also when
different examiner measure the refractive errors of an individual. [18] For the difference between
the power of a correcting lens, assessed objectively and subjectively, a mean difference of 0.12 D
was observed, with 95% limits of agreement of ± 0.66 D. Lebow and Campbell, who also used the
Autorefraction data from the ZEISS i.Profiler plus, compared these data to their Standard Refraction and
the observed that mean differences are comparable to the current study (mean difference 0.02 D) [25].
In an investigation by Wosik et al. showed that the assessment of the astigmatic error is superior using
aberrometer devices compared to standard autorefractors [29].

4.3. Impact of Higher Order Aberrations on Refraction Assessment

Additionally to the lower order aberrations, used to calculate the sphere, cylinder and
axis, aberrometry provides information about higher order aberrations (HOAs) like coma, trefoil,
or spherical aberration. Previous studies showed that the usage of HOAs can improve precision in
interexaminer evaluation [13], especially in highly aberrated eyes, like keratoconic eyes [30,31]. However,
image quality-based predictions in normal eyes range within the here reported limits of agreements
towards the subjective refraction [32]. Since the current investigation enrolled only normally sighted
participants, the amount of HOAs in the cohort is low and comparable to already reported values [33],
as shown in Figure 4. Furthermore, the objective aberrometry measurements that were evaluated for a
pupil diameter of 3 mm reduce the impact even further.

Figure 4. Comparison of the absolute Zernike coefficient (μm) for the higher order aberrations until
fifth order from the current study to normal human subjects for a 3 mm pupil diameter (data from
Salmon et al. [33]).

4.4. Visual Acuity with Each Correction

Visual acuity of 0.0 logMAR was achieved in 96% of the tested right eyes with the spherocylindrical
prescriptions from the aberrometer. This portion increased to 98% after balancing the spherical error,
in case of the Wavefront Refraction as well as in case of the Standard Refraction, where sphere, cylinder,
and axis were balanced. This small increase in visual acuity can be explained by the fact that the
spherical refractive error was around 0.3 D too negative with the objective method. The fact that
visual acuity increased only slightly, when the refractive error was adjusted with both of the two
subjective methods, is a good indicator for the fact that autorefraction measurement of spherocylindrical
corrections are very reliable compared to two subjective methods that were evaluated.

4.5. Subjective Preferences in Correction

On average, participants preferred spherocylindrical correction from the autorefractor most,
when compared to both subjective methods (Wavefront Refraction as well as Standard Refraction).
This result can be explained by the fact that, especially, the measurements of the sphere were slightly
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more myopic with the autorefractor compared to both mentioned methods. This shift towards more
negative power would result in a slightly higher contrast of the image on the retina that especially
myopes prefer more compared to blur that would have been the result if spherical corrections were
more positive. Nevertheless, since these comparisons were done with optotypes that had a size of 0.1
logMAR, one has to be careful with the interpretation of the results. In the future, it would be better to
individually test this comparison at the threshold of the acuity that the single participant is able to
read (in the case one wants to use optotypes) or to present more natural stimuli during the process of
comparison, since optotypes are quite unnatural and the prescription is needed for the daily life.

4.6. Number of Decisions and Time for the Assessment of the Refraction

On average, 50% less decisions had to be made by each participant when refraction was measured
using the Wavefront Refraction compared to the Standard Refraction. This small amount of decisions
indicates that the prescriptions from the aberrometer are very close to the final value, when, e.g.,
compared to the refractive correction obtained with a Standard Refraction. Additionally, Wavefront
Refraction was 50% faster than the Standard Refraction. Since the results from the wavefront-based
subjective assessment of the refractive errors were shown to be comparable to the standard procedure
in the measurement of refractive errors, one can conclude that the combination of the Autorefraction
and Wavefront Refraction will result in acceptable prescription for patient in a fast manner.

5. Conclusions

Aberrometry may change the way refractive errors are measured clinically and provides a
tremendous amount of data about the aberrations of the eye. Spherocylindrical prescriptions that were
obtained by measuring wavefront errors, provided reliable information for the further correction of
lower order aberrations with a subjective method. Autorefraction data was slightly more negative
for spherical as well as astigmatic errors, but > 70% of the spherical equivalent error were within
±0.5 D compared to the conventional subjective refraction. The combination of the Autorefraction
and Wavefront Refraction, while refining only the spherical refractive error, will result in acceptable
prescription for the patient and can significantly save time in the assessment of the refraction.
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Abstract: Several conflicting results regarding the efficacy of 0.01% atropine in slowing axial elonga-
tion remain in doubt. To solve this issue and evaluate the safety of 0.01% atropine, we conducted
a systematic review and meta-analysis with the latest evidence. The review included a total of
1178 participants (myopic children). The efficacy outcomes were the mean annual progression in
standardized equivalent refraction (SER) and axial length (AL). The safety outcomes included mean
annual change in accommodative amplitude, photopic and mesopic pupil diameter. The results
demonstrated that 0.01% atropine significantly retarded SER progression compared with the controls
(weighted mean difference [WMD], 0.28 diopter (D) per year; 95% confidence interval (CI) = 0.17,
0.38; p < 0.01), and axial elongation (WMD, −0.06 mm; 95% CI = −0.09, −0.03; p < 0.01) during the
1-year period. Patients receiving 0.01% atropine showed no significant changes in accommodative
amplitude (WMD, −0.45 D; 95% CI = −1.80, 0.90; p = 0.51) but showed dilated photopic pupil
diameter (WMD, 0.35 mm; 95% CI = 0.02, 0.68; p = 0.04) and mesopic pupil diameter (WMD, 0.20 mm;
95% CI = 0.08, 0.32; p < 0.01). In the subgroup analysis of SER progression, myopic children with
lower baseline refraction (>−3 D) and older age (>10-year-old) obtained better responses with 0.01%
atropine treatment. Furthermore, the European and multi-ethnicity groups showed greater effect
than the Asian groups. In conclusion, 0.01% atropine had favorable efficacy and adequate safety for
childhood myopia over a 1-year period.

Keywords: 0.01% atropine; myopia control; axial length; standardized equivalent refraction

1. Introduction

Myopia is becoming a public health concern with a significant socioeconomic burden
affecting 80% to 90% of young adults [1–7]. By 2050, Holden et al. has predicted that
9.8% of the world’s population would be high myopia cases [8], leading to severe sight-
threatening complications, such as glaucoma, myopic macular degeneration, and retinal
detachment [9–12]. Thus, finding an effective and safe treatment to inhibit myopia progres-
sion is urgently needed [13].

The efficacy of atropine (a non-selective antagonist of muscarinic acetylcholine re-
ceptors) to prevent myopia progression in children has been studied widely. Different
concentrations of atropine (0.01% to 1%) have been shown to inhibit myopic progression
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effectively [14–16]. However, high dose atropine has been subject to significant adverse
effects such as blurred near vision, photophobia and rebound phenomenon after treatment
cessation [16]. Chia et al. [17] have evaluated the change in standardized equivalent refrac-
tion (SER) and axial length (AL) after stopping the administration of atropine in a 5-year
study and concluded that cessation of 0.1% and 0.5% atropine resulted in a greater degree
of myopic rebound, but 0.01% atropine appears to result in less myopic rebound, which
led to a more sustained effect of myopia retardation. They also proposed that a daily dose
of atropine 0.01% is an effective first-line treatment in children aged 6 to 12 years with
documented myopic progression of −0.5 D in the preceding year with few side effects.

Several studies have shown that low dose atropine, especially 0.01%, may slow SER
progression with minimal side effects; nevertheless, the effect in inhibiting axial elongation
is still inconsistent [18–20]. Fu et al. reported that 0.01% atropine significantly reduced
myopia progression over a 12-month period as measured by AL when compared with a
control group (average 0.14 mm, p = 0.004) (19). However, Khanal et al. [21] asserted that
0.01% atropine could not slow the abnormal eye enlargement, thus delaying implementing
an effective dose. Li et al. [22] have pointed out that this phenomenon may be due to
the sample size among previous studies powered primarily based on SER change and
concluded that a larger sample size is needed to detect the difference in AL elongation
between the 0.01% atropine and placebo groups. Although one meta-analysis [23] has
enrolled seven RCTs to investigate the efficacy of 0.01% atropine in axial elongation, the
control group differed among the enrolled studies, which may bias the actual effect of 0.01%
atropine. Of note, excessive elongation of the eyeball may increase the risk of subsequent
myopia complications [24,25], it is essential to determine whether 0.01% atropine can
effectively inhibit axial elongation.

In addition, the most frequently reported side effects of topical atropine include
blurred near vision, allergic reaction, and dilated pupil, which may increase the exposure
of the lens and retina to ultraviolet light [26]. Although these were short-term and minimal
in 0.01% atropine [14,19], it is also worthy of being investigated and compared with other
concentrations of atropine in long-term use. Furthermore, the relevant evidence regarding
the efficacy of 0.01% atropine compared to placebo continues to accumulate in recent
years [19,20,27,28]. Thus, we conducted a rigorous quantitative and systematic summary
of the evidence to increase the statistical power and elucidate the conflicting results of
0.01% atropine in childhood myopia. Furthermore, subgroup analysis according to known
confounding factors such as different ethnicity, baseline age, and baseline myopia status
was conducted to identify the ideal recipients for 0.01% atropine in myopia control.

2. Materials and Methods

2.1. Study Design

This meta-analysis aimed to survey the efficacy and safety of 0.01% atropine in myopia
control. The study was performed per the recommendations made by the preferred report-
ing items for a systematic review and meta-analysis (PRISMA) statement (Table S1), and
the methodology was pre-specified and registered on the INPLASY website (Registration
No. INPLASY202140082).

2.2. Search Strategy

Studies describing the efficacy of 0.01% atropine in myopia control before June 2021
were identified from the PubMed, Embase, and Cochrane Library databases. No language
restrictions were applied. The keywords “0.01% atropine,” “myopia control,” and their
synonyms and derivatives were used. Details of the search strategies are described in
Table S2. The “related articles” option in PubMed was used to broaden the search results,
and all abstracts, studies, and citations retrieved were reviewed. Furthermore, we assessed
the reference sections of the retrieved articles to identify other relevant studies. Lastly,
relevant studies were retrieved from the ClinicalTrials.gov registry (https://clinicaltrials.
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gov/, accessed on 27 June 2021) and the International Clinical Trials Registry Platform
(ICTRP, https://www.who.int/ictrp/en/, accessed on 27 June 2021).

2.3. Inclusion and Exclusion Criteria

Studies were included in the systematic review if: (1) they were randomized control
trials (RCTs), cohort studies, or case-control studies; (2) they compared a group treated with
0.01% atropine for myopia control with a control group; (3) the participants with a diagnosis
of myopia were younger than 18 years; (4) at least one efficacy or safety outcome relevant to
our review was reported in the studies, including the change in SER, AL, accommodative
amplitude, and pupil size; and (5) the mean follow-up period was at least one year. We
excluded review articles, case reports, case series, and animal or laboratory studies.

2.4. Data Extraction

Two authors (H.-R.T. and T.-L.C.) independently extracted the following items: first
author, year of publication, study design, number of eyes, baseline SER, baseline AL,
follow-up period, drop-out rate, and details of the treatment arm. The efficacy outcomes
were the changes in SER and AL per year. The safety outcomes included changes in
accommodative amplitude, photopic pupil size, and mesopic pupil size.

2.5. Quality Assessment

The methodological quality of the non-randomized studies was assessed using risk of
bias in non-randomized studies-of interventions (ROBINS-I) [29], and that of the RCTs was
evaluated using the Cochrane Collaboration’s risk of bias assessment tool (RoB v.2.0) [30].
Decisions recorded individually by the reviewers (H.-R.T. and T.-L.C.) were compared, and
disagreements were resolved by a third reviewer (C.-J.C.).

2.6. Data Synthesis and Statistical Analyses

The effect size of each study was presented as WMD with 95% CIs for continuous
outcome measures (SER, AL, accommodative amplitude, mesopic pupil size, and photopic
pupil size). When standard deviation data were not applicable, we calculated standard
deviations with formulas described in the Cochrane Handbook for Systematic Reviews
of Interventions [31]. The pooled estimates and their CIs were calculated using the Der-
Simonian and Laird random-effects model, considering the heterogeneity of the study
populations [31]. The modified HKSJ adjustment was employed to adjust for type I errors
and avoid inaccurate CIs as a sensitivity analysis if the included study number of each
outcome was less than 10 and the pooled effect was statistically significant [32,33].

The statistical heterogeneity among studies was tested using I2 statistics [34]. The
statistical heterogeneity was considered significant when the I2 statistic was ≥50%. We
performed a leave-one-out sensitivity analysis to evaluate each study’s influence on the
overall effect by removing studies sequentially. Further, we conducted a subgroup analysis
according to the study design, study population, mean age, and mean baseline refraction
to explore the potential heterogeneity. The pooled effect sizes were deemed significant
when the 95% CI of the mean difference (MD) did not cross zero. All statistical tests were
two-sided, and p-values <0.05 were considered statistically significant. Outcome data were
analyzed using Stata v17 (StataCorp, College Station, TX, USA).

3. Results

3.1. Search Results

Figure S1 presents a flowchart outlining the screening and selection of the included
studies. A total of 1085 references were obtained from the three databases, trial reg-
istry websites, and a manual examination of bibliographies. Among these, we excluded
261 duplicate studies and 766 studies with obviously irrelevant titles and abstracts. The
remaining 58 studies underwent full-text screening, and five randomized controlled trials
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(RCTs) from 2019 to 2021 and three retrospective studies from 2015 to 2019 were included
in the final meta-analysis.

3.2. Study Characteristics

The basic characteristics of the included studies are outlined in Table 1. A total
of 1178 participants (0.01% atropine group, 600; control group, 578) were included. All
RCTs [14,19,20,27,28] were conducted in Asian countries (Hong Kong, India, Japan, and
China), while the retrospective studies [35–37] enrolled European or multi-ethnic partici-
pants and were performed in Italy [36] or the United States [35,37]. Among the included
studies, one RCT [28] and one retrospective study [35] had follow-up data for 2 years,
while the others provided 1-year follow-up data. In the case of multi-arm studies [14,19],
we only extracted data from the 0.01% atropine and control groups. Of note, Fu et al. [19]
did not report the results of pupil diameter as photopic or mesopic, and the lighting level
in that study was kept in the range of 300 to 310 lux. Thus, we pooled the outcome data as
the change in photopic pupil diameter.

3.3. Risk of Bias Assessment

Most domain-level judgments in the enrolled RCTs indicated a low risk of bias. The
detailed risk of bias for the enrolled RCTs is reported in Table S3. The assessment revealed
a moderate overall risk of bias in three non-RCTs (see details in Table S4).

3.4. Pooled Effects of the Efficacy Outcome
3.4.1. Spherical Equivalent Refractive Error

Eight studies analyzed the change in SER at the 1-year follow-up (Figure 1). A total of
600 children received 0.01% atropine as treatment, and 578 children served as placebo group
controls. The children who received 0.01% atropine showed significantly less progression in
refraction than controls (weighted mean difference [WMD], 0.28 D per year; 95% confidence
interval [CI] = 0.17 to 0.38; p < 0.01). Heterogeneity was significant (I2 = 71.37%). After
removing the papers sequentially for sensitivity analysis, the WMD results were stable
(Figure S2a). The pre-specified subgroups, according to study design, study population,
mean baseline refraction, and mean baseline age demonstrated similar results, showing
that 0.01% atropine significantly inhibited SER progression (Table 2). In subgroup of study
population, the European (WMD, 0.55 D per year; 95% CI = 0.31, 0.79; p < 0.01) and multi-
ethnicity groups (WMD, 0.43 D per year; 95% CI = 0.28, 0.58; p < 0.01) showed greater
effect than the Asian groups (WMD, 0.18 D per year; 95% CI = 0.11, 0.26; p < 0.01). After
stratifying age at 10 or mean baseline refraction at −3.00 D, patients at age >10 group or
mean baseline refraction >−3.00 D group seemingly demonstrated greater effect.

Figure 1. Forest plot of standardized equivalent refraction between the 0.01% atropine and control
groups. SD, standard deviation; CI, confidence interval; D, diopter; yr, year.
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Table 2. Subgroup analyses of efficacy outcomes in standardized equivalent refraction.

Standardized Equivalent Refraction (SER)

Subgroups No. of Studies Pooled MD (95% CI) p-Value I2 (%)

Overall 8 0.28 (0.17 to 0.38) <0.01 ** 71.4

Study design
RCTs 5 0.18 (0.11 to 0.26) <0.01 ** 38.5

Non-RCTs 3 0.46 (0.34 to 0.59) <0.01 ** 0.0

Study population
Asian only 5 0.18 (0.11 to 0.26) <0.01 ** 38.5

European only 1 0.55 (0.31 to 0.79) <0.01 ** -
Multi-ethnicity 2 0.43 (0.28 to 0.58) <0.01 ** 0.0

Mean age, year
Age < 10 5 0.23 (0.12 to 0.34) <0.01 ** 67.5
Age > 10 3 0.40 (0.15 to 0.65) <0.01 ** 73.9

Mean baseline refraction,
Diopter
>−3.00 6 0.31 (0.17 to 0.46) <0.01 ** 79.4
<−3.00 2 0.20 (0.09 to 0.32) <0.01 ** 0.0

Abbreviations: MD, mean difference; CI, confidence interval; RCT: randomized controlled trial. ** p < 0.01.

3.4.2. Axial Length

Five RCTs reported the value of AL elongation at the 1-year follow-up (Figure 2).
A total of 420 children received 0.01% atropine as treatment, and 402 children served as
placebo group controls. The AL elongation of the 0.01% atropine group was significantly
slower than that of the controls (WMD, −0.06 mm; 95% CI = −0.09, −0.03; p < 0.01). The
overall heterogeneity I2 was 0%. After omitting the papers individually in sensitivity
analysis, the WMDs were similar to the above findings (Figure S2b).

Figure 2. Forest plot of axial length between the 0.01% atropine and control groups. SD, standard
deviation; CI, confidence interval.

3.5. Pooled Effects of the Safety Outcome
3.5.1. Accommodative Amplitude

Three RCTs (including 501 patients) were included (Figure 3a). Children with myopia
treated with 0.01% atropine did not show significantly lower accommodative amplitudes
than the controls (WMD, −0.45 mm; 95% CI = −1.80, 0.90; p = 0.51). Significant heterogene-
ity was noted (I2 = 92.60%). Of note, after omitting Fu et al. [17], the heterogeneity was
significantly reduced (I2= 0%), but the result still showed no statistical significance (WMD,
0.17 mm; 95% CI = −0.41, 0.75; p = 0.56) (Figure S2c).
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Figure 3. Forest plot of safety profiles between the 0.01% atropine and control groups; (a) change
in accommodative amplitude, (b) change in photopic pupil diameter, (c) change in mesopic pupil
diameter. Diff, difference; SD, standard deviation; CI, confidence interval; D, diopter; yr, year.

3.5.2. Photopic Pupil Diameter

Three RCTs (including 501 patients) were analyzed (Figure 3b). Children with myopia
who received 0.01% atropine showed significantly increased in photopic pupil diame-
ter (WMD, 0.35 mm; 95% CI = 0.02, 0.68; p = 0.04). High heterogeneity was detected
(I2 = 89.52%; p < 0.01). After removing Saxena et al. [18], the heterogeneity decreased
significantly (I2 = 58%), the photopic pupil diameter was still increased (WMD, 0.51 mm;
95% CI = 0.31, 0.71; p < 0.01) (Figure S2d).

3.5.3. Mesopic Pupil Diameter

Only two RCTs provided complete data of mesopic pupil diameter (Figure 3c). A
total of 282 children (144 in the 0.01% atropine group and 138 in the control group) were
included. Significant increased mesopic pupil diameter was noted in the 0.01% atropine
group (WMD, 0.20 mm; 95% CI = 0.08, 0.32; p < 0.01). No significant heterogeneity was
detected (I2 = 0%).

3.6. Modified Hartung–Knapp–Sidik–Jonkman (HKSJ) Sensitivity Analysis

The overall effects on each outcome before and after modified HKSJ adjustment are
presented in Table S5. Overall, the adjusted results in efficacy outcomes were similar to
those from our previous meta-analyses, which indicates that our pooled effects were robust.
However, the pooled results of the safety profiles showed a non-significant increase in
photopic and mesopic pupil diameter after the modified HKSJ adjustment.
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4. Discussion

Our meta-analysis collected up to date information and demonstrated that 0.01%
atropine is effective in retarding childhood myopia progression, as measure by SER and
AL over a period of 1 year. Regarding safety outcomes, there was no significant change in
accommodative amplitude between 0.01% atropine and controls at the 1-year follow-up.
Although both photopic and mesopic pupil diameter showed a significant increase in the
0.01% atropine group compared with controls, the clinical impacts of this phenomenon may
be subtle (with an upper confidence interval of photopic and mesopic pupil diameter of
0.68 mm and 0.32 mm, respectively). In our subgroup analysis of SER, myopic children with
lower baseline refraction (>−3 D) and older age (>10-year-old) obtained better responses
with 0.01% atropine treatment. European and multi-ethnicity groups showed greater effect
than Asian groups.

In 2016, a network meta-analysis [38] revealed that 0.01% atropine has a moderate
efficacy in suppressing SER and AL progression (SER = 0.53 D/year, CI = 0.21 to 0.85;
AL = −0.25 mm/year, CI = −0.25 to −0.05). However, no RCTs directly compared the
0.01% atropine and controls, and the findings were completely derived from indirect
evidence. In 2017, Gong et al. [39] evaluated different doses of atropine (0.01% to 1%)
to treat childhood myopia in a meta-analysis. Although they found 0.01% atropine was
effective in slowing rates of SER progression (WMD, 0.50; CI = 0.24 to 0.76), only one
retrospective study regarding 0.01% atropine was enrolled, and no information about AL
changes was reported. Recently, one retrospective analysis of 13 myopic Australian children
reported 0.01% atropine did not inhibit axial growth in ‘fast’ progressors compared to the
age-matched untreated myope model (0.265 vs. 0.245 mm/year, p = 0.754, Power = 0.8) [40].
Our present meta-analysis used the latest evidence, including eight studies (five RCTs and
three retrospective studies), and found a significant effect of 0.01% atropine in inhibiting
myopic progression (SER = 0.28 D/year, CI = 0.17 to 0.38; AL = −0.06 mm/year, CI = −0.09
to −0.03). Our subgroup analysis identified a larger effect of 0.01% atropine in users with a
mean age >10 years compared with users <10 years. This finding was consistent with the
Low-Concentration Atropine for Myopia Progression (LAMP) Study [22]. The elongation
of AL slowed and stabilized in older children might be part of the reason. Furthermore,
patients with lower base line refraction (>−3 D) obtained better responses than those with
higher ones (<−3 D). Although the mechanism of this phenomenon was unclear, this
information provides a useful guide for clinicians to find the ideal candidate for the use of
0.01% atropine in myopic control.

The issue regarding the optimal dose of atropine has recently been up for debate.
Two studies [38,39] recommended 0.01% atropine for myopic control due to its high
acceptability. Of note, the long-term efficacy and safety profiles of 0.01% atropine have
been proved in well-established ATOM2 trials [17]; a double-blind design and a large cohort
of subjects (400 in each study) demonstrated that 0.01% atropine for periods up to 5 years is
a clinically viable treatment of myopia with the best-sustained effect on myopia retardation.
Compared to placebo, 0.01% atropine also demonstrated significant effect over a 2-year
period [28,35]. However, several studies investigating the efficacy of 0.01% atropine for
myopia control have produced inconsistent findings in AL change [14,19,20,27,28]. For
example, Saxena et al. [20] and Yam et al. [14] found a non-significant efficacy of 0.01%
atropine for retarding axial elongation at 1-year follow-up. In contrast, the efficacy of 0.01%
in AL inhibition was identified in an RCT involving a large sample size (280 children) [19].
The present meta-analysis pooled axial elongation results from five high-quality RCTs,
including 420 participants in the 0.01% atropine group and 402 in the control group,
showing a significant efficacy of 0.01% atropine for childhood myopia. In addition, ATOM2
trial [17] demonstrated the significantly lower rebound of axial length for 0.01% atropine
(0.19 ± 0.13 mm) compared to 0.5% and 0.1% atropine (0.35 ± 0.20 mm and 0.33 ± 0.18 mm,
respectively, p < 0.001). This finding may instill confidence in practitioners and patients
using 0.01% atropine.
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An evaluation of the benefit versus risks will help better characterize the value of
atropine in clinical practice to slow myopia. In the present meta-analysis, we evaluated the
safety profiles of 0.01% atropine eye drops by quantifying the changes in accommodative
amplitude, photopic, and mesopic pupil diameter. Although an increase in photopic and
mesopic pupil diameter was noted in the 0.01% atropine group, the overall estimates were
within the tolerable range [41,42]. The pooled estimates of change in accommodative
amplitude were statistically insignificant and highly heterogeneous. This phenomenon
may arise from different baseline accommodative amplitude and age as well as different
measuring methods. Of note, we reviewed other common adverse events such as poor
near visual acuity and allergic conjunctivitis in our included studies, and no significant
influences were noted. Moreover, the drop-out rates in the enrolled studies were generally
below 20%, and no treatment-related severe adverse events were noted, which indicates
the high applicability of 0.01% atropine in clinical practice.

Phase 2 of the LAMP study [43] reported that the 0.05% atropine has a better effect
in myopic control compared with 0.025% and 0.01% atropine. However, 31.2% of 0.05%
atropine user developed photophobia at two weeks, which is significantly greater than
0.01% atropine users (5.5%), and its long-term safety profile (>2 years) and rebound phe-
nomenon were unclear. By using a <3 mm increase in photopic pupil size as the cutoff
beyond which there will be significant discomfort for some users [41], the reported data
from Sankaridurg et al. [42] showed that some eyes would reach this cutoff in 0.025%
and 0.05% atropine users; with 0.01% atropine, the change in photopic pupil size was
approximately 1 mm and appears in alignment with the efficacy data. In a 3 × 3 phase I
clinical trial paradigm, Cooper et al. [41] also concluded that 0.02% atropine might be the
highest concentration that does not produce significant clinical symptoms from accommo-
dation paresis or pupillary dilation. In addition, some real-world data [35,36,40] revealed
that 0.01% atropine slows the rate of myopia progression in non-Asian patients with fa-
vorable safety profiles. Joachimsen et al. [44] even reported that 0.05% atropine induced
significantly more anisocoria (2.9 mm compared to 0.8 mm) and loss of accommodation
amplitude (loss of 4.2 D compared to 0.05 D) in Caucasian children compared to 0.01%
atropine. They supposed that high variation in iris color and the affinity of atropine for
melanin might be speculated for the differences [45], and this phenomenon was observed
by Myles et al. [40]; those with blue eyes were more susceptible to experiencing dilated
pupils as a consequence of atropine treatment. Loughman et al. [46] also proved 0.01%
atropine to be a viable therapeutic option among Caucasian eyes. In our subgroup analysis
of the study population, the results also demonstrated that 0.01% atropine was a somewhat
more effective treatment in non-Asians than in Asians for SER progression. This finding is
particularly meaningful since a previous meta-analysis [47] revealed that atropine slows
myopia progression more in Asian than non-Asian children. The current evidence for
slowing myopia with concentrations of atropine greater than 0.01% is promising, but it is
not sufficiently clear that the profile is favorable when it comes to side effects [41]. Taken
together, we asserted that 0.01% atropine is useful for myopic control due to its evidence-
based long-term effect and applicability in the general population. Further clinical trials
are still needed to explore the applicability of this treatment in non-Asian populations.

The major strength of the present study was the inclusion of high-quality RCTs that
provided valuable primary data. Further, the overall heterogeneity of the pooling data
in AL was low, and the significant results were robust after the leave-one-out and the
modified HKSJ adjustment sensitivity analyses. This finding can resolve the inconsistency
found in previous studies. Furthermore, we systematically summarized evidence regarding
0.01% atropine regardless of Asian or non-Asian population, providing helpful information
for clinicians.

There are several limitations to this study. First, most of our included studies had
short-term follow-up periods (1 year in six studies and 2 years in two studies). The long-
term efficacy and safety profiles of 0.01% atropine eye drops cannot be obtained from this
study. Second, we cannot directly compare the benefit–risk ratio between 0.01% atropine
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and other low dose atropine (such as 0.05% and 0.025%) in this study. However, currently,
there was only one trial that compared those doses of atropine directly [14]. We look
forward to collecting more relevant evidence and providing helpful information. Lastly, we
did not conduct a meta-regression to assess the association between baseline characteristics
and myopia progression after 0.01% atropine treatment since the power may be insufficient
to identify the potential effect.

5. Conclusions

In conclusion, our meta-analysis demonstrated that 0.01% atropine had a favorable
efficacy and adequate safety for managing childhood myopia over a 1-year period. The
children who received 0.01% atropine showed significantly less progression in axial length
and refraction than controls. 0.01% atropine also has a better treatment effect in children
with lower refractive error and older age and seems more effective in non-Asian patients.
Myopic children who have photophobia and blurry near vision after administration of
higher-dose atropine may benefit with 0.01% atropine treatment. Further studies are
warranted to elucidate the long-term efficacy and safety of 0.01% atropine eye drops and
their applicability in different ethnic groups.
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