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Abstract: Peripheral refraction has been studied for decades; however, its detection and
description are somehow simplistic and limited. Therefore, their role in visual function and
refractive correction, as well as myopia control, is not completely understood. This study aims
to establish a database of two-dimensional (2D) peripheral refraction profiles in adults and
explore the features for different central refraction values. A group of 479 adult subjects were
recruited. Using an open-view Hartmann—Shack scanning wavefront sensor, their right naked
eyes were measured. The overall features of the relative peripheral refraction maps showed
myopic defocus, slight myopic defocus, and hyperopic defocus in the hyperopic and emmetropic
groups, in the mild myopic group, and in other myopic groups, respectively. Defocus deviations
with central refraction vary in different regions. The defocus asymmetry between the upper and
lower retinas within 16° increased with the increase of central myopia. By characterizing the
variation of peripheral defocus with central myopia, these results provide rich information for
possible individual corrections and lens design.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Peripheral defocus plays an important role in peripheral vision and potentially in the eyeball
development. First, peripheral vision is important in mobility and precision for some sports
[1] and tasks [2-5]. Second, peripheral vision provides the only visual information for patients
suffering from macular diseases, such as macular hole and age-related macular degeneration [6].
Peripheral defocus also affects eye development and myopia progression [7,8]. Furthermore,
animal studies involving chicks [9] and monkeys [10,11] have shown that the mechanism of the
regulation of eye development and experimental myopia is locally controlled by the retina. In
clinical applications, lenses designed to impose myopia defocus in the periphery also exhibit
some effects to reduce myopia development [12—15]. Studies [16—18] concerning the impact of
refractive blur on peripheral vision using different stimuli have found that detection acuity varies
strongly with defocus; in other words, defocus is the most relevant optical factor, in addition to
astigmatism, higher-order aberrations, and scattering, affecting peripheral vision.

At present, refractive corrections are focused exclusively on central vision, with minimal
concerns about their possible effects in peripheral vision. Some special lenses designed to control
myopia progression induce peripheral defocus that is uniform, with a magnitude obtained from
average data [19,20] rather than from individual values. However, the peripheral refraction
distribution of each person is different; thus, currently applied lenses are not accurately inducing
the desired peripheral refraction. Consequently, myopia prevention and control results for
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different individuals using the same lens are also considerably different. To accurately correct
peripheral refraction and induce a precise amount of defocus in the periphery, we should first
obtain precise data on peripheral refraction distribution.

The interest in peripheral refraction lasted for 90 years since Ferree et al. tested it with a
coincidence optometer in 1931 [21]. Most research has suggested that myopic eyes usually have
a relative hyperopic defocus in the periphery; in contrast, hyperopic eyes are usually myopic in
the periphery relative to the center [22—-27]. However, given the lack of accuracy and precision
of the equipment or inefficient operations, the regional profile [24] has only been described
by a number of papers, and no clear and agreed results [23-25] for the symmetry patterns of
peripheral defocus in the retina have been established.

Jacken et al. [28] developed an instrument based on Hartmann—Shack (H-S) technology,
which has greatly improved detection efficiency. With this instrument, Lan et al. [29] studied
peripheral refraction and retinal image quality in emmetropic children, and Wang et al. [30]
compared the refraction of adults with isomyopia and anisomyopia. However, these studies had
fewer subjects and limited refraction groups. In this study, groups of hyperopes, emmetropes and
myopes subjects were included to further study the two-dimensional (2D) features of peripheral
defocus in adults.

2. Methods
2.1. Participants

A group of 479 Asian adults was recruited from Xiangya Medical College. This study was
approved by the Committee of Research Ethics of the Aier School of Ophthalmology, Central
South University (ID: AIER 20191RB16) and conducted in accordance with the tenet of the
Declaration of Helsinki. Each participant signed an informed consent form after a detailed
explanation of the procedures and risks involved.

The inclusion criteria were: (1) The best corrected visual acuity of 20/20 or better in the
right eye, (2) was free of ocular diseases, (3) no previous ocular surgery, (4) no amblyopia or
strabismus, (5) no lens changes or opacities, and (6) had not worn any orthokeratology for at
least 3 months (7) no history of wearing any other myopia control lenses. The preliminary
examinations for the inclusion criteria included evaluating general health, best-corrected visual
acuity, and direct ophthalmoscope detection.

The group consisted of 134 males and 345 females, with an average age of 24.87 + 5.33 years,
ranging from 17-50 years; the average central refraction was —4.69 +2.86 D, ranging from
—10.64 D to 4.14 D. The details of the participants, such as gender, age, and spherical equivalent
(SE) refraction, in different groups are shown in Table 1. No statistically significant difference
was found between the genders (mean central spherical equivalence values in females and males
were —4.53 £2.93 D and —4.76 £2.84 D; F=0.383, P=0.43).

Table 1. Demographic information of participants (n=479, M + SD)?

(+0.5,5]1D (-0.5,+0.5]D (-2,-0.5]1D (-4,-2]D (-6,-4]D (=12, -6] D
Female 5 12 63 55 74 136
Male 1 14 20 26 23 50
Total 6 26 83 81 97 186
Age (y) 30.7+8.91 29.5+6.87 27.2+6.66 25.0+4.30 24.4+4.92 232+3.89

CSE (D) 1.85+1.548 —-0.23 +0.208 -1.24+0459  -3.00+£0.574 -5.02+0.607 -7.63+1.059

“M = mean; SD = standard deviation; CSE = central spherical equivalent; y = years old; D = diopter



Research Article Vol. 14, No. 5/1 May 2023/ Biomedical Optics Express 2377 |

Biomedical Optics EXPRESS P

2.2. Instrumentation and data collection

Peripheral refraction was measured in the right eyes of each subject using an open-view H-S
wavefront sensor (Voptica peripheral refractor [29], Voptica SL, Murcia, Spain), which was
previously described in detail [29,30]. The naked eyes of each subject were measured after
staying in a darkroom for 30 minutes. The details of the VPR measuring process were also
previously described [30]. We computed the power vector components of the eye’s spherical
refractive error M using the following equations from second-order Zernike terms. Where C is
the Zernike coeflicient for defocus , and r is the pupil radius (4 mm was performed in this study).

43

M=-—"
1‘2

C(z) (diopter)

2.3. Data analysis and statistics

The subjects were classified into six groups according to their central spherical equivalent (CSE)
to investigate the relative peripheral refraction (RPR) for each refractive group: (1) G1: (+0.5,
51D; (2) G2: (=0.5,+0.5] D; (3) G3: (-2, -0.5] D; (4) G4: (-4, 2] D; (5) G5: (-6, —4] D;
and (6) G6: (—12, —6] D. Each 2D-RPR map was divided into nine (3x3) sections or four rings
to investigate the local retinal behavior of the RPR. Data around the optic disk were excluded
from analysis in the nine-grid zoning method (horizontal: nasal 13.5° to 21.5°, vertical: superior
5.5° to inferior 3.5°) and in the four-ring zoning method (circle center coordinates: x-coordinate:
nasal 17.5° and y-coordinate: superior 1°, circle diameter: 4.5°). Figure 1 shows schematic
representations of the different spatial analyses performed. A) The rectangular grid was set on
vertical £5.5° and horizontal =+ 10.5°. B) In four-ring zoning method, four annular regions with
diameters of 16°, 12°, 8°, and 4° were set. C) For the asymmetry analysis, the circular map was
divided into upper and lower parts according to horizontal lines, and the upper and lower areas
were divided into three areas according to the + 45° line. The defocus of asymmetry index (DAI)
of each subject is the absolute value of the difference between the values of symmetric points in
the upper and lower retinas.

20°
uz1 uz2 Uz3 Up
5.5° T T { i
MZ1 Mz2 i Mz 4 i
5.5 135 2
LZ1 LZ2 173 Down
160
300 1050 10.5° 30°

Fig. 1. Codes used for the different zones in the statistical analysis (see additional details in
the text). The red dotted lines in picture A and the red circles in pictures B and C represent
the optic disk areas that are not included in the analysis.

The 2D peripheral refraction maps of every single eye were calculated using MATLAB
(MathWorks Inc., Natick, MA, USA). The original data of all 2D maps were derived from 10
horizontal sections corresponding to 610 (61 x 10) SE values across the retina. For each map,
the x-axis value from the negative to the positive position presents the horizontal positions from
the temporal to the nasal retina, and the y-axis value from the negative to the positive position
presents the vertical positions from the inferior to the superior retina. SPSS software (IBM SPSS
Statistics 25) was used for the statistical analysis. A one-way ANOVA was used to compare the
age and CSE in different groups, the average refractions in different areas within the groups, the
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average refractions of the corresponding sections in different groups, and the average DAI in
different groups. A paired t-test was used to compare the RPR asymmetry values of the up and
down retinas obtained by two symmetric analysis methods within groups. Regression analysis
was used to determine the shifting characteristics of the different regions. Two-tailed p < 0.05
was set as a statistically significant level.

3. Results

3.1. Comparison of local average RPR within refractive groups

In order to clarify the characteristics of peripheral refraction in each group, we divided the map
into eight peripheral and one central regions, and compared the mean value of each peripheral
region with the central one. Figure 2 shows the 2D RPR maps for the six groups and comparisons
between the peripheral regions and the central region MZ2 within every group. The maps were
obtained by subtracting the corresponding CSE from the original maps and then averaging the
maps in the same group. We then calculated the average values of each zone for comparison with
the M2 value, and the details of the regional average RPR values in every group are presented in
Supplement 1. Astigmatism and higher order aberrations were also obtained. These results are
presented as a Supplement 1.

In the (0.5, 5.0] D and (-0.5, 0.5] D groups, the relative peripheral defocus was myopic, which
was small for the emmetropic subjects. In the (-2.0, —0.5] D group, the map was nearly flat,
with regions MZ3 and UZ2 showing a slight hyperopic shift and some mild relative myopia,
respectively. For the (4.0, —2.0] D to (—12.0, —6.0] D groups, the nasal and temporal sides
showed significant relative hyperopia that increased with the amount of central myopia. In these
groups, however, the regions UZ2 and LZ2 exhibited a small difference from the center.

Scatter diagrams of the regression analysis of the RPR values as a function of CSE in each
zone are presented in Fig. 3 and Table 2. The result shows that all regression lines are statistically
significant, with P <0.000. The slopes of different area regression lines were compared in
sequence: UZ3 > UZ1 >MZI1 >LZ1 >MZ3 > L2723 > UZ2 >MZ2 > LZ2. We noticed that the
RPR in the upper retina changed the most in UZ3 and UZ1, followed by the temporal retinas
MZ1 and LZ1, and then the nasal retinas MZ3 and LZ3. The slowest area was in the central
retinas of UZ2, MZ2, and LZ2.

Table 2. Regression analysis results of the nine regions

Unstandardized

. Standardized
R R Square Adjusted R Coefficients Coefficients t Sig.
Square Constant B Beta
Uzl 0.581 0.338 0.336 -0.247 -0.259 —-0.581 -15.593 0.000
uz2 0.463 0.214 0.213 -0.220 -0.120 —-0.463 —11.405 0.000
uz3 0.592 0.351 0.349 0.095 —0.268 -0.592 —-16.051 0.000
MZ1 0.575 0.331 0.329 —-0.067 -0.192 -0.575 —15.345 0.000
MZ2 0.261 0.068 0.066 0.080 —-0.020 —-0.261 -5.904 0.000
MZ3 0.545 0.297 0.295 0.226 -0.21 —-0.545 -14.190 0.000
LZ1 0.546 0.299 0.297 0.038 -0.211 —-0.546 -14.249 0.000
LZ2 0.241 0.058 0.056 -0.112 -0.041 -0.241 —5.425 0.000
LZ3 0.505 0.255 0.253 -0.166 —-0.186 —-0.505 -12.778 0.000

3.2. RPR in different eccentricities between and within groups

We compare the RPR of different eccentricity regions according to the four-ring zoning method
in Fig. 1(B) to explore the RPR distribution along with eccentricities. Figure 4(A) shows the
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Fig. 2. Averaged two-dimensional (2D) maps of the relative peripheral refraction (RPR)
in the six refractive groups. The positive and negative values on the x-axis indicate the
nasal-retinal and temporal-retinal and for the y-axis, the positive and negative values represent
the superior and inferior retinas, respectively. The color code is in diopters. The white circle
represents no statistical difference between the zone and the center zone MZ2, and the blue
star (*) or red star (*) presents a statistically myopic or hyperopic difference, respectively.
The color code for each map was uniformly set, ranging from —2D to 3D.

evolution of the RPR for each group. CAR4 is the outmost region with the largest eccentricity
from the 4-ring method, which can better reflect the defocus trend. Subjects in groups (0.5, 5.0]
D and (-0.5, 0.5] D had a large myopic defocus with increasing eccentricity, with CAR4 values
of —0.39 +0.45 D and —0.32 + 0.27 D, respectively. In group (—2.0, —0.5] D, the RPR remained
near zero, with a CAR4 value of —0.018 +0.030 D. Subjects in groups (—4.0, —2.0] D, (-6.0,
—4.0] D, and (-12.0, —6.0] D present a hyperopic RPR that increases with eccentricity, with
CAR4 values of —0.26 +0.36 D, —0.43 +£0.40 D, and —0.52 +0.41 D, respectively. ANOVA
analysis was performed to compare the RPR in the four rings within groups, and the results
indicate a statistically significant difference in all groups except in groups (—0.5, 0.5] D (F =2,514,
P =0.088) and (-2.0, —0.5] D (F =1.412, P=0.239); linear test results indicate that the RPR
in the four rings are linearly related in all groups except in group (-2.0, —0.5] D (F =1.004,
P =0.317). The details are presented in Supplement 1.

Figure 4(B) represents the peripheral defocus for each group and eccentricity. CAR1 changed
from 0.032 + 0.055 D in group (0.5, 5.0] D to 0.063 + 0.15 D in group (—12.0, —6.0] D, with a
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Fig. 3. Fitting curves of regional averaged relative peripheral refraction (RPR) along with
central spherical equivalent (CSE) in nine zones. The x-axis indicates the CSE, whereas the
y-axis presents the averaged RPR value of the zone. The regression equation is shown in the
upper left corner.
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Fig. 4. Average relative peripheral refraction (RPR) in six groups of the four annular
regions. In picture A, the x-axis shows rings with different eccentricity, and the y-axis in
diopters shows the averaged refraction of the annular areas. In picture B, the x-axis shows
the six groups, and the y-axis in diopters shows the averaged refraction of annular areas. The
asterisks* represent statistical differences in linear test results in both Figs. (A) and (B).
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difference value of 0.031 D; the same difference values in CAR2 and CAR3 were 0.16 D and 0.48
D, respectively, whereas CAR4 had a value of 0.91 D. The ANOVA results indicate a significant
difference between the different groups at the annular areas (P < 0.05) and linear test results
indicate that the RPR only in CARI1 represent no significant difference (F=2.460, P=0.117).
The ANOVA results are shown in Supplement 1.

3.3. Symmetry analysis

We calculated the X axis-symmetric index between the up and down semicircles, S and I, Tu and
Td, and Nu and Nd and the centro-symmetric index between S and I. The DAI of each subject is
the absolute value of the difference between symmetric points, axisymmetric points refer to two
points that overlap after folding along the horizontal meridian, and centro-symmetric points refer
to a pair of points that are symmetrical with the coordinate original (the fovea). The mean values
in each group (except group (0.5, 5.0] D, which was eliminated because the population was too
small) were calculated to make comparisons between different groups.

Figure 5 shows the axis-symmetric values of each group. The values increased with central
myopia, with an S-I value larger than that of Tu-Td and Nu-Nd in each group. The up—down
value changed from 0.29 +0.19 D in group (-0.5,+0.5] D to 0.51 +£0.31 D in group (-12.0,
—6.0] D; and the S-I value changed from 0.35 = 0.29 D in group (-0.5, + 0.5] D to 0.66 + 0.49
D in group (—12.0, —6.0] D as the largest paired area. The numerical values are presented in
Supplement 1. The ANOVA analysis of DAI in up-down, S-I, Tu-Td, and Nu-Nd between groups
indicates a statistical difference between groups and that the DAI values are linearly increasing
significantly (P < 0.001).

0.7

0.6

(-05, +0.5] D (-2,-05]1 D (-4,-2] D (-6,-4]1 D (-12,-6] D
mUp-Down m=S-1 mTu-Td =Nu-Nd

Fig. 5. Average axisymmetric values of the four symmetric regions (up-down, S-I, Tu-Td,
and Nu-Nd) in the five groups. The x-axis shows the four symmetric regions in five groups,
and the y-axis in diopters represents the averaged axisymmetric value.

3.4. X axis-symmetric and centro-symmetric DAl on S-1

To further understand the difference between the nasal and temporal sides, we calculated the
DAL values between the superior and inferior retinas using axisymmetric and centrosymmetric
methods. The results show a significant difference, with a minute difference in values ranging
from 0.017 D to 0.054 D, indicating that the defocus is slightly asymmetric on the nasal and
temporal retina. Figure 6 demonstrates the results of the axisymmetric and centrosymmetric DAI
in the S-I area. The difference value between the axisymmetric DAI and centrosymmetric DAI
was 0.017 D in group (-0.5,0.5] D, which was the smallest in all five groups, and 0.054 D in
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group (—6.0, —4.0] D, which was the largest in all groups—all indicating a mere difference. A
paired t-test was performed between the axisymmetric and centrosymmetric DAI in each group,
and the result shows a significant difference in each group, with P < 0.01; however, none of them
reached a clinical difference. Furthermore, two classes of DAI values both increased with the
increase of central myopia degree, and the ANOVA linear analysis showed P < 0.000, both in the
two series data. Detailed information is presented in Supplement 1.

0.8

0.7

0.6
0.5
=)
=04
3
0.3
0.2
0.1
0

(-0.5,+40.5] D (-2,-0.5]D (-4,-21D (-6,-4]D (-12,-6] D
m axial symmetry B central symmetry

Fig. 6. Comparison of axisymmetric and centrosymmetric defocus asymmetry indices in
the S-I area

4. Discussion

Cross-sectional research was conducted to obtain the 2D peripheral refraction patterns and
associated features in adults and to explore their variation with central ametropia. We chose
adults in this study for several reasons, first, myopia increases even in adulthood, so it is especially
helpful for people who are interested in refractive surgery but fear further myopia after surgery;
second, it helps us to understand the evolution of myopia from children to adults and the peripheral
defocus’ characteristics in myopia; third, it is helpful to understand the visual quality of adults
compared with children. A total of 479 subjects were divided into six groups according to their
central refraction (i.e., CSE). For each subject, a 2D map covering 60° X 36° visual field was
recorded for a high-resolution pupil diameter of 5 mm (every one degree). We divided the relative
refraction maps into several sections using different approaches to better understand the local
characteristics. Given that a previous study [30] has found that the RPR topographic maps in the
left and right eyes are mirror symmetric, we measured the right eye only rather than measuring
both eyes.

The results indicate that the hyperopes show peripheral relative myopic defocus, emmetropes
present peripheral flat defocus, and myopes tend to have hyperopic defocus, which is consistent
with previous studies [22-27,30]. The RPR distribution was associated with eccentricity, and
the greater the eccentricity, the greater the absolute value of the RPR. Other studies have also
previously shown a similar behavior [31-33]; however, these studies were restricted to some
particular meridians and did not cover the entire area. In this study, the measurements covered an
extended area of the retina using high-density sampling. We confirmed the idea that RPR shifts
from myopia to hyperopia as central myopia increases, for the possible reasons as suggested by
several previous studies [34—36] is principally attributed to the change of eyeball shape.
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An important and novel contribution of this work is related to the spatial distribution of
peripheral refraction. In the nine-grid division approach, RPR in the six groups is not uniform,
and the nasal and temporal retinas show a considerable hyperopic shift, whereas the inferior
retina shows a myopic shift, which is also consistent with our previous results. In addition, several
other studies [34,37] have also shown that myopes have prolate-shaped eyes, with refractive
errors tending to be relatively hyperopic in the peripheral refraction. The scatter diagrams in
Fig. 3 show that the average defocus of each region varies with the center diopters. Among
the slopes of the nine fitting curves, UZ1 and UZ3 in the upper retina reached 0.26 and 0.27,
respectively, whereas the lower retina LZ2 was the smallest at 0.04. This result indicates that the
shift in peripheral defocus in LZ2 is the slowest and most consistent with the central diopter. We
may speculate that such changes are related to the shape of the eye; that is, with the increase of
central myopia, the fovea in the posterior and lower parts of the retina grows more rapidly to the
rear, whereas the upper part of the retina grows relatively slowly. However, peripheral defocus
is affected by a variety of factors except eyeball shape such as thickness of retina and status of
cornea and crystalline lens, specific mechanisms researches are still need in the further.

Through the annular partition of the topographic map within the 16° scope, we found that the
RPR increased with eccentricity, including myopic defocus in hyperopes and hyperopic defocus
in myopes, whereas in the low myopia group (-2.0, —0.5] D, the RPR was flat.

The result of the nine-grid division method shows that the defocus varies asymmetrically
in different areas of the retina with different asymmetries; meanwhile, the annular partition
method shows regularity with eccentricity. To clarify this asymmetric distribution of the RPR, we
analyzed the asymmetry of the RPR in the up and down retinas within the 16° scope. The results
show that DAI increases with the increase of central myopia, among which the DAI between the
superior and inferior areas in the vertical retina is larger than the nasal and temporal areas. The
DAI between the superior and inferior retinas in group (—4.0, —2.0] D, group (-6.0, —4.0] D, and
group (—12.0, —6.0] D were larger than 0.5 D, indicating that visual blur is induced and needs
correction. No previous researchers have studied this characteristic in detail, and this study is the
first to determine this pattern.

Based on the results, we understand that the RPR shifts to hyperopia along with increasing
of central myopia; however, different retinal areas perform differently and asymmetrically. The
distribution of RPR is asymmetric, especially in the superior and inferior retinas in the mid or
high myopes. Therefore, a regular symmetrical lens cannot perfectly correct the retinal refractive
error, and individuals cannot gain perfect visual quality with these lenses in periphery visual field.
Thus, we proposed that this asymmetry factor should be considered in any lens to achieve the
complete correction of retinal refractive error to improve the visual functions [38] and detection
acuity [17] especially for high myopes and those need better periphery vision. The data analysis
is mainly focused on spherical equivalent; however, we also have available astigmatism and
high-order aberrations that can modify the final optical quality in the periphery. 2D maps of
astigmatism and coma are presented as Supplement 1. Through previous research [38] confirmed
that peripheral correction may benefit people with impaired central vision regardless of neural
mechanisms, but the neural mechanisms are still important to be explored.

The highlight of this study lies in using a unique instrument with high precision and accuracy,
allowing the collection of a large amount of data and especially the discovery of the asymmetric
distribution of retinal refraction. This finding may be significant for personalized lens design,
including spectacles and contact lenses.
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