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Abstract: This study proposes a custom-built aberrometer that measures peripheral defocus to
evaluate myopia progression in the human eye. This advanced device can measure visual fields in
both horizontal (up to 40◦) and vertical (up to 30◦) orientations. It incorporates a novel fixation target
that is meticulously designed using an optical simulation software. Notably, each angular point of this
novel fixation target differs considerably from the conventional fixation target. To mitigate the effects
of the optical variations introduced by spectacles and the subject’s vision, we incorporated a position-
variable lens positioned in front of the eye. This lens compensates for these variations, enhancing
the precision of the measurements. To evaluate the performance of the proposed aberrometer, we
conducted experiments under three distinct conditions: first, with the naked eye; second, while
wearing spectacles; and third, while wearing a multifocal lens.

Keywords: aberrometer; peripheral wavefront sensor; optical simulation

1. Introduction

Myopia is a prevalent global ophthalmic condition [1–7]. Almost 2.0 billion individu-
als are affected by myopia [6], and it is estimated that half of the population will be affected
by myopia by 2050 [7]. However, the causes and remedies remain unclear. Previous studies
have postulated several causes of myopia, including accommodation lag, environmental
factors, and peripheral defocus [4,8–15]. According to the peripheral defocus hypothe-
sis, changes in eye length are triggered to compensate for the defocus in the peripheral
retina [16]. Accurate assessment of peripheral retinal defocus is crucial for diagnosing
myopia progression [17,18]. Defocus values can be determined by calculating aberrations
measured with an aberrometer using Zernike polynomials [17,19,20]. Measuring peripheral
defocus necessitates the use of an aberrometer and a fixation target. Because of the simplic-
ity of the aberrometer, additional measurement devices can be employed [9,10,17,21]. For
example, Lundström et al. reported the use of an aberrometer for measuring peripheral
defocus during an accommodation process along with the Badal system [18], and Jaeken
et al. improved the measurement speed by attaching a scanner to the aberrometer [22].

Despite recent advancements, aberrometers still have limitations in measuring periph-
eral defocus in the human eye. First, the design of the fixation target in the aberrometer
must consider the optical properties of the human eye, including its curvature and re-
fractive index. Failure to do so can result in a fixation target that measures a different
peripheral retinal angle than intended. Second, variations in optical properties introduce
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changes in the light path, leading to measurement errors. This complicates the analysis of
peripheral defocus in individuals who wear spectacles. Previous research faced difficulties,
such as reflections and refractions caused by spectacles, making it challenging to compare
spectacled eyes under different conditions [18]. Consequently, the correlation between
spectacle uses and the progression of myopia has been largely unexplored. Third, when
measuring subjects with different degrees of myopia (mild myopia ≤ −3D, moderate my-
opia: −3D~−6D, and high myopia ≥ −6D), conventional aberrometers require additional
optics to adapt the system for each case. Incorporating these additional optics increases
the complexity and size of the system, thereby making it less practical. However, our
developed aberrometer overcomes these challenges and can effectively analyze peripheral
defocus regardless of the presence of spectacles without the need for additional optics.

This study proposes a novel aberrometer incorporating a Shack–Hartmann wavefront
sensor (SHWFS) for measuring peripheral defocus with two key objectives. First, we
considered the optical properties of the human eye using a newly designed fixation target
created through optical simulation using OpticStudio® (19.4 SP2 version, Zemax, LCC,
Washington, DC, USA). Using optical simulation results, we demonstrated disparities at
various angular points between the newly designed fixation target and the conventional
one. Our second objective was to reduce the involuntary variations originating from
spectacles and the subject’s optical properties. To achieve this, we used a position-variable
lens positioned in front of the subject’s eye. We conducted experiments under three eye
conditions: with the naked eye, while wearing spectacles, and while wearing a multifocal
lens. Furthermore, we compared the results acquired from myopic subjects to investigate
the correlation between the peripheral defocus and eye measurement conditions. Both
horizontal and vertical results are expressed as relative spherical error graphs. In addition,
this study establishes the repeatability and reliability of the new aberrometer through
statistical analysis.

2. Methods
2.1. Hardware and Setting

Figure 1 shows the schematic of the aberrometer. It uses an 832 nm superluminescent
laser diode (SLD; SLD-380-MP-TO9, Superlum, Carrigtohill, Ireland) with a bandwidth of
17 nm. The current controller is in place to ensure that the power of the SLD entering the
eye remains below 10 µW. In addition, a 500 µm pinhole is positioned in front of the light
source to limit the diameter of the SLD entering the eye to less than 1 mm.
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and backward to compensate for unwanted alterations generated by the spectacle and subjects. (d) 
An enlarged picture of the process in (c). 

The reflected light from the retina is directed through a telescope system formed by 
lenses L2 and L3, leading to a wavefront sensor (WFS) equipped with a microlens array 
and a charge-coupled device (CCD) camera (CXE-B013-U, Mightex, Toronto, Canada). 
The microlens array has a focal length of 3.33 mm and a lenslet pitch of 150 µm. The CCD 
camera has a resolution of 1392 × 1040 and a pixel size of 6.45 µm × 6.45 µm. Subjects 
stabilize their position by resting their chin on a chin rest, and an operator makes adjust-
ments to the aberrometer in three dimensions (X, Y, and Z) using a three-dimensional 
translational stage. Figures 1c,d and 2 show the process of modifying L2 to compensate 
for variations in optical properties related to focal length discrepancies among subjects or 
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position of L2, the effects of cornea reflection are minimized, and the clarity of the wave-
front signals is enhanced. 

 
Figure 2. (a) A schematic of the whole new aberrometer. (b) Optimal state of L2. (c) Personalizing 
process of L2. 

2.2. Experiment Process 
Three subjects with varying degrees of myopia are presented by their spherical re-

fraction values in Table 1. Due to the different spherical refractions, the subject’s accom-
modation of the eye should have varied during the measurements. The accommodation 
of the eye was not paralyzed in measuring aberration. Before the experiment, the subjects 
sat in a dark room for five minutes to naturally dilate their pupils. To ensure that 

Figure 1. (a) Schematic of the new aberrometer; L1, L2, and L3: achromatic doublet lens; M1, M2:
Mirror, DM: Dichroic mirror; BS: Beam splitter; PH: Pinhole, FT: Fixation target. (b) Photograph of the
new aberrometer. (c) Compensating process that moves the position-variable lens (L2) forward and
backward to compensate for unwanted alterations generated by the spectacle and subjects. (d) An
enlarged picture of the process in (c).

The reflected light from the retina is directed through a telescope system formed by
lenses L2 and L3, leading to a wavefront sensor (WFS) equipped with a microlens array
and a charge-coupled device (CCD) camera (CXE-B013-U, Mightex, Toronto, Canada). The
microlens array has a focal length of 3.33 mm and a lenslet pitch of 150 µm. The CCD camera
has a resolution of 1392 × 1040 and a pixel size of 6.45 µm × 6.45 µm. Subjects stabilize
their position by resting their chin on a chin rest, and an operator makes adjustments to the
aberrometer in three dimensions (X, Y, and Z) using a three-dimensional translational stage.
Figure 1c,d and Figure 2 show the process of modifying L2 to compensate for variations in
optical properties related to focal length discrepancies among subjects or resulting from
eye conditions, such as wearing glasses or contact lenses. By changing the position of
L2, the effects of cornea reflection are minimized, and the clarity of the wavefront signals
is enhanced.
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2.2. Experiment Process

Three subjects with varying degrees of myopia are presented by their spherical refrac-
tion values in Table 1. Due to the different spherical refractions, the subject’s accommoda-
tion of the eye should have varied during the measurements. The accommodation of the
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eye was not paralyzed in measuring aberration. Before the experiment, the subjects sat in a
dark room for five minutes to naturally dilate their pupils. To ensure that measurements
were obtained exclusively from the right eye, subjects wore an eye patch on their left eye,
allowing them to focus solely on the fixation target. To minimize head movement during
the experiments, the subjects rested their chin on a chin rest while an operator adjusted
the aberrometer for each subject. Throughout the experiments, the subjects fixated on a
target that continuously changed its measurement angle. The fixation target underwent
incremental variations, with steps of 10◦ in the horizontal direction, ranging from −20◦ to
+20◦, and 7.5◦ steps in the vertical direction ranging from −15◦ to +15◦. To enhance eye
stability, the fixation target was designed in the shape of a bull’s eye, measuring between
0.4◦ and 0.6◦ [23,24]. Experiments were conducted under three different eye conditions:
natural vision (naked eye), wearing eyeglasses, and wearing a multifocal soft contact lens
(MFSCL). Each experiment for a particular condition lasted less than 20 s, with a one-minute
interval between each condition.

Table 1. Patients’ demographics.

Subjects S1 S2 S3

Sex M M M
Age 25 26 26

Spherical refraction (D) −2 −4.75 −5.0
Astigmatism (D) 0 −1.0 −0.75

2.3. OpticStudio® Simulation

We employed the optical simulation software OpticStudio® (19.4 SP2 version, Zemax,
LCC, Washington, DC, USA) to design a customized aberrometer. Precise alignment of the
pupil plane is critical for the aberrometer performance. To achieve this, OpticStudio® was
used to match the pupil plane of the human eye with the WFS by establishing accurate
distances between the optical components. In addition, we conducted optical simulations
using a human eye model, as shown in Figure 3a [25]. The model eye’s cornea, anterior
lens, and posterior lens have radii of 13.78, 6.491, and 11.516, respectively, with further
details provided in the reference [25]. Using these optical simulations, we determined
the positions of fixation target points corresponding to each angular point of the retina.
Figure 3c,d display all the angular points of the newly designed fixation targets and a
conventional fixation target, with different colors representing different angles of the retina.
For a visual comparison, Figure 3b illustrates the differences between the angular points
(horizontal 20◦, 10◦, and vertical 15◦, 7.5◦) of the two targets. In Figure 3c, the blue dots
represent the angular points acquired from the new fixation target, whereas in Figure 3d,
the red dots represent the angular points of the conventional fixation target.
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The blue and red spots represent the results of (c,d), respectively. The interval between the red and
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(c) OpticStudio® 3D layout was used to create a new fixation target using an eye model. (d) The
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2.4. Data Acquisition

The WFS measures aberrations by assessing the difference between the measured focal
points and ideal focal points. The detailed principles of using the WFS have been explained
in previous studies [26–30]. An aberrometer can measure human eye aberrations in the
form of Zernike coefficients. To calculate these coefficients, we used custom-developed
software that converts the WFS data into Zernike coefficients [31]. The acquired aberrations
were then converted to dioptric units and applied to Equation (1) to calculate the spherical
refraction. In Equation (1), Z2

0 represents the defocus value, and the two astigmatism coeffi-
cients are expressed as Z2

−2 and Z2
2 . The spherical refraction is calculated by subtracting the

root mean square of Z2
−2 and Z2

2 from the defocus value of Z2
0 . Comparing the graphs of

spherical refraction values is challenging because of variations in the center point (0◦) value.
However, to facilitate comparisons, we used relative spherical error values by eliminating
differences in the center point. To calculate the relative spherical error values, we subtracted
the spherical refraction value at the center from each angular point (horizontal 20◦, 10◦, and
vertical 15◦, 7.5◦). Therefore, our results are presented using relative spherical error graphs.

Spherical re f raction = Z2
0 −

√(
Z2
−2

)2
+

(
Z2

2
)2

2
(1)
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3. Results
3.1. Quantitative Analysis of the Fixation Target

Table 2 presents the quantitative differences between the newly designed fixation
target and the conventional one. Columns 1 and 3 display the simulation results using the
conventional fixation target, whereas columns 2 and 4 show the simulation results from
the newly designed fixation target. First, a comparison between columns 1 and 2 reveals
differences in the positions of the angular points (horizontal 20◦, 10◦, and vertical 15◦, 7.5◦)
for both targets. The distances from the center (0◦) to each angular point are provided in
these columns, with variations ranging from 43.1 mm to 11 mm. In columns 3 and 4, we
observe the angles between the cornea and the fixation target, which is positioned 200 mm
away from the cornea. The values in column 3 match the angles of the retina because
the conventional fixation target does not account for changes in the medium. Conversely,
column 4 values differ from the retinal angle because our proposed method considers
changes in the medium as well as the optical properties of the human eye, including the
refractive index and curvature. For example, a point at horizontal 20◦ in column 4 is located
at 30.09◦, which is a larger angle than the retinal angle of approximately 10◦.

Table 2. Fixation target differences between OpticStudio® and the conventional method.

Retinal Angle
Conventional

Method
Distance

Newly
Designed®

Distance

Conventional
Method
Angle

Newly
Designed®

Angle

Horizontal 20◦ 72.8 mm 115.9 mm 20◦ 30.09◦

Horizontal 10◦ 35.3 mm 49.3 mm 10◦ 13.84◦

Vertical 15◦ 53.6 mm 77.9 mm 15◦ 21.28◦

Vertical 7.5◦ 26.3 mm 37.3 mm 7.5◦ 10.56◦

3.2. Data Analysis

We assessed peripheral defocus in three conditions: with the naked eye (condition 1 or
C1), while wearing glasses (condition 2 or C2), and while wearing the MFSCL (condition
3 or C3). The results for all conditions and subjects are shown in the Figure 4 relative spher-
ical error (RSE) graphs. Results from the naked eye condition represent inherent relative
spherical errors for subjects. All subjects have relative hyperopic defocus. LOA (low-order
aberrations) include zero, first, and second orders of the Zernike polynomial expansion.
Typically, normal glasses can correct second-order modes such as defocus and astigma-
tism [32,33]. But wearing glasses cannot change the characteristic of relative hyperopic
defocus. Previous research excluding the moderately myopic group has shown statistically
similar outcomes related to relative hyperopic defocus when wearing spectacles [34]. This
suggestion is consistent with the findings in Figure 4, where wearing glasses (C2) still
results in relative hyperopic defocus. On the other hand, wearing soft contact lenses has
been reported to induce changes in spherical error [35–37]. Our study demonstrates that
the MFSCL has been confirmed to convert hyperopic defocus into myopic defocus. Our
results confirm peripheral hyperopic defocus in the naked eye (C1) and while wearing
glasses (C2). Peripheral myopic defocus is acquired when wearing the MFSCL (C3), which
agrees with previous studies demonstrating the peripheral defocus hypothesis [4,18,22,38].
Consequently, Figure 4 supports the alignment of the proposed aberrometer results with
the peripheral defocus hypothesis. Furthermore, our previous study [17] using another
aberrometer indicated that individuals who wore glasses for one year showed hyperopic
defocus. In contrast, those who used lenses for myopia correction exhibited myopic defocus
closely resembling the current results of our experiment.
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glasses (C2) are notably higher than 0.05 (subject 1:0.555, subject 2:0.355, and subject 
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Figure 4. Subjects #1, #2, and #3 (S1, S2, and S3) are represented by the red-dotted, blue-dashed, and
solid-green lines, respectively. (a) Nasal to temporal relative spherical error graphs and (b) up to
down relative spherical error graphs for no glasses (naked eye: C1). (c) Nasal to temporal relative
spherical error graphs and (d) up to down relative spherical error graphs for glasses (wearing glasses:
C2). (e) Nasal to temporal relative spherical error graphs and (f) up to down relative spherical error
graphs for MFSCL (wearing MFSCL: C3).

Statistical methods were employed to assess the reliability of the results. A Bland–Altman
plot was used to measure the concordance between the naked eye (C1) and wearing glasses
(C2). Figure 5 shows the Bland–Altman plot using the naked eye (C1) and wearing glasses
(C2) results. The Y-axis in Figure 5 shows the differences between the naked eye (C1)
and wearing glasses (C2) at each angle, whereas the x-axis shows the mean values of
the naked eye (C1) and wearing glasses (C2) at each angle. The red line at the center
represents the average of the differences between the naked eye (C1) and wearing glasses
(C2). The upper and lower 95% red lines represent the 95% confidence intervals. Figure 5
reveals that the differences between the naked eye (C1) and wearing glasses (C2) are
clustered around the average line, and nearly all data points fall within the 95% confidence
interval. Therefore, the Bland–Altman plot demonstrates that the results obtained with
the custom-built aberrometer for the naked eye (C1) and wearing glasses (C2) are well
within the 95% confidence interval. We also conducted independent two-sample t-tests to
evaluate the relationship between the naked eye (C1), wearing glasses (C2), and wearing
the MFSCL (C3). The p values calculated for the naked eye (C1) and wearing glasses (C2)
are notably higher than 0.05 (subject 1:0.555, subject 2:0.355, and subject 3:0.368), indicating
no significant differences. These p values align with the results of the Bland–Altman plot,
which confirms the similarity of the naked eye (C1) and wearing glasses (C2) results. In
contrast, p values between wearing glasses (C1) and wearing the MFSCL (C3) are less than
0.05 (subject 1:0.04, subject 2:0.03, and subject 3:0.00), indicating a significant difference
between these two conditions.
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Figure 5. The red line in the middle of the graph represents the average of the differences between
the naked eye and wearing spectacle results acquired from S1, S2, and S3. The upper red-dotted line
represents the upper 95% confidential interval, while the lower red-dotted line represents the lower
95% confidential interval. The R-value of 0.219 means that no significant differences exist between
the two experiments.

4. Discussion

The proposed aberrometer uses entering light with a diameter of 1 mm to extend
the depth of focus (DOF) in the system. This smaller radius of entering light results in
a small numerical aperture (NA) value, which is inversely proportional to the DOF. A
larger DOF enhances the tolerance for the retinal plane. In addition, the wavefront sensing
process of the human eye is less susceptible than that of other animals because of its smaller
NA and larger DOF [28,39]. The combination of narrowed entering light and the optical
characteristic of the human eye allows us to precisely adjust the position using the position-
variable lens (L2) without deviating from the retinal plane. Consequently, the proposed
aberrometer can achieve an optimal state for various eye conditions and subjects by using
a position-variable lens.

Various fixation target construction methods exist, including machine-turn, eye-turn,
and head-turn. To minimize subject movement, we employed an eye-turn fixation target.
Previous research has shown that machine-turn and eye-turn fixation targets exhibit no
significant difference [40]. In contrast, the head-turn fixation target is the least accurate
of the three methods because of the subject movement [40]. The angular points of our
custom-built fixation target were determined using OpticStudio® to consider the optical
properties of the human eye, a departure from previous studies using conventional fixation
targets that overlooked these characteristics [18,41].

We evaluated the reliability of our custom-built aberrometer by measuring three
myopic subjects under three different conditions: C1 (with the naked eye or condition 1), C2
(while wearing spectacles or condition 2), and C3 (while wearing the MFSCL or condition 3).
Our results confirm peripheral hyperopic defocus in the naked eye (C1) and while wearing
glasses (C2). Peripheral myopic defocus is acquired when wearing the MFSCL (C3), which
agrees with previous studies demonstrating the peripheral defocus hypothesis [4,18,22,38].
Notably, our study represents the first comparison of the naked eye (C1), wearing glasses
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(C2), and wearing the MFSCL (C3) results. Although comparing the spectacled eye with the
other conditions of the eye is crucial, no research has been conducted due to the reflections
and refractions of the spectacle. A previous study investigating peripheral defocus during
an accommodation process demonstrated large differences between the naked eye and
spectacled eye [18]. In contrast, our custom-built aberrometer can accurately measure
subjects wearing spectacles, showing no significant differences.

Our custom-built aberrometer holds promise for conducting experiments aimed at
determining the correlation between myopia and emmetropia by measuring peripheral
retinal defocus [13,27,41]. As peripheral defocus has been shown to cause myopia, an
aberrometer capable of assessing the wavefront of the retina provides a valuable tool for
investigating the underlying causes of myopia. Previous studies using this aberrometer
have shown that the MFSCL can effectively regulate the progression of myopia by address-
ing peripheral defocus [38,42,43]. However, differing viewpoints exist on the effectiveness
of the MFSCL in controlling myopia, with Zhu et al. highlighting the need for further
research to evaluate any potential rebound effect and Smith et al. suggesting that the effect
of the MFSCL is steady but insignificant for controlling myopia [44,45]. As an alternative
to the MFSCL, orthokeratology lenses that reshape the cornea to compensate for peripheral
defocus have been proposed [46–52]. Further experiments under varying conditions will
enable a thorough comparison of the effects of the orthokeratology lens and the MFSCL.
Thus, developing instruments such as our custom-built aberrometer is indispensable for
advancing this research and exploring solutions for myopia.

5. Conclusions

A custom-built aberrometer featuring a newly designed fixation target was used to
measure peripheral retina aberrations within horizontal 40◦ and vertical 30◦ visual fields.
The fixation target was designed using optical simulation software while considering the
optical properties of the human eye. Through a comprehensive comparison between the
angular points of the new fixation target and a conventional one using optical simula-
tion, we observed differences in distances ranging from 43.1 mm to 11 mm. Notably, our
aberrometer can accommodate spectacles and effectively measure the optical properties
of spectacled eyes using a position-variable lens located in front of the subject’s eye. The
position-variable lens can compensate for subject-oriented features, including refractive
index and eye curvature. The advantage of this design was validated by the results of both
the naked eye and spectacled eye measurements, which showed a similar tendency that a
large retina angle corresponds to a higher defocus value. Unlike previous work [17], the
newly developed system excludes the pupil camera and can subject optical characteristics
with different degrees of myopia without requiring additional optic components. The
system is simplified, resulting in a compact size of 20–43–4 cm (height–length–width) and
reduced cost. Moreover, replacing the CCD with a CMOS camera would further contribute
to cost reduction. The reliability of our proposed aberrometer was validated through assess-
ment via a Bland–Altman plot and independent two-sample t-tests. These characteristics
collectively establish our aberrometer as a valuable tool for clinical use, providing a reliable
means to measure peripheral defocus in the human eye under various conditions.
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