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Introduction

Abstract

Purpose: Many myopia control interventions are designed to induce myopic relative
peripheral refraction. However, myopes tend to show asymmetries in their sensitivity
to defocus, seeing better with hypermetropic rather than myopic defocus. This study
aims to determine the influence of chromatic aberrations (CA) and higher-order
monochromatic aberrations (HOA) in the peripheral asymmetry to defocus.
Methods: Peripheral (20° nasal visual field) low-contrast (10%) resolution acuity
of nine subjects (four myopes, four emmetropes, one hypermetrope) was evalu-
ated under induced myopic and hypermetropic defocus between +5 D, under
four conditions: (a) Peripheral Best Sphere and Cylinder (BSC) correction in
white light; (b) Peripheral BSC correction + CA elimination (green light); (c)
Peripheral BSC correction + HOA correction in white light; and (d) Peripheral
BSC correction + CA elimination + HOA correction. No cycloplegia was used,
and all measurements were repeated three times.

Results: The slopes of the peripheral acuity as a function of positive and negative
defocus differed, especially when the natural HOA and CA were present. This
asymmetry was quantified as the average of the absolute sum of positive and nega-
tive defocus slopes for all subjects (AVS). The AVS was 0.081 and 0.063 logMAR/
D for white and green light respectively, when the ocular HOA were present.
With adaptive optics correction for HOA, the asymmetry reduced to 0.021
logMAR/D for white and 0.031 logMAR/D for green light, mainly because the
sensitivity to hypermetropic defocus increased when HOA were corrected.
Conclusion: The asymmetry was only slightly affected by the elimination of the
CA of the eye, whereas adaptive optics correction for HOA reduced the asymme-
try. The HOA mainly affected the sensitivity to hypermetropic defocus.

greater risk of developing retinal detachment and glau-
coma, which can lead to blindness,” WHO concludes that it

The overall aim of this research is to unravel the cues for
the visual regulation of ocular growth and the ability of the
peripheral retina to detect the sign of defocus. Knowledge
of ocular growth regulation is of key interest for myopia
prevention, as myopia most often arises because the eye
grows too long in relation to its optical power. Today the
prevalence of myopia is increasing rapidly. In a recent
report regarding global myopia trends, the World Health
Organization (WHO) estimated that by 2050 half of the
world’s population will be myopic." Since myopes face a

is important to halt the progression of myopia.

The increasing prevalence of myopia is most likely due
to changes in the visual environment, with increasing near-
work and less time spent outdoors.™ A visual regulation of
ocular growth means that the retina is able to detect the
sign of defocus, i.e. that it can differentiate between myopic
(positive) defocus, supposedly providing a stop signal to
further growth, and hypermetropic (negative) defocus, sup-
posedly leading to continued growth. Furthermore, animal
studies have shown that the peripheral parts of the retina
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Peripheral asymmetry to defocus

can be more related to growth regulation than the fovea.™®
Studies on several different species have shown that the
peripheral retina can slow or accelerate ocular growth
depending on the sign of the peripheral refraction. It is
believed that peripheral image quality is linked to ocular
growth and myopia also in humans.” Today, many optical
myopia intervention techniques are therefore designed to
induce myopic defocus on the peripheral retina.®> However,
their success varies and we need to identify the protective
optical properties to optimise the optical design of these
corrections.

Little is known of how the ocular growth regulation sys-
tem detects the sign of defocus. This study tests two
hypotheses based on the assumption that there are optical
asymmetries in the image quality on the peripheral retina
that can be detected via psychophysical evaluation, i.e. that
a different visual response to the sign of defocus on cortical
level originates from the same visual input as the signal for
growth regulation on a retinal level. Peripheral vision is a
complex mixture of optical limitations and low neural sam-
pling’; although the limiting factor for peripheral high-con-
trast resolution is neural, high-contrast detection and low-
contrast resolution depend on optical image quality.'®"*
Visual performance has indeed been found to show asym-
metric response to the sign of defocus both centrally and in
the periphery; both Guo et al. and Radhakrishnan et al.
found asymmetries to the sign of defocus in the fovea,'>'®
and Rosén ef al. showed that negative defocus i.e. when the
image is located behind the retina, affects peripheral visual
acuity less in myopes than in emmetropes.'*'” The latter
study hypothesised that the asymmetric sensitivity to defo-
cus in low-contrast resolution is caused by the ocular
higher-order monochromatic aberrations (HOA)." How-
ever, the large chromatic aberrations (CA) of the eye also
provide cues to the sign of defocus, and ocular growth in
chickens can be induced through manipulating longitudi-
nal chromatic aberration.'® In the human eye, longitudinal
chromatic aberration does not vary considerably across the
visual field,"”*° but both transverse CA and HOA increase
with eccentricity.*"** It is thereby possible that asymmetric
optical aberrations, such as coma and chromatic aberra-
tion, produce an asymmetric depth of focus that provides
the peripheral retina with cues to the sign of defocus.
Therefore, the aim of this study is to elucidate the role of
CA and HOA in the response to peripheral defocus.

This article evaluates the variation in peripheral vision
for different signs and magnitudes of defocus with and
without aberrations present under well-controlled condi-
tions. Our null hypotheses are: (1) the asymmetric sensitiv-
ity to the sign of defocus is not affected by the CA of the
eye and (2) the asymmetry is not affected by the HOA of
the eye. The results show that the second hypothesis can be
rejected.
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Methods

Nine subjects with good general and ocular health, aged
between 25 and 47 years, participated in this study.
According to their habitual refraction, the subject group
consisted of four emmetropes, four myopes (foveal refrac-
tion ranging from —1 D to —2.5 D), and one hyperme-
trope (+1 D) and is presented in more detail in Table 2. All
nine participants were evaluated for their peripheral low-
contrast resolution acuity thresholds under induced posi-
tive (myopic) and negative (hypermetropic) defocus
between +5 D in white and green (monochromatic) light.
The experiment was performed under four conditions of
peripheral optical correction (also summarised in Table 1):

b) Peripheral BSC correction + CA elimination (green light),
¢) Peripheral BSC correction + HOA correction in white light and
d) Peripheral BSC correction + CA elimination + HOA correction.

Acuity thresholds and wavefront aberrations were mea-
sured in the 20° nasal visual field of the subject’s right eye
with natural pupil sizes, and the left eye was used for fixa-
tion on a Maltese cross mounted 2.6 m away. A chin-fore-
head-rest was wused for stability. Throughout the
experiment, the fixation was monitored by an infrared
camera and a Hartmann-Shack (HS) sensor, and the sub-
jects were realigned if necessary. The study was approved
by the regional ethics committee, the tenets of the Declara-
tion of Helsinki were followed, and informed consent was
given by the subjects prior to participation.

A laboratory-based adaptive optics (AO) system running
in continuous closed loop was used for peripheral HOA
correction. The system operates in near-infrared light
(830 nm) and consists of the mirao™ 52 D deformable
mirror (52 actuators, 50 pm stroke, corrects up to sixth
Zernike order) and the HASO™ wavefront sensor; both
components are from imagine eyes (www.imagine-eyes.c
om). The system is calibrated for measurements in visible
light and has been previously described by Rosén et al.”> To

Table 1. The different conditions of peripheral correction (explained in
the methods section) under which the experiments were performed

Green stimuli

White stimuli (CA elimination)

Refractive correction b) Peripheral BSC
correction
d) Peripheral BSC +

HOA correction

Refractive + Adaptive
optics correction

¢) Peripheral
BSC + HOA correction

Each condition is represented by one colour. The same colours are used
for the same conditions in Figure 1. (BSC-Best Sphere and Cylinder,
HOA-Higher Order Aberrations, CA-Chromatic Aberration)
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measure the peripheral lower- and higher-order aberra-
tions, the same AO system was used, but now with the
deformable mirror set to static compensation only for the
internal aberrations of the AO system. Peripheral BSC at
20° nasal visual field were corrected by trial lenses, which
were placed on a trial lens holder aligned with the field
angle in front of the subject’s right eye. The peripheral cor-
rection for the refractive errors was calculated from the cor-
responding second-order Zernike coefficients, which were
extracted from the off-axis wavefront measurements and
converted into dioptres using the following formulas®*:

M=-==d, Jjo=-5=3,
r;upzl rfmpil
2v/6 _,

J45 = — [
7'2 2
pupil
Cylinder = —2+/(J0% + J452),

Sphere = M — (@) and

. J45
axis = 0.5 x atan |—
JO

where )" is the corresponding Zernike coefficient and r,,,;;
is the radius of the pupil.

After the trial lenses were placed in the holder, the state
of the peripheral correction was checked by wavefront mea-
surements. If the peripheral correction was not adequate,
the trial lenses were adjusted in 0.25 D steps until the wave-
front data showed full peripheral refractive correction. For
CA elimination (green/monochromatic light conditions), a
narrow band pass filter (550 nm; bandwidth 25 nm) was
placed in the path between the visual stimuli presentation
screen and the AO system, in a similar manner as in a
recent publication from Venkataraman et al.>> The average
luminance was kept at 24 cd/m* for both white and green
(monochromatic) light conditions.

Positive and negative defocus between £5 D (in five
steps) was induced in random order by changing the spher-
ical power of the trial lens correction of each subject (i.e.
for a —1 D myopic subject in the periphery, the —1 D cor-
rective trial lens was substituted by a +1 D trial lens in
order to obtain an induced defocus value of +2 D). When
the AO system was running in a closed loop, the deform-
able mirror was set to target for the desired defocus value
while it was correcting for the HOA and any residual astig-
matism. No cycloplegia was used to control the state of
accommodation. The HS wavefront sensor in the AO sys-
tem therefore recorded the pupil size and peripheral
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wavefront data live during the experiment to take any
changes in accommodation into consideration. The Zer-
nike coefficients were expressed over an inscribed circle in
the natural elliptical pupil and converted into dioptres of
defocus using the following formula®®:

43, 1245
=32 Q 7 G
rpupil rpupil

M

The effect on the Zernike coefficients of ignoring the
elliptical shape of the natural pupil is minor at 20° off-
axis®/, and did not affect the state of the HOA correction.
The spectacle magnification, determined from the power of
the trial lens and the vertex distance, was taken into consid-
eration to achieve the actual off-axis defocus that the eye
was experiencing in the plane of the entrance pupil. Finally,
this defocus was averaged over time for each condition and
subject. The size of the displayed gratings was also adjusted
to compensate for the spectacle magnification to avoid any
artefacts in the reported acuity values due to different trial
lens powers.

All subjects were evaluated for their peripheral resolution
acuity in low contrast, since this task is limited by the optical
properties and not by neural sampling.'>'* Low-contrast
(10%) Gabor gratings in a Gaussian window with a standard
deviation of 1.6° were used as a stimulus pattern.”** The
gratings had an oblique orientation (—45° and 45°) in order
to avoid any neural preferences due to the meridional
effect.”* The resolution acuities were determined by varying
the spatial frequency of the gratings with Bayesian adaptive
psychophysical procedures. For this, MATLAB (www.math
works.com) and Psychophysics Toolbox (www.psychtoolb
ox.org) were used to present the stimuli on a calibrated CRT
monitor 2.6 m away from the subject. The subject’s task was
to identify the orientation of the gratings in a two-alternative
forced choice paradigm, and respond with the correspond-
ing key on a keypad. If the stimulus could not be resolved by
the subject, the subject was instructed to guess. A guess rate
of 50% and a lapse rate of 5% were set. To ensure that the
subject was aware of the stimulus presentation, a sound cue
was played at the start of each trial. The subjects did not
receive feedback about whether they were responding right
or wrong. The acuity was determined in 40 trials, and each
grating stimulus was presented for 500 ms. Thresholds with
a standard deviation >0.10 logMAR were retaken and the
average acuity values were used for further analysis. All the
measurements were repeated at least three times, and fre-
quent breaks were given in order to avoid fatigue. To ensure
that the procedure was understood, a test round was per-
formed before the beginning of the actual experiment. The
whole procedure with four conditions took almost 6 h per
subject to perform (spread out during 2 days).
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Results

The effect of the sign of defocus on peripheral vision was
investigated under the four conditions shown in Table 1,
with or without CA and HOA present. The resulting low-
contrast resolution acuity for different amounts of periph-
eral defocus is presented individually for the nine subjects
in Figure 1, with the different colours denoting the four dif-
ferent conditions according to Table 1.

In Figure 1, the defocus values are the actual peripheral
defocus experienced by the eye as measured by the wave-
front sensor of the AO system. As expected, best resolution
acuity was achieved with minimum defocus for all condi-
tions of optical correction. It is also evident that the rate of
reduced vision with increasing defocus varies between the
four different conditions, especially for the non-em-
metropic subjects (i.e. s1, s3, s7, s8 and s9). The variation is
larger for negative defocus, which tends to show a flatter
profile for the condition with lowest correction (peripheral
BSC correction, marked in yellow) and it becomes more
alike that of positive defocus as the optical errors are cor-
rected (Peripheral BSC + HOA correction, marked in
black). This means that a subject like s1 shows better
peripheral resolution acuity for negative defocus than for
the same amount of positive defocus when the natural
HOA and CA are present. To further analyse the rate of
reduced vision with defocus, the MATLAB Curve Fitting
Toolbox (www.mathworks.com) was used to least-square-
fit the data in a V-shaped curve and to calculate the slopes
for positive and negative defocus separately. Figure 1 also
presents the results of this fit as solid lines. Spurious resolu-
tion occurred for one of the subjects (Figure 1, s3, star data
points with acuities better than the cut-off frequency of the
theoretical MTF curve for —4 D of defocus), thus these
data were not taken into consideration for the calculation
of the slopes. A difference in the rate of reduced vision
between positive and negative defocus (i.e. between the two
slopes of the V-shaped curve in Figure 1) means that a sub-
ject is experiencing an asymmetry to peripheral defocus.
Table 2 lists the corresponding slopes, the average of the
absolute values of the sum (AVS) of positive and negative
defocus slopes and the average of the sum (AVS2) of posi-
tive and negative defocus slopes for each condition.

Figure 1 and Table 2 show that peripheral resolution var-
ied with defocus similarly for white and green light when
the natural HOA were present. On average, the asymmetry
for white and green light was 0.081 and 0.063 logMAR/D
respectively. A Wilcoxon paired signed rank test
(T4 = 10> T 5(2),00 0.10 < p-value < 0.20) on the abso-
lute sums of positive and negative defocus for conditions
(a) and (b) of all subjects in Table 2 showed that our first
null hypothesis, that the asymmetry is not affected by the
CA of the eye, cannot be rejected. Furthermore, t-tests
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performed on the slopes showed that when natural HOA
were present: (1) there was a statistically significant differ-
ence (p-value < 0.05) between the slopes for negative and
positive defocus for both green and white light for all sub-
jects, (2) four of the subjects showed no statistically signifi-
cant difference (p-value > 0.05) between the negative
defocus slope for white light and the negative defocus slope
for green light, and (3) there was no statistically significant
difference (p-value > 0.05) between the positive defocus
slope for white light and the positive defocus slope for
green light for eight out of the nine subjects. These facts
indicate that all subjects remained asymmetric after CA
elimination, and that CA had no significant effect on the
asymmetry. With adaptive optics correction for HOA,
however, the subjects showed a more symmetric reduction
in vision under positive and negative defocus with the sen-
sitivity to negative (hypermetropic) defocus being affected
the most by the HOA. After HOA correction the AVS was
0.021 logMAR/D for white light and 0.031 logMAR/D for
green light. A Wilcoxon paired signed rank test
(T+ = 0 < To05(2),0, 0.001 < p-value < 0.005) on the abso-
lute sums of positive and negative defocus for condition (a)
and (c) of all subjects in Table 2 showed that our second
null hypothesis, that the asymmetry is not affected by the
HOA of the eye, can be rejected. Thus, we can conclude
that the asymmetry to peripheral defocus is mainly caused
by the monochromatic HOA of the eye.

Discussion

This study investigates the effect of negative and positive
defocus in peripheral vision with and without the off-axis
aberrations present. In white light conditions with periph-
eral BSC correction (condition a), all the subjects showed
asymmetric profiles with an AVS of 0.081 logMAR/D, being
less sensitive to hypermetropic defocus. Similar asymmetric
profiles have been found in foveal vision for myopic sub-
jects by Guo et al.'® and Radhakrishnan et al.'> In the
periphery, these asymmetric profiles are in agreement with
Rosen et al.'” who also found asymmetries to the sign of
defocus for both emmetropes and myopes.

The psychophysical test was performed successfully by all
participants, and their cooperation was exceptional. The
AO system performed very well throughout the procedure,
and the acquired HOA correction was more than adequate
(judging from the extracted Zernike coefficients). Figure 2
shows an example of the monochromatic Modulation
Transfer Function (MTF) curves of subject s5 for all four
conditions when the subject was corrected for peripheral
defocus and astigmatism i.e. no defocus induced. All sub-
jects had clearly better image quality when the AO system
was running and correcting the HOA of the eye. In addi-
tion, the monochromatic image quality was not affected by

4 © 2020 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists
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Figure 1. Peripheral low contrast (10%) resolution grating acuity in logMAR plotted against defocus in dioptres. Each graph represents one subject.

The four conditions under which the experiments were performed are presented by the different colours and are summarised in Table 1. Spurious res-
olution that occurred for s3 is presented with the star data points.
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Table 2. The result of low-contrast (10%) resolution grating acuity tests in 20° nasal visual field expressed in slopes (logMAR/D)

c) White light d) Green light

b) Green light BSC BSC + HOA BSC + HOA

correction correction correction
[habitual refraction, age, Negative Positive Negative Positive Negative Positive Negative Positive
pupil diameter] defocus defocus Defocus Defocus Defocus Defocus Defocus Defocus
s1[—2.50 D, 39 years, 5.8 mm] —0.06 0.14 —0.04 0.17 -0.16 0.16 —-0.13 0.18
s2 [+0 D, 25 years, 5.3 mm] -0.12 0.18 -0.12 0.16 -0.13 0.15 -0.17 0.15
s3[+1.00 D, 46 years, 3.7 mm] —0.06 0.15 -0.03 0.13 -0.10 0.18 -0.10 0.18
s4 [+0 D, 32 years, 5.0 mm] —-0.10 0.18 -0.1 0.16 -0.15 0.15 —-0.15 0.14
s5[+0 D, 28 years, 4.7 mm] -0.10 0.17 —-0.11 0.15 -0.14 0.15 —-0.11 0.16
s6 [+0 D, 28 years, 5.7 mm] -0.19 0.14 -0.19 0.15 —-0.17 0.17 -0.16 0.15
s7[-1.75 D, 33 years, 5.9 mm] -0.10 0.19 -0.15 0.15 -0.19 0.15 -0.14 0.16
s8[—1.75 D, 26 years, 4.2 mm] —0.06 0.21 —0.09 0.21 —0.09 0.12 —0.09 0.12
s9[—1.00 D, 25 years, 3.8 mm] -0.11 0.17 -0.1 0.16 —-0.15 0.14 -0.14 0.15
Average Slopes {logMAR/D} -0.10 0.17 -0.1 0.16 -0.14 0.15 —-0.13 0.15
AVS {logMAR/D} 0.081 0.063 0.021 0.031
AVS2 {logMAR/D} 0.070 0.054 0.010 0.022

Each row represents one subject with the subject’s foveal refraction (in dioptres), age (in years) and average pupil diameter (in mm) in the brackets.
Each column represents one condition, each sub-column represents the slopes as well as the average of the slopes for positive and negative defocus
for each condition. AVS refers to the average of the absolute values of the sum of positive and negative defocus slopes and AVS2 refers to the aver-
age of the sum of positive and negative defocus slopes. Bold values indicates most important numbers.

using the filter and narrowing down the spectrum of the
light (conditions b, d with CA elimination). We can
thereby conclude that the subjects did not accommodate
differently when the green filter was introduced in the AO
system, neither when the AO system was off nor when it
was running in closed loop. One of the challenging parts of
the experiment was to find the best peripheral trial lens

Modulation transfer

correction for some of the subjects, which reflects the diffi-
culty of defining a fast and accurate metric for peripheral
refraction. For practical reasons, the trial lens correction
was simply chosen based on the second order Zernike coef-
ficients, ignoring the HOA. This approach led to a differ-
ence in the tested defocus values between the conditions
with and without HOA correction for some subjects, but

0 | | | |
0 2 4 6 8

10 12 14 16 18 20

Frequency, Cycles/degree

Figure 2. Peripheral monochromatic Modulation Transfer Function (MTF) curves for subject s5 when no defocus was induced. The four conditions
under which the experiments were performed are represented by the different colours and are summarised in Table 1.
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did not affect the measured slopes. Also, a few subjects had
large pupils and large aberrations in the periphery. Thus,
the deformable mirror had to obtain large strokes when the
AO system was running in close loop in order to correct
the HOA. For the safety of the mirror, when the strokes
were too large, we had to stop the experiment, flatten the
mirror and restart this specific set.

Hypothesis 1

The Wilcoxon test on the absolute sums of positive and
negative defocus for conditions (a) and (b) showed that
our first null hypothesis, that the asymmetry is not affected
by the CA of the eye, cannot be rejected. Furthermore, our
measurements showed that the asymmetry remained and
was very similar for white and green light when the natural
HOA were present. We therefore concluded that the asym-
metry is not mainly caused by the ocular CA.

Various animal studies suggest that wavelength-depen-
dent defocus caused by the longitudinal chromatic aberra-
tion (LCA) of the eye can trigger or stop eye growth.
Experiments in different animal models show that eyes
treated with red light grew too long to compensate for the
hypermetropic defocus and as a result they became myopic.
Similarly, eyes treated with blue light showed less axial
elongation.”® This indicates a strong effect of LCA on ani-
mals’ eyes. We did not test red and blue light separately in
this study, but our results do not contradict the previous
findings in animals.

Hypothesis 2

The Wilcoxon paired signed rank test on the absolute sums
of positive and negative defocus for conditions (a) and (c)
showed that our second null hypothesis, that the asymme-
try is not affected by the HOA of the eye, can be rejected.
We therefore conclude that the ocular HOA play a major
role in the asymmetric sensitivity to peripheral defocus and
that the effect of imposing negative and positive defocus is
more symmetric when HOA are corrected. This finding
supports the hypothesis of the aforementioned study by
Rosen et al.'” that HOA increase the depth of focus also in
the periphery.

Importance for myopia research

In the foveal study by Radhakrishnan et al. the asymmetry
to defocus was only found for the myopic subjects and not
for the emmetropes (although that study may suffer from
pupil size artefacts due to magnification between the spec-
tacle plane, the artificial pupils and the entrance pupil)

Peripheral asymmetry to defocus

whereas Guo et al. showed asymmetric behaviour also for
the emmetropic subject.'>'® By averaging the AVS values
separately for myopes (mAVS) and emmetropes (eAVS) in
the current study, it can be seen that the group of myopic
subjects tended to be more asymmetric than the group of
emmetropic subjects under all conditions, although the dif-
ference was not statistically significant. When the HOA
were present, the mAVS and the eAVS values were 0.095
logMAR/D and 0.065 logMAR/D for white light, and 0.075
logMAR/D and 0.043 logMAR/D for green light respec-
tively. A larger asymmetry for myopes would suggest a
more asymmetric depth of focus, which could be caused by
HOA. Some previous studies found no correlation between
foveal HOA and refractive error,”*~>! whereas others report
a correlation between HOA and myopia.”*>® Additionally,
in a recent review on peripheral optical errors, myopes had
slightly worse image quality than emmetropes in the 20°
visual field.”” Further studies with larger sample size are
needed to see whether myopes are less symmetric than
emmetropes in their sensitivity to peripheral defocus.
Either way the asymmetry can be important for myopia
control. For example, interventions that compensate for
the HOA of the peripheral eye and reduce the peripheral
depth of focus could be more efficient in slowing myopia
progression.
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