hv .
Ry Photonics

Article

Visual Adaptation to Scattering in Myopes

José A. Villa-Carpes 2, Juan M. Bueno *(© and Enrique J. Fernandez !

check for

updates
Citation: Villa-Carpes, J.A.; Bueno,
J.M.; Fernandez, E.J. Visual
Adaptation to Scattering in Myopes.
Photonics 2021, 8, 274. https://
doi.org/10.3390/ photonics8070274

Received: 4 May 2021
Accepted: 11 July 2021
Published: 13 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laboratorio de Optica, Instituto Universitario de Investigacién en Optica y Nanofisica, Universidad de
Murcia, Campus de Espinardo (Ed. 34), 30100 Murcia, Spain; joseantonio.villal@um.es (J.A.V.-C.);
enriquej@um.es (E.J.F.)

Servicio de Oftalmologia, Hospital Virgen de la Arrixaca, 30120 Murcia, Spain

*  Correspondence: bueno@um.es

Abstract: Myopes exhibit a larger capability of adaptation to defocus. Adaptation produces a boost
in visual performance that can be characterized through different metrics. The ability of myopes
to adapt to other sources of blur, such as diffusion, has not been studied so far. In this work, a
group of 20 myopes with normal vision underwent high-contrast visual acuity (VA) measurements
under different viewing conditions, wearing their refractive correction with or without a diffuser
(Bangerter filter, BF). VA decreased immediately after wearing the BF of density 0.6, showing a
significant relationship with the ocular refraction. After 40 minutes of binocular vision through the
BF, a statistically significant increase (p = 0.02) in VA from 0.54 to 0.62 in decimal scale (from 0.3 to
0.2 logMAR) was obtained. No correlation with the refraction was observed. After removing the
diffuser, VA returned to baseline. A control group (17 subjects) underwent the same experimental
protocol but without diffuser filters. No significant changes in VA were found in this group. We
describe a new type of contrast adaptation to blur in myopes caused by scattering, rather than by
defocus. The effects of low scattering levels in vision might be relevant in the analysis of early stage
of cataract, amblyopia treatments, and myopia understanding.
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1. Introduction

The imperfect optics of the eye imposes the first limit to visual performance. Despite
this circumstance, the eye is a robust system, able to operate under a variety of situa-
tions [1]. The main factors degrading retinal images are refractive errors, high order ocular
aberrations, and scattering [2-4]. Beyond these optical limitations, it is accepted that the
human visual system is capable of changing the characteristics of its response based on both
recent visual experience and environmental conditions [5]. Possible neural adjustments,
generically grouped under visual adaptation phenomena, may be important to compensate,
at least partially, for changes in the environmental conditions, including those arising from
optical factors. Adaptation can be understood as a mechanism to prevent saturation and
keep detection in the range of best sensitivity.

A plethora of phenomena associated with adaptation have been studied for years.
Visual adaptation describes the processes by which the visual system alters its operating
properties in response to changes in the environment, thus having important consequences
in perceptual experience [6]. This visual adaptation can be described as a form of neuroplas-
ticity. This neural plasticity of the visual system combines two fundamental mechanisms:
a neural adaptation process that recalibrates the internal norm to maintain a match be-
tween visual coding and visual environment, and perceptual learning that refers to the
performance after a training task. Visual coding is a dynamic process, able to adapt the
visual system to continuous changes, such as variations in contrast, luminance, blur, or
color. It also adapts to changes affecting the observer, including disease, surgical treat-
ments, aging, or a new spectacle prescription [7]. On the other hand, perceptual learning
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refers to the phenomenon where training or practice in perceptual tasks often improves
visual performance. This improvement is closely linked to the task and the stimulus used
(i.e., retinal location, spatial frequency, orientation, background texture, or visual field
position) [8]. Adaptation allows a match between visual coding and visual environment to
be maintained throughout the life span. These processes can occur over a wide range of
timescales, either from millisecond to minutes [9,10] or life-spans [7].

Across the vast number of visual adaptation experiments, some of them explored
how vision is affected by modifying ocular aberrations [11,12] and, consequently, altering
the shape of the retinal images. Others only include the blurring of the visual stimuli
by adding pure defocus. This family of phenomena connects optics with the neural and
perceptual stages of vision. It is known that adaptation to modified versions of the image,
either blurred or sharped, recalibrates perception, biasing the election of best focus [13].
Therefore, the perceived sharpness of an image is strongly biased by prior adaptation to
blurring. This supports the idea that the visual response is calibrated to compensate for
these variations in sensitivity that occur on the spatial scale. In addition to changes in
perception, essentially biasing the selection of the best image, adaptation to blur-induced
retinal images may also alter the performance of visual function. For instance, the exposure
to defocused images might eventually produce changes in visual acuity (VA) [14-16].

In this regard, myopic subjects are a special population where adaptation to defocus
blur has been widely studied, because it exhibits a significant impact in their vision. Several
studies have explored how myopes adapt to defocus blur, not only to their own refractive
error, but also in situations where extra defocus is added [17-20].

Apart from defocus and astigmatism (i.e., refractive errors) and other optical aberra-
tions, scattering is another optical source of retinal image degradation [21,22] and, even-
tually, another source of neural adaptation in vision. Scattering, also known as straylight
in the context of Visual Science, can be rigorously modelled as an interaction between
light and matter. When light passes through an optical medium exhibiting refractive index
heterogeneity, the trajectories are scattered in random directions and cannot be determinis-
tically traced. The main sources of scattering in the human eye are the cornea, the lens, and
the retina [23-25]. In young subjects, intraocular scattering is barely present, but it is known
to naturally increase with age [26]. Severe scattering from the lens is generally associated
with cataracts, being an important cause of retinal image degradation and consequently
affecting vision [27].

Artificial sources of scattering, such as diffuser filters, are usually employed in the
treatment of amblyopia [28]. These filters are used to modulate the degree of visual
deprivation, avoiding total occlusions, causing retinal image degradation by diffusion
and declining the VA of the eye to baseline levels [29]. The degradation of vision over
the selected eye, leaving unaffected the contralateral eye (generally with poorer visual
quality), induces a boost in its performance, enhancing vision. Binocular vision is typically
maintained, with significant advantages over monocular, total occlusion treatments.

Among the spectrum of static diffuser filters (i.e., those whose characteristics cannot be
changed in real time), Bangerter filters (BFs) are one of the most widely employed [30-32].
In a similar way to a Gaussian filter, BFs produce a monotonous reduction in contrast at
increasing spatial frequencies. They are named after its inventor, who, in 1960, introduced
the filter with the aim of producing a gradual and controlled reduction of image quality.
BFs of different density have been characterized objectively through both their microscopic
structure [33] and subjective visual testing [34,35].

In this work, we explored whether the incorporation of scattering can trigger adaption
in adult myopes covering a wide range of ocular refraction in a similar way that defocus
has proved to ignite. Specifically, we studied the possible enhancement of VA after a period
of modified binocular vision when mild levels of scattering (by means of a BF) were added
as the only source of retinal blur.



Photonics 2021, 8, 274

30f11

2. Materials and Methods
2.1. Subjects

A total of 37 volunteers were involved in the present study. Only myopes free from
ocular pathology were enrolled (with no limit on their myopic refraction). Subjects pre-
senting a difference above 0.5 diopters (D) in the objective refraction, as compared to
their prescribed corrections, were also excluded from the experiment. The participants
were randomly separated into 2 groups. The first group, named as the Control Group
(CG), included 17 subjects (mean age: 29 + 9 years). A second group of 20 volunteers
(27 £ 2 years of average age) was referred to as the Bangerter Filter Group (BFG). Both
underwent the same experimental protocol based on a VA assessment with or without BFs,
as it is described in the following. During visual testing, all participants wore their habitual
optical corrections, either spectacles or contact lenses. Immediately before and after the
experiment, the refractive error and the keratometric parameters were obtained by using
an autorefractor (Topcon KR-8900®, Topcon Corporation, Tokyo, Japan). The experiment
was approved by the ethical committee of the institution, and the participants signed an
informed consent explaining the nature of the measurements. The study followed the
tenets of the Declaration of Helsinki.

2.2. Experimental Protocol

The experimental protocol included the estimation of the monocular VA of the right
eye of all subjects at four time points under different conditions. During VA measures, the
left eye was occluded. For the rest of the time, binocular vision was allowed.

The first condition corresponded to the baseline VA assessment (VA1). For this initial
VA1, the subjects wore their own refractive correction (if needed). For the next condition,
adhesive BFs of density 0.6 were mounted on top of both neutral glasses of extra-size
frame spectacles. The BFs were manufactured with different densities in minimum steps
of 0.1 associated with the severity of the scattering. The scattering level indicates the
manufacturer’s predicted decimal VA when the filter is positioned in front of an eye with a
normal VA. Binocular vision was enabled while simultaneously wearing the BFs and either
regular spectacles or contact lenses. Five minutes after obtaining VA1, and immediately
after wearing the BF, a subsequent VA (VA2) was obtained.

After VA2 was estimated, the subjects could move freely and leave the room for 40 min-
utes, always wearing the BF under binocular vision. No other instructions or restrictions
were given. Once this break was over, the VA was measured again (VA3). Immediately
after the retrieval of VA3, the BFs were removed, and a final VA estimation (VA4) was
obtained. More specifically, VA4 was performed under identical optical conditions as VA1.
For the sake of clarity, a schematic diagram of the protocol is shown in Figure 1.

OBJECTIVE REFRACTION 1‘ VA1 (Natural vision) 5'l

AND KERATOMETRY (1) Baseline refraction VA2 (Bangerter Filter)

40’ binocular vision

v

VA3 (Bangerter Filter)

r L' | OBJECTIVE REFRACTION
mmp| VA4 (Natural vision) |mmp AND KERATOMETRY (2)

Figure 1. Flux diagram showing the protocol followed during the experiment. Both groups of
subjects (control and Bangerter ones) followed the same experimental sequence, keeping time points
between measurements. In the case of the control group, no filters were used at any time point.
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The VA estimation was obtained through the Freiburg test [36]. The Freiburg test is a
multiplatform and open access software that allows for the measurement of several visual
quality parameters. It uses psychometric methods combined with anti-aliasing algorithms
to allow accurate VA estimations, contrast sensitivity, and Vernier acuity. The evolution of
the size of the optotype along the runs followed a Bayesian approach, determined by BEST
PEST strategy. The Freiburg test enables a broad range of VA to be retrieved, ranging from
0 to 2.5 in decimal scale or, equivalently, from —0.4 to 2.3 in logMAR notation.

The screen of a laptop was used to display the VA test, exhibiting 13.3 inches of
diagonal dimension and IPS technology, resolution of 2560 x 1600 pixels, and 227 PPI
(Macbook pro Retina, Apple® USA). The brightness of the screen was set to its maximum
(300 cd/m?). The Freiburg test was placed at 4 m from the subjects. The relationship
between the subject—test distance and the screen’s pixel size was calibrated accordingly.
For the estimation of the VA, a Landolt C optotype was shown during 0.3 s, at 4 fixed
orientations, four-choice orientation election for the gap of the C letter, and 30 repetitions
for each run. The VA value was obtained in every case as the average from 3 consecutive
runs taken under identical conditions. Participants were instructed how to perform the
forced choice VA test before starting the measurements.

3. Results

Figure 2 presents the values of ocular refraction (spherical equivalent) for all the
subjects involved in this experiment (both CG and BFG). As stated in the previous section,
these were measured at the beginning of the experiment (i.e., just before VA1 was assessed).
Values were located within the interval [—0.50, —9.75] D. Refractions between the two
groups were not statistically different (t-test, p = 0.74).
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Figure 2. Values of spherical equivalent refractive errors for all participants (randomly numbered)
involved in this study. Blue and red symbols represent control and BF subjects, respectively.

The values of VA1 for the two groups of subjects as a function of the spherical equiva-
lent are shown in Figure 3. These VAs correspond to the basal measurements and serve as
a reference for changes as a function of time during the experiment. VA1 values were in
the range between 0.73 and 2.00 in decimal scale, and no statistically significant differences
were found between the two groups of subjects (i-test, p = 0.94). Moreover, the highest
fraction of VA1 values (73%) corresponded to the interval [0.9, 1.5], which is associated with
normal vision. The Shapiro-Wilk test indicated a normal distribution for VA1 (W = 0.93;
p =0.19).

Following the experimental protocol described in Methods, the VA was measured at
the same time points for both sets of subjects. For the CG, Figure 4 depicts the mean VA
values for each experimental condition (i.e., from VA1 to VA4). VAs hardly changed among
the different conditions. This fact could also be observed graphically in Figure 5, where
the averaged VA values for each control subject across time are shown. In addition, no
significant differences between the averaged VAs were found (as measured with the paired
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t-test). These results indicate that there was not a learning effect with time for this group
of subjects.
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Figure 3. VA1 values for the CG (blue symbols) and the BFG (red symbols).
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Figure 4. VA values as a function of time. For every time point, each symbol represents the mean
across all CG subjects. Error bars represent the standard deviation.
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Figure 5. Mean VA values for the CG along the entire experiment. Each symbol is the mean across all

time points.

For the BFG, Figure 6 compares VA1-VA2 and refraction, where, as previously stated,
VA1 is the baseline refraction (i.e., before the use of the BF), and VA2 are the values
measured immediately after wearing the BE. For the BFG (red symbols), a linear significant
relationship was found (R = 0.76, p < 0.001). This means that the higher the amount of
myopia, the lower the difference between VA1-VA2. It might also be interpreted as an
increased tolerance to scattering as the eye exhibits larger myopia. Moreover, VA just after
wearing the BF was similar for all subjects. More specifically, differences among subjects
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decreased, as the standard deviations show, reducing on average from VA1 = 1.29 & 0.37 to
VA2 = 0.54 + 0.18. Nevertheless, it must be noticed that the standard deviation remained
about the 30% of the mean value in both cases. The decrease in VA was statistically
significant (paired t-test, p < 0.0001). For direct comparisons, the results for the CG area
were also included (blue symbols). As expected from Figure 4, these data were distributed
close to the VA1-VA2 = 0 line.
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Figure 6. Relationship between VA1-VA2 and refraction for subjects within the BFG (red symbols) and
the CG (blue symbols). For the BFG, the line represents the best linear fit (VA1-VA2 = 0.12 * SE + 1.16).

After 40 minutes of wearing the BF, the VA was determined again (VA3). Figure 7
presents the VA3 values as a function of the VA2 values. The plot shows the changes in
VA as a result of wearing the BE. A statistically significant linear relationship was found
(R=10.60, p =0.002). VA2 and VA3 presented normal distributions, as measured with the
Shapiro-Wilk test (W = 1; p = 0.9 for both of them). On average, VAs increased from VA2
=0.54 £ 0.18 to VA3 = 0.63 £ 0.18. When the paired t-test was used, these two VA sets
showed statistically significant differences (p = 0.02). This might suggest a visual adaptation
phenomenon to the scattering induced with BF. This increase in VA after wearing the BF
was not correlated with the spherical equivalent (R = 0.21, p = 0.38).
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Figure 7. VA3 vs. VA2 values for all BF subjects. The black line represents the best linear fit to the
data (VA3 =0.71 x VA2 + 0.23).

Finally, after removing the BF, the VA was also measured (VA4). As expected,
VA4 values were noticeably higher than VA3 ones (VA4 = 1.20 £ 0.37 compared to
VA3 = 0.63 £ 0.18). In addition, the distribution of VA4 value was also normal (Shapiro—
Wilk method, W = 0.9, p = 0.2). This increase in VA was statistically significant (paired
t-test, p < 0.0001). This indicates that the VA after removing the BF did not depend on VA3
values. On the contrary, VA4 and VA1 presented a linear significant dependence (R = 0.66,
p = 0.0003), as depicted in Figure 8. No statistical differences were found between both sets
of VA values (paired t-student test, p = 0.13).
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VAl
Figure 8. Relationship between VA4 and VA1 for all subjects of the BFG. Best linear fit to the data:
VA4 =0.64 = VA1 + 0.36).

In Figure 9, all the VA values for the different experimental conditions for the BFG are
shown. Results show noticeable and statistically significant variations in VA. VA suffers a
significant (and immediate) reduction when the filter was applied (i.e., VA2 vs. VA1, see
also Figure 6). After wearing the BF for 40 minutes, the VA exhibited a moderate increase
of ~15% (VA3 vs. VA2 comparison), which was found to be significant (p = 0.02; see above).
Finally, when the BF was removed, the VA values (VA4) presented similar values (no
significant differences, p = 0.32) to those measured at the beginning of the experiment
(basal values, VA1).
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Figure 9. Averaged VA values at every experimental condition for the subjects of BFG. Error bars
indicate the standard deviation. (***: p <0.0001; *: p < 0.01). The time period among VA measurements
is the same as in Figure 4.

At this point, it is also interesting to note that the values of objective refraction and
keratometry did not suffer changes when comparing the data before and after wearing the
BF (R = 0.99 for both parameters). This is depicted in Figure 10.
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Figure 10. Comparison of spherical equivalent (a) and keratometric values (b) before and after
BF wearing (i.e., just subjects from BFG). Black solid lines correspond to the best linear fits
(SEpost = 0.96 * SEpre — 0.13 and Kpost = 0.96 * Kpre + 1.91, respectively).
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4. Discussion

When evaluating visual performance through high-contrast VA measures, variations
in VA increase with the addition of defocus blur. This effect can be explained in terms of
the associated increasing in depth of focus [37,38]. Interestingly, we have obtained, in this
work, an opposite effect when using diffuser filters as source of blur. This finding could
be taken as an indicator that diffusers do not induce a defocus-like blur in terms of image
degradation, but instead, they mainly induce a reduction of contrast over all the spatial
frequencies. The standard deviation of the VA obtained with vision through the BF was
significantly lower than its equivalent under natural (corrected) viewing conditions (0.17
vs. 0.37). This indicates that high-contrast VA assessment is an appropriate test to study
phenomena associated with diffusion. It should be added that low contrast VA tests, and
stronger BFs, could potentially increase the amplitude of the effects reported in this work.

In some studies, the degradation in VA predicted by the severity of the BF in normal
adults has been found to be inconsistent and not always matching the manufacturer’s
specifications, particularly when using low diffusion BFs [26]. It was reported that BFs
of density 1, 0.8, and 0.4 performed very similarly, all of them degrading VA to values
around 0.6 in decimal scale (0.22 logMAR). Since the effect of BFs of density 0.6 (as the
ones used herein) has not been reported in a normal (i.e., non-amblyopic) adult population,
our results add useful information to the performance of this specific BF in terms of VA.
As mentioned, the expected reduction in VA for this BF was 0.6, and we obtained 0.54
(0.27 logMAR) and 0.62 (0.21 logMAR) for VA2 and VA3, respectively. This indicates that
the BF of density 0.6 operated very close to the manufacturer’s specifications.

A decline on VA induced by the BF of density 0.6 could be related to the amount of
defocus required to reduce VA to the same extent. According to the existing literature, this
defocus is approximately 0.5 D [39—41]. To the best of our knowledge, contrast adaptation
has not been tested with such a low amount of defocus, where, typically, larger values are
usually applied (with higher impact in VA). In fact, 0.5 D is near the depth of focus intro-
duced by natural chromatic aberration [42]. Consequently, testing the possible adaptation
to the blur induced by such a small defocus would possibly fail to produce any result in
this context, although adaptation phenomena associated with chromatic aberration and
characterized in terms of VA have recently been found [43]. Also related to the defocus
blur, equivalent to a BF in terms of vision degradation, another interesting point arose.
A critical factor when modeling the decline of VA as a function of defocus is the pupil
size of the observer [39-41]. This variable was not controlled in our experiment, but it
might be a future parameter to be incorporated when measuring the effects of adaptation
to diffuser filters. This is of particular importance when very different pupil sizes are
expected among the subjects involved, for instance, when the population covers a wide
range of ages or under extreme illumination conditions. In our case, the effects of pupil
size are likely negligible, since the age of the subjects was similar (27 £ 2 years old) [44],
and the illumination of both the room and the test were kept constant along the entire
experiment [45].

It is worth also mentioning that, in this work, the spherical equivalent was used as a
parameter to correlate with, and the direction of the astigmatism (if this exists) was not
taken into consideration. Possible effects of scattering combined with astigmatism can be
useful for future experiments, and additional specific visual tests will be required.

Our results are in line with studies regarding the amelioration of the visual function
following a period of vision through BFs. A significant increase in VA was observed
after extended periods (6 and 12 weeks) of wearing of BFs in children [34]. An important
practical outcome from that study was the recommendation of changing the BF to avoid
this adaptation effect, boosting VA, to make the amblyopia’s treatment more effective.
Although our subjects were adults with normal VA, we hypothesize that such changes
can operate at shorter scales, even for low graded BFs. Other authors found a relatively
short time course of adaptation to blur produced by spherical defocus (~6 min) and no
dependence with ocular refraction [15]. This time was nearly independent of the induced



Photonics 2021, 8, 274

90f11

References

defocus (between 1 and 3 D). Other experiments found longer adaptation periods of about
30 min and beyond [16]. In the literature, it is possible to find a large variety of time periods
and conditions, although it must be accepted that the absolute adaptation time course
to diffusion cannot be definitively assessed, especially if long exposures under modified
visual conditions affect adaptation. Accordingly, therapeutic treatment based on the use of
BFs should account for this fact.

A variety of diffuser filters have been used to degrade vision in normal subjects [46]
in order to simulate the drop in VA that is experienced by patients with low visual perfor-
mance. This is particularly important for testing certain ophthalmic instruments designed
to be used on low vision patients. According to our results, even relatively mild amounts of
diffusion produce enhancement of VA following adaptation, which should be accounted for
during visual testing protocols. Since low levels of diffusion are typical for early cataracts,
the use of diffuser filters with low dispersion, such as the one employed herein, is of
practical interest. Subjective VA testing for the diagnosis of early stage cataracts might fail,
or underestimate the severity of the cataract, because of the reported adaptation effect.

5. Conclusions

In the present experiment, we found that the reduction in VA after application of
BFs (i.e. VA1-VA2) in a myopic population exhibited a correlation with the refraction.
Following a 40 min period of binocular vision, we found a statistically significant increase
in the VA from 0.54 to 0.62 in decimal scale. This improvement was not obtained in the
CG. The increase in VA could be attributed to visual adaptation and was not correlated
with refractive state. It must be said that such a correlation cannot be totally excluded,
however. The amplitude of the adaptation in terms of the increase in VA was relatively
modest, so in clinical practice, using low precision visual tests, the change might be hidden
within the experimental error. Moreover, subjects tend to recover their initial VA after BF
removal. Values of VA1 and VA4 were similar (paired t-test), although the p-value was
relatively low (0.13). This might be an indicator of certain aftereffects following adaptation,
which might be found with a more sensitive test or a larger population (including higher
values of myopia) in future studies. Our results can contribute to a better understand-
ing of vision in myopes and to the use of diffuser filters as a promising way to explore
adaptation phenomena.
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