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The ocular surface refers to the outermost layer of the eye, which includes the cornea,
conjunctiva and eyelids [1]. It is a complex and delicate system that is responsible for
maintaining the health and function of the eye [2]. One common problem that can affect
the ocular surface is dry eye syndrome, which is a multifactorial condition that occurs
when the eye does not produce enough tears or the tears produced do not have the correct
balance of water, mucus and oil, where inflammation, hyperosmolarity and neurosensorial
abnormalities could coexist [3]. Dry eye syndrome can be caused by a variety of factors,
including aging, certain medications and environmental conditions, such as prolonged
use of the screen or living in a dry or dusty environment [3], or be related to autoimmune
syndromes, where Sjogren syndrome stands out [4]. Symptoms and signs of dry eye
syndrome include burning, itching or redness of the eye, as well as a sensation of dryness,
grittiness or a foreign body sensation, among others. In severe cases, dry eye syndrome can
cause vision problems, corneal damage and even blindness [5,6]. Effective treatment of dry
eye syndrome requires an accurate diagnosis and a personalized treatment plan. Currently,
the most common subjective method of diagnosing dry eye syndrome is through the use of
questionnaires and subjective tests, such as the Ocular Surface Disease Index (OSDI) [7]
or the Dry Eye Questionnaire (DEQ) [7]. Although these tests can be useful in identifying
the presence of dry eye syndrome, they are based on self-reported symptoms and may not
accurately reflect the true severity of the condition [7]. Moreover, traditional objective tests
include the Oxford grading system with fluorescein stain or lissamine green stain, the tear
break-up time test (TBUT) or the Schirmer test (I and II) [1-10]. Other adjuvant options are
the measurement of the tear meniscus [11], the evaluation of the metalloproteinases [12] or
the tear osmolarity [13].

A new measurement device, called the Ocular Surface Analyzer (OSA) [14], has re-
cently been developed to help improve the diagnosis and management of dry eye syndrome.
The OSA is a non-invasive, objective tool that uses interferometry to measure the thickness
and surface profile of the tear film, similar to a Keratograph [15]. It can also measure blink
rate and eyelid position, as well as TBUT. One of the key advantages of the OSA is its ability
to provide detailed, quantitative data about the ocular surface [14]. This allows for a more
accurate diagnosis of dry eye syndrome and allows for a more personalized treatment plan
to be developed [16]. The OSA can also be used to monitor the effectiveness of treatment
and track changes in the ocular surface over time [17]. There is growing evidence to suggest
that OSA is a valuable tool in the diagnosis and management of dry eye syndrome [18]. A
recent study found that OSA was able to accurately detect changes in the ocular surface
in patients with dry eye syndrome and that it was able to distinguish between different
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severities of the condition [19]. Another study found that OSA was able to accurately
predict the presence of dry eye syndrome in patients who had previously been diagnosed
with the condition [20].

In general, OSA appears to be a promising new tool for the diagnosis and treatment of
dry eye syndrome. Its non-invasive, objective measurements provide detailed, quantitative
data about the ocular surface, which can help to improve the accuracy of diagnosis and
the effectiveness of treatment. As research on OSA and its potential uses continues to be
conducted, it is likely to become an increasingly valuable tool in the treatment of dry eye
syndrome and other conditions that affect the ocular surface.

Second, dry eye disease is a common condition that occurs when the eye does not
produce enough tears or the tears evaporate too quickly [21]. This can lead to a variety of
symptoms, including dryness, irritation, redness and a feeling of discomfort or a foreign
body sensation [7]. In severe cases, it can even cause vision problems [5]. The stability
of the tear film is an important factor in the health and comfort of the eye [22-24]. The
tear film is a thin layer of moisture that coats the surface of the eye and helps to keep
it lubricated and protected [25]. It is made up of three layers: the outer layer, which is
composed of oil produced by the meibomian glands [26,27]; the middle layer, which is
made up of water produced by the lacrimal glands; and the inner layer, which is composed
of mucus produced by the conjunctiva [10].

The tear film plays a critical role in maintaining the health of the eye by providing a
protective barrier against dust, dirt and other irritants. It also helps keep the eye surface
moist and comfortable, which is essential for good vision [6]. There are several factors
that can affect tear film stability, including age, hormonal changes [16,28,29], medica-
tions [30,31] and certain medical conditions. Dry eye disease is one of the most common
causes of tear film instability and is more common in women than in men, especially after
menopause [16,28,29]. To treat dry eye disease, doctors may recommend the use of eye
drops or ointments to supplement the natural tear film [6,9]. There are several types of
eyedrops available, including artificial tears, which are designed to mimic the natural tear
film; lubricating drops, which help to moisturize the eye; and anti-inflammatory drops,
which reduce inflammation and redness [28-33].

In recent years, there has been a significant amount of research into the development
of new eyedrop formulations that are more effective in treating dry eye disease. One
promising area of research is the use of lipid-based eyedrops, which are designed to mimic
the natural tear film more closely [33]. These drops are composed of a mixture of oils and
water, and they are able to stay on the eye longer than traditional artificial tears. Another
area of research is the use of nanotechnology to create eyedrops with smaller particle sizes
that can be absorbed more easily by the eye [32]. These drops have the potential to provide
more sustained relief from dry eye symptoms and may be more effective in improving
tear film stability [22]. In general, dry eye disease is a common and often debilitating
condition that can cause a variety of symptoms, including dryness, irritation and vision
problems. Maintaining the stability of the tear film is an important factor in maintaining
eye health and comfort, and new eyedrop formulations are being developed to improve the
treatment of dry eye disease [34—40]. In more severe cases, other options, such as the use of
corticosteroids, autologous or allogenic serum [41], immunomodulators or secretagogues
and even surgical approaches [42], are necessary [6].

On the last point of discussion for this Editorial, the ocular surface microbiota, or the
collection of microorganisms living on the surface of the eye, has long been recognized
as an important factor in the health and function of the eye [43]. However, the specific
role of the ocular surface microbiota in the development and management of eye diseases
is still not fully understood [44]. Recently, a multicenter study proposed the concept of
eye community state type (ECST) as a way to categorize and understand the different
profiles of bacterial communities that can exist in the healthy eye [43]. The study found
that nine different ECSTs could be identified within the healthy bacterial population. This
is an exciting finding, as it suggests that there may be multiple “healthy” states of the
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ocular surface microbiota and that different individuals may have different ECSTs. It also
opens up the possibility of developing personalized approaches to eye care based on an
individual’s ECST.

However, more research is needed to fully understand the clinical implications of ECST
and how it may be related to the development and management of eye diseases [45-48]. For
example, it is not yet known whether certain ECSTs are more or less prone to developing
eye infections or other problems. Overall, the concept of ECST is an interesting new avenue
for research on the ocular surface microbiota and its role in eye health [49-51]. Further
studies are needed to fully understand the clinical importance of ECST and how it can be
used to improve the diagnosis and treatment of eye diseases. The field of vision science
is constantly evolving, and there have been many exciting developments in the diagnosis
and treatment of the ocular surface in dry eye disease. New technologies and approaches
are being developed that have the potential to greatly improve the lives of those suffering
from this common and often debilitating condition.

An important area of research is the development of new eyedrop formulations that
are more effective at treating dry eye disease. Lipid-based eyedrops, which mimic the
natural tear film, and nanotechnology-based drops with smaller particle sizes, which can
be absorbed more easily by the eye, are both promising approaches that have the potential
to provide more sustained relief from dry eye symptoms and improve tear film stability.
In addition, advances in diagnostic techniques, such as the use of non-invasive imaging
techniques, are helping to improve the accuracy and reliability of dry eye diagnoses. This
is important because it allows physicians to more effectively tailor treatment plans to the
specific needs of each patient.

In general, the cutting edge of vision science provides new and innovative ways to di-
agnose and treat ocular surface conditions, including dry eye disease. These developments
have the potential to greatly improve the lives of those affected by this condition and to
help them maintain the health and comfort of their eyes.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Background: The purpose of this study was to objectively evaluate visual discomfort using
an eye tracker and aberrometer after a 21-min reading session on an iPad and an Ebook. Additionally,
retinal changes were analyzed using optical coherence tomography (OCT). Methods: A total of
31 young subjects (24 + 4 years) participated in this study. They read for 21 min on an Ebook and
for another 21 min on an iPad under controlled lighting conditions while their eye movements were
monitored using an eye tracker. Aberrometry and retinal OCT measurements were taken before
and after each reading session. Parameters such as pupil diameter, fixations, saccades, blinks, total
aberration, high-order aberration, low-order aberration, and central and peripheral retinal thickness
in the nine early treatment diabetic retinopathy study (ETDRS) areas were measured for each reading
situation. Statistical analysis was performed on the collected data. Results: No statistically significant
differences (p > 0.05) between the two devices were observed in terms of the different types of eye
movements or the changes in retinal thickness. However, the aberrometric analysis showed variations
in post-reading situations depending on the device used. Conclusion: Reading speed and visual
discomfort resulting from electronic device usage can be objectively assessed using an eye tracker
and aberrometer. Additionally, changes found in central and peripheral retinal thickness between the
two devices and the baseline measurements were not significant and remained relatively stable.

Keywords: eye tracker; eye movements; aberrometry; visual quality; optical coherence tomography

1. Introduction

Recently, the use of near vision (NV) has been steadily increasing for the execution
of various tasks, whether they involve work, study, or entertainment. Activities such
as reading, performing tasks, and viewing videos or movies on digital platforms are
increasingly being carried out using electronic devices (computers, tablets, or smartphones).

The consequences of the continuous and prolonged use of these devices result in
various ocular symptoms, such as irritation, dryness, itching, tearing, burning, or a foreign
body sensation [1,2], leading to visual fatigue, diplopia, blurred vision, or asthenopia,
among other conditions. These signs mainly appear in individuals who spend four or
more consecutive hours using these devices, with symptoms intensifying with daily use
exceeding seven hours [3,4], affecting the attention and performance of individuals who
experience them; this condition is known as computer vision syndrome (CVS) [5]. It is
estimated that the prevalence of CVS can range from 25% to 93%, depending on the device
used, the duration of use, and environmental factors. The number of people affected is
projected to increase significantly each year [3,4].

Objective signs also appear, such as changes in accommodation and optical mani-
festations such as ocular aberrations in response to prolonged NV work [6,7]. Wick and
Morse demonstrated that the accommodative response (accommodative lag) increases in
computer work [8]. However, Moulakaki et al. argued that the accommodative response is
independent of the device used [9]. Other studies show that both low-order aberrations
(LOAs) and high-order aberrations (HOAs) increase with accommodation, particularly
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spherical aberrations. These changes may be due to alterations in the different ocular
media during the accommodation process, resulting in an imperfect image formed on the
retina [10]. Changes in retinal thickness and shape have also been observed during reading
under different lighting conditions, especially in low light conditions in multiple macular
areas [11].

CVS is a prevalent condition that can cause discomfort and affect productivity and
quality of life; there is no universally agreed-upon definition or diagnostic criteria, and
the best interventions are not well established [2]. It is known that computer use reduces
the frequency and amplitude of blinking; however, for handheld devices such as tablets,
e-books, mobile phones, etc., this has not been conclusively proven, although it is assumed
that they affect tear stability. Despite this finding, there are no irrefutable studies to confirm
that discomfort or other symptoms such as asthenopia caused by device use is related to
blinking [12].

There are two main types of e-readers: e-books, which are designed to resemble
printed books on paper, and liquid crystal display (LCD) screens, which are used in most
electronic devices such as iPads or tablets. Reading on an LCD display can cause more
visual fatigue than reading a paper book or E-ink display, likely due to the higher level
of luminance emitted by the LCD display, which can cause the pupil to constrict and the
frequency of eye blinks to decrease. These changes can lead to eye strain and fatigue [13].
In spite of this, one advantage of using these technologies is the ability to customize factors
such as font type and size, screen luminance, and even background color for reading,
allowing for individualized adaptation to the user’s preferences [13].

Reading speed is a measure of how quickly a person can read and comprehend text.
It is an important indicator of reading fluency, which is essential for academic success, as
it allows students to read and understand complex texts in a timely manner. In general,
reading speed increases with age and may be affected by visual discomfort, which is caused
by several factors, including reading for long periods of time, reading in poor lighting
conditions, or reading a text that is too small or too difficult [14].

Some studies have focused on how ambient lighting, contrast, and the difference
in luminance between the background and text affect visual comfort when reading on
electronic devices [15]. Others have specifically investigated the optimal ambient lighting
conditions. It is specified that the minimum illumination should be 200 lux for comfortable
and pleasant reading [16]. If the ambient lighting is too high, the visibility of the screens
may be compromised, contrast can be lost, and reading can become more challenging.
However, for E-ink devices without backlighting, the ambient lighting needs to be even
higher, preferably above 700 lux, to ensure effective readability [17].

The reading process involves saccades, which are small and quick jumps lasting
approximately 20-40 ms with which the gaze direction is changed, causing the image
of the object of interest to remain on the fovea. These are binocular movements, where
both eyes (OU) move in the same direction, performing conjugated movements (versions)
following the line of the text being read [18,19]. Following a saccade, a fixation occurs,
which is the time in which the gaze remains on the object of interest for approximately
200 to 250 ms; these are the moments in which reading is carried out [19]. Fixations do
not occur word by word but rather involve reading groups of words, valued as reading
efficiency [20]. The concept of “regression” refers to fixations that occur from right to left,
backward movements in reading to reread a word or group of words, and movement to
the next line [21].

Generally, proficient readers employ a lower number of fixations and spend less time
on them compared to less skilled readers. The latter group experiences more difficulty
comprehending the text as they analyze the meaning of each word rather than taking
a global approach to the context [21]. Many individuals struggle to comprehend what
they read or find that they require a significant amount of time to read and understand,
leading to frustration and inhibiting skill development. This highlights the importance of
emphasizing reading fluency and comprehension at an early age [22].
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The eye tracker is an electronic device that records gaze tracking, allowing for the
measurement of unconscious eye movements during specific tasks. It provides insights into
the skills and cognitive processes of the subject being evaluated. Eye tracking is a scientific
research method used in various fields, including advertising [23], psychology [24], human-—
computer interaction [25], and some optometric tests [26-28]. The gaze-mind hypothesis is
investigated by examining individuals’ preferences based on the direction of their visual
axes [29].

The primary objective of this study was to assess reading speed, monitored with an
eye tracker, to evaluate visual discomfort, aberrometric changes, and retinal thickness in
different quadrants after sustained NV tasks using an iPad or e-book under controlled
lighting conditions.

2. Materials and Methods
2.1. Sample Description and Selection

The study was conducted in accordance with the principles outlined in the Declaration
of Helsinki and with the approval of the Clinical Research Ethics Committee of Aragén
(CEICA) under reference number PI21-074 and with signed informed consent from the
participants. The sample consisted of 31 healthy individuals, 20 females and 11 males,
with an age range between 18 and 31 years. A comprehensive optometric evaluation was
performed on the participants, including measurement of the best-corrected visual acuity
(BCVA) in both distance vision (DV) and NV, monocular accommodative amplitude, ac-
commodative and convergence facility in both monocular and binocular vision, associated
and dissociated phoria measurement, positive and negative fusional vergences at near and
distance, and fusion and stereopsis; ocular motility was also assessed. Participants who
required optical correction were asked to bring their contact lenses since the antireflective
coating is designed for the wavelength range of 400-700 nm; it also reflects other wave-
lengths, including the infrared used by the eye tracker (>750 nm). Subjects who met the
exclusion criteria were not able to participate in the experiment. These criteria included
binocular vision problems, BCVA less than 0.8 decimal in one of the eyes, vision-impairing
pathologies, media opacities, dry eye syndrome, use of electronic devices within one hour
before the measurements, consumption of coffee, smoking, engaging in high-intensity
exercise, or attending the session without their contact lenses corrected for DV since they
were young participants and had enough accommodation to focus on NV.

2.2. Devices Used, Setup, and Lighting

One of the instruments used for the measurements in the study was the Tobii Pro
Fusion Eye Tracker (Tobii AB, Danderyd, Sweden). This device operates by emitting
infrared light at around 850 nm that produces a corneal reflection captured by a camera
within the device. By analyzing the corneal reflection and pupil position, the device
determines the direction of the visual axes and estimates where the subject is looking. Prior
to reading, individual calibration is performed for each person by directing their gaze to
calibration points displayed on the screen to be used, providing information about the
duration of saccades and fixations [30].

Two different electronic devices were used for reading: an 8th generation iPad, Model
A2270 (Apple Inc., Cupertino, CA, USA), with screen dimensions of 250.6 x 174 x 7.5 mm
and 2160 x 1620 pixels and an E-ink reader Ebook (ink pad 3, PocketBook Interna-
tional, Lugano, Switzerland), model PB740, with dimensions of 195 x 136.5 x 8 mm
and 1872 x 1404 pixels. Times New Roman font was used with a size of 9 pixels for the
iPad and 10 pixels for the Ebook (slightly different by the resolution described for each
screen). Thus, visual acuity was achieved of around 0.8 decimal in both devices when
reading at 50 cm.

During the reading sessions, recordings were made, requiring a camera with a mi-
crophone connected to the laptop from which the readings were monitored using eye
tracker software. The exact camera model used was AMDIS01B (Conceptronic, Dortmund,
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Germany), while the software programs employed were the Eye tracker Manager (Tobii
AB, Danderyd, Sweden) for selecting the device used for reading and the Tobii Pro Lab
(Tobii AB, Danderyd, Sweden) for individual calibration of each subject for each reading
session.

The experimental components were placed within a light control cabinet. In addition,
two additional tools were used for the measurements: a chin rest and a stand to hold the
reading device (Figure 1).

7513 K/ 85 CRI/ 26 R9 /-0.0001 Duv

Normalized Spectral irradiance (W/m2)

360 400 450 500 550 600 650 700 750 800 830
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Figure 1. Image (A) Study elements. (1) Light control cabinet. (2) Camera. (3) Stand for device and
eye tracker support. (4) Chin rest. Image (B) Normalized spectral irradiance (W/m?) of the ambient
light reaching the corneal plane while reading.

The experiment consisted of two readings: one using an iPad and the second using an
Ebook, randomly assigned, with both readings conducted under controlled lighting condi-
tions. To determine the irradiance (W/m?) and illuminance (lux) on the corneal plane and
the luminance (cd/m?) of the reading devices, a spectroradiometer (model StellarNet-Black
Comet, StellarNet, Inc., Tampa, FL, USA with C20080502 calibration and NIST traceability)
and a luminance meter (Mavo-Spot 2, Gossen-Kainos, Barcelona, Spain) were used. The
luminance perceived by the eye and emitted by the iPad was 59.57 cd/m? and 58.01 cd /m?
for the Ebook. The illuminance reaching the corneal plane was 257.0 lux for both the iPad
and the Ebook and the irradiance was 0.91 (W/m?) for the iPad and 0.87 (W/m?) for the
Ebook, as shown in Figure 1.

The analysis of visual quality was performed using the IRX3 Hartmann—Shack aber-
rometer (Image Eyes, Orsay, France). This device uses a light source of 780 nm that is
projected onto the retina and, based on the impact of the rays coming from it on a CCD,
generates a map of the total aberration of the evaluated eye.

The study of retinal changes was carried out by capturing images of multiple retinal
layers using the 3D OCT-1000 model (Topcon Corporation, Tokyo, Japan). The light source
was a superluminescent diode with a wavelength of 840 nm and a bandwidth of 50 nm.
The longitudinal (depth) resolution was 6 um (A-scan) and the maximum transverse
(horizontal) resolution was 20 um (B-scan).

The protocol followed with each participant involved obtaining baseline measure-
ments of OU separately using the aberrometer and four measurements using OCT, two
for each eye, in a random order each time, always under scotopic lighting conditions. The
participant was asked to focus on the central square that appeared, thus capturing the
image of the central 30° of the retina centered on the fovea. The macular cube protocol was
performed, capturing 128 tomographic retinal slices, with the macula in the center of the
image (Figure 2A,B). The second captured image involved looking toward the temporal
end of the central line, thus obtaining 128 baseline images of the temporal peripheral retina
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using the same macular cube protocol but with the eye rotated 15° toward the temporal
side (Figure 2C,D).

A P R ATD
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Figure 2. Image (A) A tomographic cross-section of the central retina. Image (B) The fundus of the
eye with central retinal thickness in the 9 quadrants of the early treatment diabetic retinopathy study
(ETDRS). Image (C) A tomographic cross-section of the peripheral retina. Image (D) The fundus of the
eye with peripheral retinal thickness in the 9 quadrants of the ETDRS. All these images correspond to
the right eye (OD) of the same individual.

The proposed two readings were performed 50 cm from the reading device using
either the Ebook or the iPad. The eye tracker was calibrated for each subject and each
reading device, ensuring that the eye tracker detected OU. A calibration template consisting
of numbers from 1 to 5 was used. The subject was instructed to sequentially fixate on each
number until all of them had been completed. From the computer, the examiner could
observe which point the subject was looking at and accept or reject the calibration.

The reading session lasted for 21 min. The examiner recorded one minute of read-
ing every 5 min to evaluate the reading process and assess the eye movements and vi-
sual discomfort throughout the reading session (Figure 3). This resulted in a total of
five-1 min recordings.

Immediately after the 21 min reading session, the same baseline tests were repeated
with an aberrometer and OCT. The experiments were performed in the morning and the
participants were instructed to take a 15 min break, emphasizing the need to maintain
the same conditions as 1 hour before the tests. For the second reading session, the same
procedure was followed, but this time, the device that was not used in the first reading
session was employed.

2.3. Data Export and Statistical Analysis

The data collected with the aberrometer were exported to an Excel database (Microsoft®
Office Excel 2011, Microsoft Corporation, Redmond, WA, USA). The recordings taken with
the eye tracker were segmented using Tobii Pro Lab software. The “events” option was
used to select the start of reading by the subject and, after 60 s, the segment was cut using
the same option. Two markers appeared in the recording to delimit the segment (Figure 4).
This process resulted in a total of 5 min divided into 5 different 1 min recordings. After
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performing the same process for all participants, each recording was individually exported
in Excel format. For the analysis of the exported data, a program called Etracker Parse Video
(University of Zaragoza, Zaragoza, Spain) was created (Figure 5). This program allowed
for the selection of the data of interest during the “events,” such as the total duration (s),
number (n) of blinks, saccades, fixations, pupil diameter of the left eye (oculus sinister, OS)
and right eye (oculus dexter, OD) (mm), length (mm), duration (ms), and velocity (m/s) of
the saccades for each eye separately, as well as the average duration of fixations (ms).

Figure 3. The upper left quadrant indicates the detection of both eyes (OU) of the subject. The red
line observed over the text of the reading device (iPad) represents eye movements, tracking the line
of text during reading.

Figure 4. Segmentation of the reading recording with the iPad using Tobii Pro Lab. The blue markers
indicate the start and end of a 1 min segment of the recording. The red circles indicate the eye
movements made during the reading session.

The analysis of all collected data was conducted using the Statistical Package for the
Social Sciences (SPSS) version 24.0 (IBM Corp., Armonk, NY, USA). Descriptive statistics
were initially performed on the quantitative variables, including the calculation of the mean,
standard deviation (+SD), maximum, and minimum values. The normality distribution of
all variables was assessed using the Kolmogorov-Smirnov test, which indicated that the
sample did not follow a normal distribution. Therefore, nonparametric tests for related
samples, specifically the Wilcoxon signed-rank test, were employed to examine differences
between the variables when comparing the two reading conditions and, in the case of
aberrometry and OCT measurements, comparing them with the baseline measurements. A
value of p < 0.05 was considered to indicate statistical significance.

11
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Figure 5. Analysis of a selected event from a reading session with the iPad using the Etracker Parse
program. The lines overlaid on the text represent a saccade, which indicates rapid eye movement
during the reading process.

3. Results

Thirty-one young subjects (mean age: 24 + 4 years) who met the inclusion and
exclusion criteria described in the previous sections were selected.

3.1. Eye Tracker

Fixations. The number of fixations during reading with the iPad reached its maximum
value in the first minute of reading (187.90 £ 23.59), while with the Ebook, it occurred at
10 min (176.45 + 31.47). In both devices, the minimum number of fixations was observed
at the 20th minute, with 176 &= 35.10 and 171.84 & 32.25 fixations, respectively. However,
statistically significant differences were found only at the beginning of the test (p = 0.002),
as shown in Figure 6A. There were no statistically significant differences in the duration of
fixations during the readings (Figure 6B), although, during the first 5 min, these fixations
had a longer duration compared to the subsequent time intervals recorded. Overall, it can
be observed that the use of the iPad, compared to the Ebook, led to a higher number of
fixations on the text during reading, as well as longer fixation durations.

Saccades. During reading with the iPad, the maximum number of saccades occurred
at the 10th minute (283.13 + 173.29), while with the Ebook, it was at the 15th minute
(271.39 + 223.51). The minimum number of saccades was observed in the 5th minute
(244.42 + 132.92) for the iPad and in the first minute (229.03 + 109.82) for the Ebook. In
this case, no statistically significant differences were found in the duration or number of
saccades (Figure 7). There were no differences observed throughout the reading; they
remained consistent in both readings.

In Figure 8, the length and velocity of saccades are shown separately for each eye
(monocular); in general, both measures were higher in readings with the iPad, except for
the 10th and 20th minutes with the OS, where velocity were higher with the Ebook. No
statistically significant differences were found for velocity. However, for saccade length,
significant differences were observed in the OS during the first minute and at the 20th
minutes and in the OD at the 10th and 15th minutes, with p values of 0.043, 0.020, 0.019,
and 0.024, respectively.

Blinks. The number of blinks during reading with the iPad reached its maximum
value at the 20th minute (19.76), while, with the Ebook, it was at the 10th minute (19.43).
The minimum number of blinks for both devices occurred in the first minute and was 11.32
and 16.59 blinks, respectively. Significant differences were found only in the first minute
of the test (p = 0.025) (Figure 9). In general, it can be observed that with Ebook reading
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compared to iPad reading, subjects blinked more, but, after 20 min of reading, the number
of blinks tended to equalize.
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Figure 6. Graphical representation of the number (A) and duration (ms) (B) of fixations in each
reading recording with the iPad and Ebook, respectively. The upper area of the graph displays the
p value, indicating * statistically significant differences; standard error is also displayed as error bars.
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Figure 7. Graphical representation of the number (A) and duration (ms) (B) of saccades in each
reading recording with the iPad and Ebook, respectively. The upper part of the graph displays the
p value; error bars are also displayed.
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Figure 8. Graphical representation of the length (mm) (A) and velocity (m/s) (B) of saccades in
each reading recording with the iPad and Ebook. The upper part of the graph displays the p value,
indicating * statistically significant differences; standard error is also displayed as error bars.

Pupil. Throughout all the readings with each device, the pupil diameter remained con-
stant for all subjects, with no significant changes in monocular analysis. When comparing
the two reading instruments, significant differences were found at minutes 1 and 5 (p < 0.05).
The largest recorded mean pupil size was 2.82 £ 0.39 mm in the first minute with the iPad,
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while the smallest recorded mean pupil size was 2.64 £ 0.31 mm with the Ebook, also
during the first minute.
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Figure 9. Graphical representation of the number of blinks during each recording in the two per-
formed readings. The upper part of the graph displays the p value, indicating * statistically significant
differences; standard error is also displayed as error bars.

3.2. Aberrometry

In Figure 10A,B, statistically significant differences (p < 0.05) can be observed when
comparing the total root mean square (RMStotar) between the baseline measurement
and each of the reading devices separately, with an increase after reading. The statistical
analysis indicated that differences were found in the low-order aberrations root mean
square (RMS;0a) (p = 0.007 for the Ebook and p < 0.001 for the iPad), while the high-order
aberrations root mean square (RMSppa) did not show statistically significant differences in
any case. When comparing both devices, no statistically significant differences were found
as the p value was > 0.05 during all minutes of reading (Figure 10C).

3.3. Optical Coherence Tomography (OCT)

Central Retina. Significant retinal thickening (p = 0.004) compared to the baseline
measurements was found when reading with the Ebook (Figure 11B) in the central ETDRS
area. No statistically significant differences were found in Figure 11A,C, when comparing
the basal retinal thickness and the retinal thickness after reading with the iPad and with
Ebook, respectively. Figure 11G illustrates that there were no statistically significant
differences (p > 0.05) in macular volume. The highest total volume in the central retina was
observed after reading with the iPad, with a value of 7.65 & 0.38 mm?, while the minimum
volume was 7.62 + 0.41 mm? for the Ebook. In the comparison of average central retinal
thickness between baseline measurements and post-reading measurements (Figure 11H),
no statistically significant differences were found (p > 0.05), with the highest average
thickness measured at 270.27 4 13.54 um with the iPad and the minimum average thickness
at 269.38 £ 14.55 um with the Ebook.

A
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Figure 10. Comparative graphical representation of root mean square (RMS) (um) before and after
each reading (A,B) and by device after reading (C), considering OD and OS together. Low-order
aberrations (LOAs), high-order aberrations (HOAs), 3rd-order aberrations RMS, 4th-order aberrations
RMS, and 5th-order onwards (5-N) aberrations RMS. The p value is displayed above the graph bars,
indicating * statistically significant differences; standard error is also displayed as error bars.
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Figure 11. Graphical representation of the central retinal thickness measured by OCT: comparison
of the baseline results with each device (A,B) and both devices with each other (C). Graphical
representation of the peripheral retinal thickness measured by OCT: comparison of the baseline
results with each of the devices (D,E) and between them (F). Graphical representation of the total
central volume of the retina (G) and average total thickness (H) before the readings (baseline), after
reading with the iPad, and after reading with the Ebook. Graphical representation of the total
peripheral volume of the retina (I) and the average total thickness (J) before the readings (baseline),
after reading with the iPad, and after reading with the Ebook. The p value is shown above the
graphical bars, indicating * statistically significant differences; standard error is also displayed as
error bars.

Peripheral Retina. No statistically significant changes were found in peripheral retinal
thickness when comparing baseline measurements with post-reading measurements or
between the two types of readings (p > 0.05) (Figure 11D-F). In Figure 111, the highest total
volume in the peripheral retina was observed after reading with the Ebook, with a value of
6.42 + 0.33 mm?, while the minimum volume was 6.40 4+ 0.33 mm? for the iPad, with no
statistically significant differences (p > 0.05). In the comparison of peripheral average retinal
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thickness between baseline measurements and post-reading measurements (Figure 11J), no
statistically significant differences were found (p > 0.05), with the highest average thickness
measured at 227.10 £ 13.10 pm in baseline measurements and the minimum average
thickness at 222.62 4 28.63 pm with the iPad, while the peripheral average retinal thickness
after reading with the Ebook was 227.04 £ 11.69 pm.

4. Discussion

In this study, ocular motility was analyzed using an eye tracker through five one-
minute recordings during a total reading time of 21 min using an Ebook and an iPad.
Additionally, aberrometric changes were also studied to analyze the visual quality and
modifications in retinal thickness after reading with each device, always under constant
and comfortable ambient lighting conditions in the testing room.

Regarding fixations, as mentioned in the previous section, statistically significant
differences were found between the two devices only in the average number of fixations
during the first minute of reading (Figure 6A), with 187.90 + 23.59 fixations for the iPad and
172.55 £ 26.57 fixations for the Ebook (p = 0.002). Overall, both the number and duration
of fixations were higher during reading with the iPad. In the case of saccades, significant
differences were found in their length (Figure 8A) (monocular analysis separately for each
eye) in minutes 1 and 20 in the OS (p = 0.043 and p = 0.020, respectively) and in the OD
at minutes 10 and 15 (p = 0.019 and p = 0.024, respectively), which could be explained
by the subjective discomfort referenced by the subjects involved in our study. In contrast
with our results, it has been described that parameters such as different screen refresh
rates or distinct resolution do not affect saccadic eye movements or reading speed and
accuracy [31,32]; this matches the results found for all other parameters such as number,
duration, and velocity as there were no significant changes between the reading devices
(Figures 7 and 8B).

Lighting conditions are crucial in these types of experiments. It has been observed
that when both the luminance levels of the screens and the ambient lighting conditions
are minimal, the total number of saccades and their duration, together with the number
of blinks, are higher, which implies greater visual discomfort [26]. Poor ambient lighting
conditions, characterized by uneven brightness between the screen and its background
or reflections from the digital device can lead to discomfort and disabling glare, resulting
in reduced contrast and a subpar image quality [33]. This diminished visual quality of
electronic screens has been linked to a decrease in blink rates [34,35].

Regarding the blink rate (Figure 9), an increase in the number of blinks was observed
throughout the reading with the Ebook, except at minute 20. The only significant value
was at minute 1 (p = 0.025), indicating more blinks during reading with the Ebook, which is
consistent with reading from printed paper, supporting the idea that backlit screens tend to
decrease the blink rate (iPad) [36,37] and blinking abnormalities associated with changes in
the ocular surface [2].

Expected values for the pupil diameter were obtained with both devices under levels of
approximately 250 lux at the corneal plane. As intended, the pupil size remained constant
in the monocular analysis. When comparing the two reading instruments, significant
differences were found at minutes 1 and 5 (p < 0.05), perhaps due to the transient adaptation
required to perform the experiment.

The relationship between blink frequency and tear film instability has been studied in
previous research [36,37], which found that a lower blink frequency was associated with
increased ocular dryness and tear film instability. Benedetto et al. [38] reported that an
increased [13] blink frequency resulted in reduced tear evaporation, leading to improved
tear film stability. According to Li et al. [39], not only did the subjective tear film stability
increase but a higher number of saccades per second was also recorded. Although this was
not observed in our study, a higher number of blinks was recorded during reading with
the Ebook (Figure 9). Conversely, as observed in Figures 6A and 7A, fixations and saccades
were more frequent with the iPad, and the same trend was observed in fixations for their
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duration, as well as the length and velocity of the saccades. It was previously described
that individuals experienced poor image quality, reduced contrast or font size, potential
glare, or cognitive strain in relation to computer tasks and various testing conditions. Even
when using handheld electronic devices at closer distances and below eye level, individuals
reported lower blink rates, which may be attributed to the angle of gaze, although the
exact cause remains unknown [40]. Talens-Estarelles et al. [41] found that the blink rate
remained consistent across four different types of displays: computer, tablet, e-reader, and
smartphone, suggesting that the blink rate may be influenced more by cognitive demands
rather than the specific display method, as mentioned by other authors [42—44].

The analysis of the results obtained with the aberrometer indicates that, in both
devices under the described illumination compared to baseline measurements, there is
an increase in RMStotal, specifically the RMSy s, with statistically significant values in
the comparison of baseline measurements with each device separately (p < 0.05). In both
the iPad and the Ebook, the aberrations found were higher than those obtained in the
baseline measurements. These results confirm a transient increase in RMS; 04, specifically
defocus, after maintaining reading in electronic devices in young people with normal
accommodation capacity.

The RMStortaL after reading with the Ebook (Figure 10A) was 0.958 + 1.374 um and
the RMS; pa was 0.924 £ 1.376 pm, while, before the readings, they were 0.864 £ 1.340 pm
and 0.836 =+ 1.345 um, respectively, with statistically significant differences (p = 0.001 and
p = 0.007).

For the iPad (Figure 10B), after reading, the RMStotar, was 0.945 £ 1.284 um and the
RMS; 0a was 0.918 &= 1.291 pum, while, before the readings, they were 0.864 + 1.340 pm and
0.836 & 1.345 um, respectively, also with statistically significant differences (p < 0.001 in
both cases).

However, no statistically significant differences were found for RMSppa in any of
the comparisons. There were also no significant differences when comparing the values
obtained between the iPad and the Ebook (Figure 10C).

There are many studies evaluating the anterior pole and digital devices [2], but the
analysis of visual quality is still weak; comparisons in reading on paper versus reading on
a computer screen under photopic conditions can be found [45]. In this case, after reading
on the computer, individuals exhibited changes in aberrations below the 5th order. In
the case of reading on paper, significant changes were observed in 3rd-order aberrations.
When comparing both reading methods, no significant differences below the 5th order
were found. In contrast, our study showed changes in LOA and total aberrations compared
to baseline measurements. There were no statistically significant differences in aberrations
between the two devices.

Regarding the retinal analysis, although the changes were not significant, it was found
that when comparing central retinal thickness and volume (Figure 11G,H) and peripheral
retinal thickness and volume (Figure 111]), the opposite phenomenon occurred. The
highest thickness and volume in the central retina were observed after reading with the
iPad (270.27 + 13.54 um and 7.65 + 0.38 mm?, respectively), while the maximum thickness
of the peripheral retina was found in the baseline measurement (227.10 & 13.10 um), and the
maximum peripheral volume was obtained after reading with the Ebook (6.42 + 0.33 mm?).
When comparing peripheral retinal thickness after each reading (excluding the baseline
measurement), the maximum thickness was found after reading with the Ebook. In other
words, central thickening was observed after reading with the iPad, accompanied by
peripheral thinning, while central thinning was observed after performing the task with
the Ebook, resulting in peripheral thickening.

Although our results obtained with OCT are not statistically significant, they exhibit
similar behavior in terms of central retinal thickness and volume compared to the aforemen-
tioned aberrometric results. According to another study in the literature [11], no significant
differences were found in either central retinal volume or thickness; however, that study
found differences in certain areas of the peripheral retina.
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During reading, accommodation occurred, resulting in changes in ocular anatomy to
achieve the necessary focus on the retina. This accommodation induced temporary myopia,
and the data obtained in this study provide new insights into this topic. Electronic devices
are considered a potential cause of myopia progression due to the sustained accommodation
demand they require [46]. By maintaining maximum illumination and spatial frequency
of the stimulus, axial defocus is sustained over time, stretching the retina, which is a
myopiagenic factor [47], and even accommodative microfluctuations depend on the type of
display used [48].

5. Conclusions

In conclusion, this study analyzed ocular motility and visual quality parameters
during reading with Ebook and iPad devices. The findings demonstrated subtle variations
in fixation and saccade patterns between the two devices, indicating a tendency towards
increased numbers of fixations and saccades and longer durations of fixations during iPad
reading, although in general not reaching statistical significance. Moreover, Ebook reading
exhibited a higher blink frequency, potentially implying distinctions in tear film stability.
The large errors associated with the measurement of eye motility make it difficult to say
definitively whether the lack of statistical significance was due to the absence of the effect or
the uncertainty of the measurements. Regarding visual quality evaluated by aberrometry,
specifically, RMStorar, and RMSy o increased significantly after reading with both devices
compared to baseline measurements, suggesting a momentaneous myopization according
to the sustained accommodation during reading; however, no significant differences were
observed in RMSyoa.

Regarding retinal thickness, in our study population, no significant changes were
found in central retinal thickness between the two devices, but a slight thinning was
observed after Ebook reading compared to baseline measurements and peripheral retinal
thickness remained relatively stable. These results, combined with the aberrometric results,
suggest that the observed changes could be attributed to anterior pole changes during
accommodation remaining in the retina with a certain stability after reading for 21 min
under adequate lighting.

These findings contribute to the understanding of ocular responses during reading
with electronic devices and highlight the importance of considering device-specific factors
when assessing visual performance and ocular health. Nevertheless, further studies are
needed to explore the long-term effects of using electronic devices for reading tasks and
the potential implications of such use in myopia progression.
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Abstract: Personalized spectacles customized according to an individual’s facial anatomy were
developed to provide enhanced visual performance and overall comfort when compared to standard
spectacles. In this comparative crossover trial, each subject was randomly assigned to wear either
personalized spectacles or standard spectacles for two weeks and then tried the second pair for
another two weeks. Visual acuity and reading speed were measured, and visual quality and comfort
were assessed using specific questionnaires. The correlation of the wearing parameters with the
subjects’ satisfaction was calculated. According to our results, the subjects wearing personalized
glasses reported significantly less experience of swaying and significantly higher overall satisfaction
compared to those wearing the control spectacles. At the end of the study, 62% of subjects preferred
the personalized spectacles, and visual quality was the primary reason for their spectacle preference
followed by wearing comfort. The difference from the ideal cornea—vertex distance was significantly
lower when wearing the personalized spectacles compared to the control frames. In addition, the
absolute value of the difference from the ideal cornea—vertex distance was significantly correlated
with patient satisfaction. These results suggest that personalized spectacles, customized according to
an individual’s facial anatomy for the ideal wearing parameters, result in both visual and comfort
advantages for wearers.

Keywords: personalized spectacle; visual quality; progressive addition lens

1. Introduction

Proper corrective glasses play a vital role in our modern lifestyle. With the increasing
reliance on digital devices and the prevalence of near work activities, such as reading,
writing, and using computers, our eyes are constantly under strain. Corrective glasses,
tailored to our specific visual needs, help alleviate the discomfort and potential eye strain
caused by refractive errors and presbyopia during quick adaptation to different distances
when using computers, tablets, and smartphones [1]. Corrective lenses include distance
glasses, reading glasses, bifocals, and progressive addition lenses, [2] the latter of which
provide the desired additional power by continuously increasing the dioptric power be-
tween the distance and near zones of the lens [3-7]. It is known that some presbyopes
wearing progressive addition lenses experience moderate-to-severe visual [8] symptoms,
such as blurred vision, headaches, peripheral visual field distortion, imbalance, and even

Life 2023, 13, 1707. https:/ /doi.org/10.3390/1ife13081707 21

https:/ /www.mdpi.com/journal/life



Life 2023, 13, 1707

nausea [9], which eventually lead to the discontinuation of progressive addition lenses.
The reason why some presbyopes find it so difficult to adapt to progressive addition lenses,
while others find them easy to wear, is not fully understood [10,11]. The spectacle lens
industry has been working for many decades to improve the design of spectacle lenses
in order to meet this increasing demand for comfortable vision [12,13]. An early type of
progressive addition lens was produced based on standardized wearing parameters and
was a symmetrical design that showed typical side effects, such as headaches, a narrowed
field of vision, a swimming/rolling sensation, discomfort, or feeling unsafe on stairs [14].
Initially, a long period of adaptation and high motivation was required from the wear-
ers [15,16]. Even after a long period of adaptation, some wearers rejected the spectacles
because they did not adapt. For these subjects, the inconvenience and lack of visual comfort
and performance outweighed the benefits of perfect vision at all distances [17].

As shown previously, high visual performance is strongly linked to how a lens is
positioned in front of the eyes [18], and thus, theoretically, individualized spectacles could
provide better acceptance by both monofocal and multifocal spectacle wearers because of
the improved visual comfort and performance offered [19]. This performance enhancement
is currently limited by standardized spectacle frames as they only allow for the adaptation to
anatomical and morphological facial requirements in a certain range. In the past few years,
a new generation of mono- and multifocal lens design has been developed considering, for
the first time, multiple individual spectacle frame parameters, such as wearers’ pantoscopic
angle (WPA), frame face form angle (FFA), frame—cornea distance (FCD), and frame-related
centration data. Initially manually determined, the so-called video-centration measurement
systems soon made it possible to measure the frame-related parameters directly on the
worn frame more precisely. At the same time, to achieve the optimal lens position for the
individual, the frame should also be individually tailored.

The purpose of this study is to assess the visual performance and wearing comfort
of personalized spectacles produced by taking into account the individual facial param-
eters of a wearer compared to data obtained from wearing spectacles using a standard
pre-produced frame.

2. Materials and Methods

This comparative study was conducted at the Department of Ophthalmology, Sem-
melweis University, Budapest, Hungary. The study followed the tenets of the Declara-
tion of Helsinki and was approved by the Ethics Committee of Semmelweis University
(29819/ AOSZE/2018) before commencement. After the protocol had been fully explained,
all subjects provided written informed consent to participate in the study spontaneously
and for free and gave permission to collect and examine their personal and optometric data.

2.1. Eligibility Criteria

Altogether, 60 subjects were enrolled in this study. The subjects were experienced
wearers wearing a single vision/progressive addition lens design during the previous six
months with the best-corrected monocular visual acuity for distance and near > 1.0 decimal.
The participants required a new eyeglass prescription and had normal binocular vision and
ametropia between —6.00—+6.00 spherical diopter and a cylindrical diopter < 2.50D. The
difference in the power (spherical equivalent) between the eyes was <2.00 D. A detailed
description of the inclusion and exclusion criteria can be found in Table A1.

In total, 30 subjects wore a single vision lens design (SV group) and 30 subjects were
prescribed a progressive addition lens design (PAL group).

2.2. Study Design

Each subject was randomly assigned to wear either the personalized spectacles or
the standard spectacles for a period of two weeks. The subjects then tried the second
pair (crossover) for another period of two weeks. The spectacles were dispensed in an
unmarked box. During the study, the investigators who performed the measurements
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and the subjects were blind to which spectacles were worn by which subjects, so it was
impossible to differentiate between the personalized and standard spectacles.

2.3. Study Devices

Two types of spectacles were worn during the study: the personalized spectacles and
the control spectacles, which were visually indistinguishable; both had identical material,
color, and shape. All personalized spectacles were produced using HOYA’s patented
YUNIKU technology.

2.4. Personalized (3D Tailored) Spectacles

YUNIKU spectacles consist of a personalized frame, produced on demand for each
subject, and standard lenses in the ideal position. Before producing the YUNIKU spectacles,
the subjects’ faces were scanned by a YUNIKU scanner, and 3D images of their faces were
rendered by YUNIKU software. Prescription and satisfaction levels with previous specta-
cles, functional requirements according to the spectacles’ usage, and the facial reference
points of each subject were collected by the YUNIKU software. The algorithm used these
data to calculate the ideal position of the lens. Taking the lens” position into account, a
virtual frame model is adjusted to the calculated lens parameters and to the morphology
of the face. The frame is produced on demand for each subject using laser sintering tech-
nology, which is an additive manufacturing process that uses a high-powered laser to fuse
powdered materials together to create three-dimensional objects. This technology offers
several advantages over traditional manufacturing methods of spectacle frames as it allows
for the creation of individual geometries that may be difficult or impossible to achieve with
traditional manufacturing techniques. The lens position is designed corresponding to the
calculated individual lens-wearing parameters (Figure 1). Both the YUNIKU single vision
lens position and the YUNIKU progressive addition lens position were determined in a 3D
design space.

Figure 1. Individual lens-wearing parameters: CVD: cornea-vertex distance; PA: pantoscopic angle;
and LFFA: lens face form angle.

2.5. Control Standard Spectacles

The frame of the control spectacles is pre-produced in one standard fixed size. The
frame size according to the boxing system and bridge is adapted to facial needs individually
in steps of 1 mm. The frame has the same look, material, color, and shape as the individual
YUNIKU frame. The same aspherical single vision lens design and progressive addition
lens design were used for both the control spectacles and the YUNIKU frames. The frame-
related parameters were measured by using a video-centration system called visuReal
portable (Figure 2).
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Figure 2. Frame-related wearing parameters: FCD: frame—cornea distance; WPA: wearers’ panto-
scopic angle; and FFFA: frame face form angle.

Subjects with inadequate fitting of the control frame according to the standard care of
prescribing spectacles by a trained optometrist were excluded from the study. All YUNIKU
and control lenses were verified by the binocular eye model [20] to ensure seamless match-
ing with the visual system, resulting in supreme depth perception. During the production
process, each progressive addition lens is corrected by binocular harmonization technology
(BHT) leading to better intermediate and near vision. BHT recalculates and adjusts the
progressive power distribution according to the actual used positions on each lens so that
both eyes will experience the same accommodation support. The main differences between
the construction of personalized spectacles and control standard spectacles are summarized
in Table 1.

Table 1. Comparison of the construction characteristics of the personalized and control spectacles.

Criteria Personalized Spectacles Control Spectacles
. Personalized frame, produced on Pre-produced frame based on standard
Manufacturing . . . .
demand for each subject parameters in one fixed size
Face scan and '3D/render1ng of the Manual adjustment of the frame to the
subject’s face subiect’s face
Measurement and adjustment to the Calculation of the ideal lens . e .
- - The video-centration system visuReal
subject’s face topography parameter/position based on .
- . . portable is used to measure all
prescription, functional requirements, .
. frame-related wearing parameters
and facial data
S . -, The parametric frame model' 'S adjusted Selection of a frame that fits as best
Definition of frame size and position to the calculated lens position and as possible
face topography P
. Ideal lens-related parameters Individual frame-wearing parameters are
Lens design . .
are considered converted into lens-related parameters

2.6. Outcomes

The primary outcome of the study was to identify a preference for either the personal-
ized spectacles or the control standard spectacles at the end of the study. During the study,
visual quality and spectacle comfort were evaluated by specific questionnaires assessing
patients’ first impression (Table A2), subject satisfaction (Table A3), and final comparison
(Table A4) with responses to questions scored 0-5 or 1-10 as indicated. Secondary outcomes
presented in this article include the evaluation of visual performance by the 25-item Visual
Function Questionnaire (VFQ-25) and by measuring the reading speed by using a standard
Radner test. The Radner Reading Charts consist of standardized “sentence optotypes”
that logarithmically progress in print size and were designed for clinical and research use.
This test provides a number of different reading parameters from a single examination
in patients with normal-to-low vision, and its reliability and validity have already been
demonstrated [21,22].
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2.7. Statistical Analysis

A statistical analysis was performed by using SPSS software (version 23.0, IBM, Ar-
monk, NY, USA). The sample size was determined a priori by statistical power calculation
(power 0.80; p = 0.05), and the minimum number of patients to enroll in this study was
calculated to be 58. The Shapiro-Wilk W-test was used to test the normality of the data. Due
to the non-normal distribution of the data, the Wilcoxon signed rank test for the dependent
samples was used to analyze the differences between the scores of different subsets of
questionnaires obtained from the two different spectacles. The Chi-square test was used to
test relationships between categorical variables. The binomial test with confidence intervals
was used to analyze the preferences of frame selection. Principal component analysis using
Varimax rotation was conducted to examine the factor structure of the final comparison
questionnaire. Principal component analysis allows a large number of variables to be
condensed into relatively few new variables, or principal components, that give the most
information about the data. These principal components were then analyzed to determine
which ones correlated with the spectacle preference. In all statistical analyses, a p-value of
less than 0.05 was considered to be statistically significant.

3. Results

None of the 60 enrolled subjects (female: 37; male: 23) was excluded from the study,
and all subjects completed all visits. All patients had a best-corrected distance visual acuity
and best-corrected near visual acuity of 1.0 (i.e., 0.0 logMAR) or better. The subjects’ mean
sphere refraction error was —1.58 & 2.51 diopter in the SV group and —0.34 4 2.55 diopter
in the PAL group (p = 0.03). The cylindrical error was —0.49 £ 0.66 diopter in the SV group
and —0.45 £ 0.41 diopter in the PAL group (p = 0.86). Patients in the PAL group required an
average of 2.17 & 0.43 addition in their progressive addition lenses. The fitting properties
of the spectacles are presented in Table 2.

Table 2. Fitting properties of the personalized and control spectacles. The standard parameters of
traditional prescription eyewear for progressive addition lenses (PAL) and single vision lenses (SV)
are also indicated.

Lens Designs

PAL SV
Personalized Control Standard Personalized Control Standard

Vertex CVD 13.82 +£2.51 13.76 + 3.11
Distance [mm] FCD 16.25 + 3.77 12.30 14.91 + 3.07 12.30

Pantoscopic PA 8.75 +£2.38 4.04 +£2.78
Angle [°] WPA 8.62 +4.27 8.30 8.83 +2.87 8.30

Face Form LFFA 1.14 +£ 045 1.24 +0.24
Angle [°] FFFA 1.75 + 1.40 4.40 1.31 +£0.71 4.40

Note: CVD: cornea-vertex distance, FCD: frame—cornea distance, PA: pantoscopic angle, WPA: wearers’ panto-
scopic angle, LFFA: lens face form angle, and FFFA: frame face form angle. Data: mean =+ standard deviation.

3.1. Evaluation of Visual Functions and Reading Speed

There was no difference in the VFQ-25 scores when wearing the personalized specta-
cles compared to wearing the control spectacles (93.29 £ 6.01 vs. 93.27 &+ 5.87; p = 0.82).
However, the subjects showed significantly higher reading speeds (less time to read the
Radner chart) when wearing the personalized spectacles in comparison to when wearing
the control spectacles (5.73 & 1.05 s vs. 5.79 £ 1.01 s; p = 0.04).

3.2. First Impression Questionnaire

According to the results of the first impression questionnaire, there was no significant
difference between the personalized and control spectacles in any items related to visual
quality or comfort provided by the spectacles (Table A5).
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3.3. Subject Satisfaction Questionnaire

Overall satisfaction with each pair was assessed using the satisfaction questionnaire,
which was completed after 14 days of wearing the new spectacles. Significantly higher
scores were reported in distance (4.65 £ 0.68 vs. 4.25 £ 1.08; p = 0.009) and near vision
(4.48 £0.95 vs. 4.13 = 1.17; p = 0.01) by subjects wearing the personalized spectacles
(Table A3). In addition, the subjects reported significantly less experience of swaying
(4.40 £ 0.92 vs. 4.00 &= 1.18; p = 0.02) and significantly higher overall satisfaction (4.13 4= 0.91
vs. 3.73 £ 1.15; p = 0.03) when wearing the personalized spectacles (Table A6).

3.4. Final Comparison Questionnaire

There was no statistically significant difference in the answer scores in the final com-
parison questionnaire, which was completed during the last visit after the subjects tried
both spectacles. As a primary outcome of the study, 37 (62%) out of 60 subjects chose
the personalized spectacles as the ones they would keep. This preference towards the
personalized spectacles was statistically significant (p = 0.04; Table 3). However, there was
no statistically significant preference for the personalized spectacles when analyzing the
SV and PAL groups separately (p > 0.05).

Table 3. Scores of the final comparison questionnaires in the single vision (SV) and progressive
addition lens (PAL) groups.

Question SV Group (n = 30) PAL Group (1 = 30) All spectacles (1 = 60)

Personalized Control p Personalized Control p Personalized Control p

How comfortable are
the spectacles in 4.03 +0.93 3.67 +1.37 030  4.30+0.92 4.03 +0.81 0.11 4.17 +0.92 3.85 +1.13 0.13
general? (1-5)

How easily and quickly
could you adapt to 3.87 +1.14 3.97 +1.40 071  4.07+1.01 3.80+1.21 033 397+£1.07 3.88 +1.30 0.86
them? (1-5)

How comfortable are
the spectacles on your 3.77 £ 1.25 3.47 +1.43 0.44 4.17 + 1.05 4.10 £ 0.96 0.34 3.97 +1.16 3.78 +1.25 0.37
nose? (1-5)

How comfortable are

4.30 + 1.09 373+ 1.44 0.11 4.27 +0.79 417 £0.79 0.35 4.28 +0.94 3.95+1.17 0.10
the temples? (1-5)

How satisfied are you
with your vision in 4.77 £ 0.50 4.50 £0.97 019  437+£0.89 417 £1.18 036 457 +0.74 4.33 £1.08 0.15
general? (1-5)

How satisfied are you
with the visual field? 447 +0.68 4.33 £1.06 059  4.30£0.99 413 +1.04 037  438+£0.85 423 +1.05 0.28
(1-5)

Did you experience a
swaying feeling when
wearing the glasses?
(1-5)

Please rank the
spectacles (1-5)

4.40 £0.93 423 +£1.17 046  427+1.01 3.87 +£1.20 038  433+097 4.05+1.18 0.06

8.00 £1.76 727 £2.72 0.44 797 £1.81 7.40 £2.46 039 798 £1.80 7.33 £2.57 0.18

Which pair of spectacles 17 13 0.29 20 10 0.40 37 23 0.04
would you like to keep?
OVERALL SCORE 3764617 35174979 052 37734609 3557 +755 041 37.67+608 3537+867 017

Note: Patient satisfaction was assessed linearly on a 1-5-point scale, with 5 indicating the best quality of vision
or comfort and 1 indicating the worst. p: Wilcoxon signed-rank test and binomial test with confidence intervals.
Data: mean + standard deviation.

When analyzing the overall satisfaction after wearing both of the studied spectacles,
the subjects tended to be more satisfied with the personalized spectacles (Figure 3).
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Figure 3. Correlation of overall satisfaction scores between the two study spectacles. Each circle
represents a specific subject.

The principal component analysis identified two factors that accounted for 75.93%
of the variance in the final comparison questionnaire scores. The first component (visual
quality) explained 54.45% of the variance and was primarily responsible for the spectacle
preference, while the second component (spectacle comfort) only accounted for 21.48% of
the variance in scoring and had a secondary role in spectacle preference.

Finally, we found a statistically significant difference between the personalized and
control spectacles in terms of deviation from the ideal cornea—vertex distance values
(12.5 mm), which is the design target of the spectacle lenses, in order to keep the spectacle
magnification around unity. This value was set in the trial frame during refraction. In the
case of the personalized frames, the mean difference was much lower than for the control
frames (2.37 £ 2.05 mm vs. 4.48 &+ 2.85 mm; p = 0.001, Figure 4), which clearly shows the
effectiveness of frame customization.

In addition, the correlation analysis showed that the absolute value of the difference
(in mm) from the ideal cornea—vertex distance value for the personalized spectacles was
significantly correlated with patient satisfaction (p = 0.01). The correlation coefficient
resulted in being r = —0.31, implying that a decreasing position error increases patient
satisfaction (Figure 5).
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Figure 4. Absolute value of the difference in the measured CVD from the planned values when
wearing the personalized and control spectacles. Data: mean + standard error.
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Figure 5. Correlation between deviation from the ideal CVD and patient satisfaction.

Regarding the other parameters, the lens face form angle’s differences from the ideal

value (0°) did not show a similar effect on patient satisfaction (p = 0.59), while the pan-

toscopic angle had no specific ideal value at all. The ideal LFFA was the design target of
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the spectacle lenses, defined as LFFA = 0°, since the human eye looks straight forward on
average; thus, its optical axis can be considered as lying in the vertical plane of the head.
PA is different for each facial structure and visual situation (reading, watching TV, driving,
etc.); this is why an ideal position cannot be defined.

4. Discussion

In this clinical study, we have demonstrated that although there was no immediate
benefit after putting on personalized spectacles when wearing them for a long time, the
subjects were more satisfied with distance and near vision, reported less swaying, and
were more satisfied in general compared to subjects wearing the control spectacles. After
completing this crossover comparative study, we have shown that a significantly larger
proportion of subjects preferred the personalized spectacles over the control spectacles,
suggesting that improved visual performance and overall comfort while wearing the per-
sonalized spectacles is noticeable even when the best-corrected visual acuity is similar
with these two spectacles. By using principal component analysis of the patient satisfac-
tion questionnaires, we have shown that visual quality was the primary component that
correlated with the preference to choose personalized spectacles. Spectacle comfort, the
second principal component, was uncorrelated with visual quality and was found not
to be of major importance in spectacle preference. Although the difference between the
personalized and control spectacles in terms of subjective experiences was relatively small,
patient satisfaction with the personalized spectacles was dependent on deviation from
the ideal cornea—vertex distance, thus demonstrating the clinical relevance of proper lens
positioning to deliver the best visual quality. The deviation of the actual cornea-vertex
distance from the ideal cornea—vertex distance was significantly lower for the personal-
ized frames. The level of satisfaction was proportional to this deviation, as the closer
the cornea—vertex distance was to the optimal value, the higher the level of satisfaction
reported by the participants. An interesting observation was that people who gave a lower
score for comfort when wearing standard glasses had a greater improvement in satisfaction
scores when wearing customized glasses. Although the reasons for this finding were not
investigated in this study, it may be due to the more unusual face form of these people,
which makes it more difficult to fit standard spectacles correctly.

The results of this study are particularly important for progressive addition lens
wearers, who usually experience some discomfort symptoms related to the progressive
addition lens design [23]. Since many factors may lead to discomfort [24], such as the effect
of a small reading area on depth perception and contrast sensitivity [25,26] or a narrow
corridor due to the large amounts of astigmatism at the edges, eye care professionals do not
have a standardized technique to determine which patients will likely adapt to progressive
addition lenses and which patients will have a difficult time. The design and width of the
progressive addition lens channel can vary depending on the specific lens manufacturer
and the wearer’s prescription needs. Some progressive addition lenses may have wider
channels, providing a larger area for near-vision tasks, while others may have narrower
channels that prioritize distance vision. It is also known that ear position has a significant
effect on pantoscopic angle, resulting in an unwanted tilt of spectacle lenses leading to
visual disturbances or a long period of adaptation to progressive addition lenses [25,26].
The pantoscopic angle is defined not only by the position of the wearers’ ears on their
heads in relation to their eyes but also by the predefined inclination of the spectacle frame,
which can be slightly adjusted. In order to compensate for a pantoscopic angle that is not
ideal, the progressive lens design is converted to that angle. However, even though the
technology for modern lens design is much more enhanced than 60 years ago, there are
still cases of non-adaptation.

Wearing the correct progressive addition lenses is particularly important for people
working on computers as screen time, including smartphone use, has increased significantly
in Western countries over the past decade. In 2020, adults in the United States spent
an average of 13 h a day interacting with media, including screen time on computers,
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smartphones, tablets and TVs. This is a significant increase from 10 years ago, when
average daily screen time was around 7 h. Advances in technology have also increased the
resolution of such devices: smartphones with more than 300 dpi and UHD/4K desktop
monitors have been with us for more than a decade, both of which challenge the eye’s
resolution capacity. Improved visual quality is therefore increasingly important, as it can
have a direct impact on the effectiveness of computer work. When people have clear and
sharp vision, they can read text, view images and interpret visual data with greater accuracy
and efficiency. This reduces the time spent deciphering unclear or blurred information,
leading to improved productivity and task completion. In addition, improved visual quality
reduces eye strain and fatigue, allowing people to work comfortably for longer periods of
time without experiencing visual discomfort. It is also important to note that inappropriate
spectacle correction can aggravate dry eye symptoms, leading to increased discomfort and
visual disturbance.

The best possible position of corrective spectacles on the subject’s face is a prerequisite
for quick adaptation and the best optical quality provided by the spectacles [27]. The fitting
of a frame by an optometrist is a collaborative process that involves understanding the
individual’s facial anatomy, prescription requirements, and personal preferences. During
a frame fitting, the optometrist considers various factors to determine the most suitable
frame for the individual. They take into account facial dimensions, such as interpupillary
distance and facial width, to ensure proper alignment of the lenses with the individual’s
eyes. The optometrist also considers the shape of the individual’s face and features to
recommend frames that complement their facial structure and personal style. Additionally,
the optometrist assesses the position of the ears and the shape of the nose to ensure a
comfortable and secure fit. They make necessary adjustments to the frame, such as temple
length and nose pad positioning, to customize the fit for the individual. The optometrist also
considers the individual’s prescription needs, ensuring that the frame can accommodate the
required lens thickness and curvature. By taking into account these factors, the optometrist
ensures that the selected frame provides the best possible visual experience and meets
the individual’s unique needs. However, new technologies allow many more options
for personalization as biometric data can be captured quickly and with high resolution,
using a 3D scanner and personalized manufacturing production methods, such as the
laser sintering process [28-30]. Instead of taking standardized spectacle frames with their
limitations as given and accepting the associated constraints in visual performance and
wearing comfort, new technologies can be used in such a way that allows personalized
spectacles to optimize the position of the lens in front of the eye, providing a higher level
of visual performance and wearing comfort.

The personalized spectacles, known as YUNIKU, are considered a completely new
approach to fully personalized spectacles, as the YUNIKU software calculates the ideal
position of the lens in relation to the eyes and then designs the frame based on those unique
parameters. Laser sintering technology allows tailoring of the frame to optimize visual,
aesthetic, and comfort performance, and lens design does not need to be reverse-adjusted
based on frame-related parameters. According to the results of this clinical study, this level
of spectacle personalization provides slightly better visual performance and satisfaction
than the control spectacles. In this study, we have shown that reading speed was also
slightly better when wearing personalized spectacles. Although the difference was minimal,
faster reading might be attributed to the less compromised visual quality due to more
optimal lens tilt in the personalized spectacles. The significance of this finding is that
previous research on people working at a computer screen has shown that increasing
reading speed can lead to improved comprehension, increased productivity and reduced
eye strain. As unwanted eye strain due to lens misalignment is known to increase with
increasing prescription, a more pronounced benefit in visual performance and comfort may
be found by wearing customized frames in subjects with high ametropia compared to the
relatively small differences found in this study. Since visual demands, especially for near
vision, are becoming increasingly more important in the workplace, there is an increasing
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demand for improved spectacle comfort, especially for progressive addition lens wearers.
However, it is still unknown as to why some wearers adapt very quickly to these lenses
while others complain of headaches, swaying effects, and distorted peripheral vision as
well as experiencing problems in the workplace. It has already been demonstrated that
vergence facility and the rate of phoria adaptation may have potential clinical utility in
differentiating which patients may adapt to progressive addition lenses and which ones
will have more difficulty.

There are some limitations to this study. First, there is a possible effect of different
spherical equivalent values and cornea—vertex distance values measured in the single vision
and the progressive addition lens groups on the study outcomes. However, this study has
shown that wearing personalized spectacles manufactured with the ideal wearing parame-
ters improved the subjects’ visual performance and overall satisfaction when analyzing the
whole cohort. The lack of a statistically significant preference for personalized spectacles
when analyzing the SV and PAL groups separately is probably a consequence of the fact
that there is little difference between the results when wearing personalized and standard
spectacles. Second, the relatively small sample size may make it difficult to determine if
a particular outcome is really a true finding, and in some cases, a type I error may occur,
especially in the case of multiple comparisons. We recommend further studies with larger
sample sizes, which should lead to more reliable conclusions. Another limitation of this
study was, that the same aspheric single-vision lens design and progressive addition lens
design were used for both the control spectacles and the YUNIKU frames. While this
helps to isolate the difference in this study caused by the difference in frames, if the lenses
had been customized for the control frames, as is common with many lens manufacturers
nowadays, there might have been less of a subjective difference. Finally, it is also possible
that if subjects who reported no benefit of personalized progressive addition lenses were
to wear progressive addition lenses longer, then these subjects might have eventually
shown a preference for personalized progressive addition lenses. However, it is beyond
the scope of this study to determine whether subjects who self-reported that they could
not choose between personalized and control progressive addition lenses after 1 month
would eventually prefer personalized progressive addition lenses if they were given more
time to wear them. Further studies on a patient cohort with a higher level of ametropia is
suggested to identify the plausible relationship between dioptric power and the probability
of non-adaptation to progressive addition lenses.

5. Conclusions

This study has shown that wearing personalized spectacles manufactured according
to an individual’s facial anatomy with the ideal wearing parameters results in some advan-
tages. Slightly improved visual performance and comfort is noticeable while wearing the
personalized spectacles.
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Appendix A

Table A1. Inclusion and exclusion criteria for the study participants.

1. Age:
- Single vision design (SV group): 18—44 years
- Progressive addition lens design (PAL group): 45-65 years
2. The subjects should be experienced wearers wearing SV/PAL designs
during the last six months.
Inclusion Criteria 3. Visual Acuity: distance and near monocular > 1.0 (<0.0 logMAR)
4. Normal binocular vision
5. Ametropia:
- Spherical power: —6.00—+6.00 D
- Cylindrical power: <2.50 D
- Difference in power (spherical equivalent) between TE eyes: < 2.00 D

1. First prescription for progressive addition lenses

2. The prescription varies from the previous prescription by more than
0.75 D in the spherical equivalent or in the cylinder axis by more than 15°
in any eye

3. Double vision or prismatic power in current glasses

4. Known ocular disease including strabismus, any pathology, and any
eye surgeries that may affect visual acuity

5. The use of systemic or ocular medication that is likely to affect vision
6. Balance problems/vertigo problems

7. Concurrent participation in any other vision-related studies

8. Pregnancy

9. Inadequate fitting of control frames

Exclusion Criteria

Table A2. First impression questionnaire.

Question

How comfortable are the new spectacles in general? (1-10)
How comfortable are the new spectacles on your nose? (1-10)
How do you find the spectacles’ bridge on your nose?

1: There is a space between the bridge and my nose
2: It presses on my nose
3: It fits perfectly on my nose
How are the temples? (1-10)

How do you find the temples according to your head?

1: They are too loose on my head
2: They press on my head
3: They fit perfectly according to my head
How is the length of the temples?

1: Too long
2: Too short
3: The temple’s length is exactly what I need
How is your vision in general with the new spectacles? (1-10)
How do you find the field of view with the new spectacles in general? (1-10)
Do you notice any distortion of images or blurring?

1: No, not at all
2: Slightly
Do you experience any swaying feelings?

1: No, not at all
2: Slightly
OVERALL SCORE

Note: Patient satisfaction was assessed linearly on a 1-10-point scale, with 10 indicating the best quality of vision
or comfort and 1 indicating the worst.
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Table A3. Self-evaluation questionnaire.

Question

How comfortable is this pair of spectacles in general? (1-5)
How easily and quickly could you adapt to this pair of spectacles? (1-5)
Spectacles slide down from the nose (1-5)
Lenses steam up while wearing them (1-5)
How comfortable was this pair on your nose during the two weeks of wearing them? (1-5)
How comfortable were the temples during the two weeks of wearing this pair? (1-5)
How satisfied are you with your vision/visual acuity using this pair looking;:
At far distances (>4—6 m: TV...)? (1-5)
At intermediate distances (=60 cm—1 m: computer work) (1-5)
Doing your near work (~=30-50 cm: reading...) (1-5)
How satisfied are you with the visual field using this pair:
At far distances (>4-6 m: TV...)? (1-5)
At intermediate distances (=60 cm -1 m: computer work) (1-5)
Doing your near work (~30-50 cm: reading...) (1-5)
Did you experience any swaying feeling using this pair? (1-5)
How satisfied are you with this eyewear in general? (1-5)
OVERALL SCORE
Note: Patient satisfaction was assessed linearly on a 1-5-point scale, with 5 indicating the best quality of vision or
comfort and 1 indicating the worst.

Table A4. Final comparison questionnaire.

Question

How comfortable are the spectacles in general? (1-5)
How easily and quickly could you adapt to them? (1-5)
How comfortable are the spectacles on your nose? (1-5)
How comfortable are the temples? (1-5)
How satisfied are you with your vision in general? (1-5)
How satisfied are you with the visual field? (1-5)
Did you experience a swaying feeling when wearing the glasses? (1-5)
Please rank the spectacles (1-5)
Which pair of spectacles would you like to keep?
OVERALL SCORE
Note: Patient satisfaction was assessed linearly on a 1-5-point scale, with 5 indicating the best quality of vision or
comfort and 1 indicating the worst.

Table A5. Results of the first impression questionnaire in the single vision (SV) and progressive
addition lenses (PAL) groups.

SV Group (n = 30) PAL Group (n = 30) All spectacles (1 = 60)

Question

Personalized

Control P Personalized Control p Personalized Control

How comfortable are
new spectacles in
general? (1-10)

8.70 +

1.23 7.46 + 2.55 0.03  840+1.59 8.43 +1.53 054 855+1.42 7.95 1+ 2.26 0.19

How comfortable are
the new spectacles on
your nose? (1-10)

8.23 +

1.92 7.30 +2.84 020 850+1.19 8.87 +1.04 014 837 +1.59 8.08 +2.26 0.94

How do you find the
spectacles’ bridge on
your nose

1: There is a space
between the bridge and
my nose

11

2: It presses on my nose

0.65 0.31

3: It fits perfectly
on my nose

23

19 24 23 47 42
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Table A5. Cont.

SV Group (n = 30) PAL Group (n = 30) All spectacles (1 = 60)
Question Personalized Control 4 Personalized Control P Personalized Control P
?
How ar‘zltf‘fogemples' 853+1.66  8.20+£219 058 8.83=+1.08 853+133 27 868+ 140 837+180 .31
How do you find the
temples according to
your head?
1: They are too loose on 8 9 6 9 14 18
my head
2: They press
on my head 1 0 0.96 0 3 0.33 1 3 0.38
3: The;y fit perfectly 21 2 o4 18 45 39
according to my head
How is the length of
the temples?
1: Too long 7 11 4 6 11 17
2: Too short 1 0 052 2 1 0.69 3 1 029
3: The temple’s length 2 19 o4 3 46 4

is exactly what I need

How is your vision in
general with the new 9.77 £0.43 9.37 £1.03 0.05 847 £1.33 7.90 £2.41 051 912£1.18 8.63 = 1.98 0.19
spectacles? (1-10)

How do you find the
field of view with the
new spectacles in
general? (1-10)

8.40 + 1.96 8.30 + 1.66 059 870+1.34 8.40 +1.92 052  855+1.67 8.35+1.78 0.34

Do you notice any
distortion of images
or blurring?

1: No, not at all 27 24 23 20 50 44
0.28 0.39 0.18
2: Slightly 3 6 7 10 10 16

Do you experience any
swaying feelings?

1: No, not at all 24 22 17 19 41 41
0.54 0.59 0.99

2: Slightly 6 8 13 11 19 19
OVERALL SCORE 43.63 +=4.73 40.63 =832 020 4290 £4.37 4213 +£530 095 4327 £452 4138696  0.30

Note: Patient satisfaction was assessed linearly on a 1-10-point scale, with 10 indicating the best quality of vision
or comfort and 1 indicating the worst. SV: single vision; PAL: progressive addition lens; p: Wilcoxon signed-rank
test and Chi-squared test for the 2 x 2 or 3 x 2 contingency tables. Data: mean + standard deviation.

Table A6. Scores of the self-evaluation questionnaires in the single vision (SV) and progressive
addition lenses (PAL) groups.

SV Group (n = 30) PAL Group (n = 30) All spectacles (1 = 60)

Question Personalized Control P Personalized Control p Personalized Control p

How comfortable is this
pair of spectacles in 413 +1.01 3.73 +1.26 0.17 4.13 +£094 3.90 + 1.06 0.32 4.13 +£0.96 3.82 +1.16 0.09
general? (1-5)

How easily and quickly
could you adapt to this 413 +£1.01 40+1.44 076  380+£1.16 3.63 +1.43 059  3.97+1.09 3.824+1.43 0.55
pair of spectacles? (1-5)

Spectacles slide down

357 £1.22 3.33 £ 1.40 0.51 3.80 +£1.27 393 +1.23 0.56 3.68 +1.24 3.63 +1.34 0.89
from the nose (1-5)

Lenses steam up while ) 43 , 4 55 420+£1.09 058 423 +0.90 453+£063 006 4.28+096 437+£090 051
wearing them (1-5)
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Table A6. Cont.

SV Group (n = 30)

PAL Group (n = 30)

All spectacles (1 = 60)

Question

Personalized

Control

4

Personalized

Control

r

Personalized

Control

How comfortable was
this pair on your nose
during the two weeks
of wearing them? (1-5)

3.70 £ 1.26

3.53 £1.55

0.61

423 +0.77

4.07 +£1.05

0.33

3.97 £1.07

3.80 £1.34

0.34

How comfortable were

the temples during the

two weeks of wearing
this pair? (1-5)

4.30 £1.02

3.77 +1.48

0.19

3.99 +0.99

4.17 £0.95

0.38

413 £1.02

397 £1.25

0.46

How satisfied are you
with your vision/visual
acuity using this
pair looking:

At far distances
(>4-6 m: TV...)? (1-5)

4.87 £0.34

4.70 £0.70

0.29

4.43 +0.86

3.80+1.21

0.02

4.65 £ 0.68

425+ 1.08

0.01

At intermediate
distances (=60 cm-1 m:
computer work) (1-5)

4.83 £0.38

4.73 £0.58

0.40

403 £1.22

397 £1.25

0.96

443 +£0.98

435+ 1.04

0.77

Doing your near work
(~30-50 cm: reading...)
(1-5)

477 £0.73

4.67 £0.61

0.35

420+1.21

3.60 + 1.35

0.02

4.48 +0.95

413 +1.17

0.01

How satisfied are you
with the visual field
using this pair:

At far distances
(>4-6 m: TV...)? (1-5)

4.03 £1.07

427 +£1.17

0.16

4.37 £0.99

4.00 £1.20

0.10

420 +£1.04

413 +1.17

At intermediate
distances (=60 cm-1 m:
computer work) (1-5)

4.27 £ 091

447 £ 097

0.19

4.20 £ 1.06

4.07 £1.20

0.38

4.23 +0.98

4.27 +£1.10

0.75

Doing your near work
(~30-50 cm: reading...)
(1-5)

457 +0.73

4.57 £0.94

0.72

4.27 +£0.94

4.00 £1.26

0.19

4.42 +0.85

428 +1.14

0.41

Did you experience any
swaying feeling when
using this pair? (1-5)

4.50 £0.73

420+1.18

0.19

4.30 £ 1.09

3.80 +1.15

0.03

440 £0.92

4.00 £1.18

0.02

How satisfied are you
with this eyewear in
general? (1-5)

4.10 £ 0.96

3.77 £1.22

0.25

4.17 £0.87

3.70 + 1.09

0.04

413 +£091

3.73+1.15

0.03

OVERALL SCORE

60.10 + 7.30

57.93 +10.50

0.48

58.13 +9.25

55.17 +£11.18

0.21

59.12 £ 8.32

56.55 + 10.87

0.18
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Abstract: (1) Background: Amblyopia is an ocular condition leading to structural and functional
changes. The relationship between these changes is complex and remains poorly understood.
(2) Methods: Participants included 31 children aged 5 to 9 years with strabismic (1 = 9), anisometropic
(n =16) and mixed (n = 6) unilateral amblyopia, and 14 age-matched non-amblyopic children. The
95% and 63% Bivariate Contour Ellipse Area (BCEA), axial length, Foveal Avascular Zone (FAZ) area,
center macular thickness and volume were assessed. The relationship between these parameters was
explored. (3) Results: Statistically significant differences were found among the four groups in best
corrected distance visual acuity (BCVA) (p < 0.001), BCEA 95% (p = 0.002) and BCEA 63% (p = 0.002),
but not in the FAZ area, central macular thickness, central macular volume and axial length. Eyes
with amblyopia had poorer BCVA and larger fixation instability than controls. Inter-ocular differences
were more significant in patients with strabismic amblyopia, particularly in BCVA (p = 0.003), central
macular thickness (p < 0.001) and central macular volume (p = 0.002). In amblyopic eyes, BCEA
95% and 63% were correlated with BCVA, but not with the FAZ area. (4) Conclusion: Amblyopia
is associated with a reduction in fixation stability and BCVA, although there is a general lack of
correlation with structural changes, suggesting a complex interaction between anatomy and function
in amblyopia.

Keywords: amblyopia; fixation stability; retinal microvasculature; macular thickness; macular

volume; stereoacuity; strabismus; anisometropia

1. Introduction

Amblyopia is a neurodevelopmental disorder that results from an abnormal visual
experience during a critical period of visual development [1,2]. Risk factors that typically
contribute to and serve to classify amblyopia include strabismus (strabismic amblyopia),
anisometropic uncorrected refractive error (anisometric amblyopia) or a combination of
both (mixed amblyopia) [2,3]. Several studies have reported possible structural changes in
the visual cortex [4] and lateral geniculate nucleus [5] in amblyopic eyes, compared with
normal eyes [6], as well as differences in macular thickness and volume [7,8], retinal nerve
fiber layer (RNFL) [8,9], and macular capillary vascular structure, including the foveal
avascular zone (FAZ) area [10-14].

Current developments in microperimetry have allowed researchers to explore fixation
stability in amblyopia [1,15-21] and the relationship between fixation stability, visual acuity
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and stereoacuity in different types of amblyopia, which remains poorly understood [15,16].
The analysis of fixation stability has also been employed to assess the effectiveness of dif-
ferent types of treatments for amblyopia, such as part-time occlusion of the non-amblyopic
eye [22-24] or surgical intervention to correct strabismus [25].

Previous researchers have explored the association between retinal structural pa-
rameters, such as the FAZ area, and visual function parameters, including visual acuity,
visual fields and fixation stability, in retinal vein occlusion, diabetic retinopathy and other
pathologies [26-28]. However, the relationship between fixation stability and specific reti-
nal anatomical features in various types of amblyopia is not conclusive. Similarly, several
studies have investigated differences in the FAZ area between amblyopic and contralateral
eyes, as well as healthy controls, reporting contradictory evidence [10,12,29-32]. These
discrepancies may be due to variations in sample demographics, such as age (adults or
children) and distribution of amblyopia types, as well as differences in instrumentation,
analysis software and methodology. Although this previous research has shown vascular
anomalies in amblyopic patients in terms of density and structure [10,12], less attention
has been paid to the possible relationship between fixation stability, as determined by
the bivariate contour ellipse area (BCEA) and the FAZ area. Indeed, although one study
failed to find any correlation between these parameters in patients with retinopathy and
prematurity [28], to the best of our knowledge, it has not been studied in amblyopia and
different subtypes of strabismus. As previous researchers have observed different patterns
of visual function depending on the degree and type of amblyopia [33], it may be relevant
to explore fixation stability and structural parameters in different subtypes of amblyopia
and strabismus.

Thus, it was the aim of the present study to assess the possible correlation between
fixation stability, defined by BCEA, and structural parameters, such as the FAZ area, in
a sample of children with unilateral strabismic, anisometropic and mixed amblyopia.
Additional study variables were axial length (AL), best corrected distance visual acuity
(BCVA) and stereoacuity, as well as central macular thickness and volume. Results from
the amblyopic eyes were compared with those of the contralateral eye, and with those of a
non-amblyopic control group.

2. Materials and Methods
2.1. Study Sample

A cross-sectional study was conducted at the Institut Catala de la Retina (ICR, Barcelona,
Spain) from September 2021 to May 2022. The study was approved by the Ethics Committee
of the Grupo Hospitalario Quirén Salud, (ICR-13/21-2022/10-OFT-ICR) and was compliant
with the principles of the Declaration of Helsinki. Informed consent was obtained from
legal guardians after a detailed explanation of the nature and possible consequences of the
study.

Children aged 5 to 9 years were recruited for this investigation. Participants in the
study had either strabismic, anisometropic or mixed unilateral amblyopia. Amblyopia
was defined as BCVA of >0.2 logMAR for the worse eye and an interocular difference
of >0.15 logMAR. In addition, for anisometropic amblyopia, interocular differences in
refractive error needed to be of 2.00 diopters (D) or more in sphere and/or 1.50 D in
cylinder. No anisohyperopic participants were included in the study. In addition, strabismic
amblyopia required a minimum angle of manifest deviation of 5 prism diopters. Patients
diagnosed with neurological pathologies, retinopathies and/or maculopathies, glaucoma,
nystagmus, media opacities, systemic diseases, cardiovascular or renal diseases, retardation
and/or prematurity were excluded from the study, as were those with a manifest deviation
of 30 prism diopters or more. In addition, a control age and gender-matched group of
healthy non-amblyopic subjects was included.
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2.2. Procedure

Monocular BCVA was evaluated with the Early Treatment Diabetic Retinopathy Study
(ETDRS) test at 4 m and recorded letter by letter in logMAR notation. Stereoacuity was
evaluated with the TNO stereo test, with the aid of red—green filters (a score of 800 arc
seconds was assigned to patients failing to identify any of the pictures). For both BCVA
and stereoacuity, patients received instructions on the procedure and an initial trial was
conducted to ensure they fully understood what was expected of them. For this trial, the
largest letter of the ETDRS test was used for BCVA measurements, and the butterfly plate of
the TNO test for stereoacuity, which corresponds to 1500 arc seconds. Exactly the same pro-
cedure was employed for all patients and all measurements were conducted by an examiner
unaware of the patient group allocation, although in patients with strabismic amblyopia
this single-blind experimental condition could not be maintained. All patients included in
the study were able to follow the BCVA and stereoacuity measurement procedures without
difficulties.

Refractive error was measured using the retinoscopy technique, with and without
cycloplegia. Visual alignment was measured with the cover test in both near and far vision,
and the angle of deviation of strabismic patients was determined with the cover test and a
prismatic bar, both in conditions of best corrected visual acuity.

Fixation stability was measured using the Macular Analyzer Integrity Assessment
(MAIA) microperimeter (CenterVue, Padova, Italy) and followed the BCEA methodology
described by Crossland and co-workers, with a fixation strategy of 30 s [34]. Briefly, for each
eye, assessment of fixation stability begins with the capture of a reference fundus image
and the identification by the examiner of a high contrast macular retinal landmark. During
the subsequent 30 s test period, the patient is instructed to look at the fixation stimulus (red
dot) while the MAIA software (version 2.6.0) determines the shift between the reference
image and the real-time fundus image at 25 Hz, obtaining 750 sets of coordinates (X and
Y) to describe fixation changes. The software then defines the BCEA as the best fit elliptic
contour containing either 95% (BCEA 95%) or 63% (BCEA 63%) of the fixation points,
with smaller BCEA values denoting better fixation stability (see, for example, Figure 1).
The MAIA automatically corrects for refraction errors in the spherical equivalent range
of —15.00 to +10.00 D, allowing for the measurements to be conducted without habitual
refractive correction.

- - . '-
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Figure 1. Best fit elliptic contour containing either 95% (BCEA 95%) or 63% (BCEA 63%) of the
fixation points in a patient with strabismic amblyopia. PRL: Preferred Retinal Locus.

39



Life 2023, 13, 1517

The FAZ area of the superficial capillary plexus (SCP) was measured with the OCT-A
Spectralis (Heidelberg Engineering, Heidelberg, Germany) with angiography software.
To determine the FAZ area, a scan pattern of 10 x 10 degrees (consisting of 512 scanned
sections separated by 6 um) was centered on the fovea. Internal fixation was used to ensure
proper alignment of the eye. It may be noted that in certain patients with large fixation
instability, internal fixation may be eccentric instead of central. However, if the fixation
moved outside of the initial internal fixation zone, the OCT stopped the test until the patient
correctly fixed the stimulus again. Each scan was automatically segmented. Finally, the
FAZ area was calculated manually employing the tools provided by the Spectralis software:
the boundaries of the FAZ area were delineated by the freehand tool and calculated in mm?,
as previously described (Figure 2) [35]. Axial length (AL) was measured with the ZEISS
IOLMaster 700 biometer (Carl Zeiss Meditec, Jena, Germany).

e
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f

2, 0S, Transverse OCTA [Contrast 1:2, from NFL to IPL [-]; PAR off]
Figure 2. Manually delimited foveal vascular zone (FAZ) area in a patient with strabismic amblyopia.

Macular thickness and volume were measured using the OCT-A Spectralis. A macular
cube scan pattern of 20 x 15 degrees (consisting of 512 HR A-scans, 37 sections separated
by 120 um) centered on the fovea was acquired. Internal fixation was used for proper
alignment of the eye. Each scan was automatically segmented and an optometrist examined
all macular cubes to ensure that the analyzed macular thickness and volume corresponded
to the foveal center.

2.3. Data Analysis

SPSS version 27 (IBM Corp., Armonk, NY, USA) for Windows was used for data
analysis. Values of BCEA were transformed to their corresponding logyg values. The
Shapiro-Wilk test was employed to explore data normality, whereupon results are accord-
ingly described as mean and standard deviation (SD), or median and range. Inferential
analysis was conducted with the ANOVA or Kruskal-Wallis tests, with the corresponding
post-hoc Bonferroni or Dunn—Bonferroni pair-wise analysis and correction to account for
multiple comparisons, or with the paired Student’s t-test or Wilcoxon tests. In addition,
possible associations between variables were analyzed with the Spearman coefficient of
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correlation test, and the Chi-Squared test was employed for frequency distribution analysis.
A p-value less than 0.05 was considered to denote statistical significance.

Sample size calculation was performed using G*Power version 3.1.9.2 software
(Heinrich-Heine-University Dusseldorf, Dusseldorf, Germany). The study of Subramanian
and co-workers [15] was used as a reference for sample size calculation. The main out-
come for this calculation was BCEA, with an estimated common SD of 0.38 log deg? and a
minimum expected difference between amblyopic and fellow eyes of 0.36 log deg?, and
considering a 95% statistical power. The required minimum sample size was 18 participants
per group for pair-wise comparisons.

3. Results

A total of 31 children were included in the amblyopic group (15 boys, 14 girls) aged 5
to 9 years (mean =+ SD of 6.6 & 1.1 years), with strabismic (n = 9), anisometropic (1 = 16)
and mixed (n = 6) amblyopia. The control group included 14 non-amblyopic children
(7 boys, 7 girls), aged 6 to 9 years (7.6 £ 1.0 years). No statistically significant difference
was found in neither age nor sex distribution between the three amblyopic and control
groups (p > 0.05).

For the analysis, first eyes with different types of amblyopia were compared amongst
them and with one of the eyes of subjects from the control group. Table 1 presents a
summary of the results of monocular BCVA, stereoacuity, log BCEA 95%, log BCEA 63%,
FAZ area, central macular thickness, central macular volume and axial length of strabismic,
anisometropic and mixed amblyopic eyes. To compare with amblyopic eyes, the non-
dominant eye was selected from the control group, except for stereoacuity measurements.
Statistically significant differences were found among the four groups in BCVA (p < 0.001),
stereoacuity (p < 0.001), BCEA 95% (p = 0.002) and BCEA 63% (p = 0.002), but not in the FAZ
area, central macular thickness, central macular volume and axial length (all p > 0.05). A
pair-wise analysis with the post-hoc Dunn—-Bonferroni test revealed statistically significant
differences in BCVA and stereoacuity between control and strabismic, anisometric and
mixed amblyopic groups (all p < 0.001), with superior values of both visual function pa-
rameters in the control group. Regarding BCEA 95% and BCEA 63%, the Dunn-Bonferroni
or Bonferroni tests revealed statistically significant differences between control eyes and
strabismic and anisometropic eyes (p = 0.001 and p = 0.034, respectively, for BCEA 95%;
p =0.004 and p = 0.018, respectively, for BCEA 63%), but not between mixed amblyopic
and control eyes. Strabismic eyes tended to have the largest BCEA 95% and BCEA 63%
results. By pooling the data from all amblyopic groups, statistically significant differences
were found between BCEA 95% and BCEA 63% (p < 0.001).

Table 1. Best corrected distance visual acuity (BCVA), stereoacuity, log BCEA 95%, log BCEA
63%, FAZ area, central macular thickness, central macular volume and axial length for strabismic,
anisometropic and mixed amblyopic eyes and control eyes (one eye per control subject was selected,
except for stereoacuity evaluation). Results are shown as either mean + SD or median (range)
according to the normality of their distribution. The outcome of the ANOVA or Kruskal-Wallis tests
(according to data normality) is displayed in the rightmost column.

Strabismic Anisometropic

Amblyopia Amblyopia Mixed Amblyopia Control p-Value

BCVA (logMAR) 0.362 + 0.267 0.250 (0.800) 0.450 + 0.356 0.000 (0.100) <0.001
Stereoacuity (arc seconds) 400 (700) 200 (720) 800 (400) 40 (15) <0.001
Log BCEA 95% (log deg?) 0.323 + 0.496 0.079 £ 0.354 0.110 £ 0.425 —0.316 £ 0.255 0.002
Log BCEA 63% (log deg?) —0.143 + —0.496 —0.391 £ 0.336 —0.397 £+ 0.467 —0.699 (0.602) 0.006
FAZ area (mm?) 0.270 +0.173 0.369 + 0.190 0.354 +£0.113 0.269 £ 0.112 0.277
Central macular thickness (um) 269.0 (83.0) 269.4 £+ 20.0 251.5 +£23.7 261.1 +27.6 0.496
Central macular volume (um?) 0.21 £0.01 0.22 £0.01 0.21 £0.01 0.22 (0.37) 0.291
Axial length (mm) 21.86 + 0.62 22.34 £1.79 22.22 (6.41) 2247 £1.20 0.563
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For the second part of the analysis, inter-ocular differences between the amblyopic eye
(or non-dominant eye in controls) and the dominant eyes were calculated for amblyopic
patients and control subjects. Table 2 presents a summary of the inter-ocular differences
in functional and structural parameters. Statistically significant inter-ocular differences
were predominant in patients with anisometropic amblyopia (BCVA, p = 0.003; central
macular thickness, p < 0.001; central macular volume, p = 0.002). No statistically significant
interocular difference was found in control subjects.

Table 2. Inter-ocular differences in best corrected distance visual acuity (BCVA), log BCEA 95%,
log BCEA 63%, FAZ area, central macular thickness, central macular volume and axial length for
amblyopic and control groups (determined as amblyopic eye minus dominant eye in the amblyopic
groups, or non-dominant eye minus dominant eye in the control group). Results are shown as either
mean =+ SD or median (range) according to the normality of their distribution, together with the
outcome of the paired Student’s t-test or the Wilcoxon test (according to data normality).

N . Anisometropic . .
Strabismic Amblyopia Amblyopia Mixed Amblyopia Control
0.189 =+ 0.226 0.194 + 0.191 0.333 + 0.367 —0.007 (0.100)
BCVA (logMAR) p =0.050 p=0.003 p=0.106 p =1.000
0.235 =+ 0.380 0.240 + 0.433 0.003 + 0.449 —0.052 (0.862)
o, 2
Log BCEA 95% (log deg”) p =0.097 p = 0.066 p = 0855 p=0132
0.288 + 0.421 0.236 + 0.424 —0.069 =+ 0.428 —0.038 (0.778)
o, 2
Log BCEA 63% (log deg®) p=0.058 p=0.086 p=1.000 p=0.418
EAZ 5 —0.025 (1.060) 0.033 + 0.091 —0.002 + 0.081 —0.007 (0.130)
area (mm?) p=0310 p=0.105 p =1.000 p=0571
. 167 +17.2 19.1 + 14.8 21.0 (19.0) —0.143 (22.0)
Central macular thickness (pum) p = 0.025 p <0001 P = 0.063 p = 1.000
Contral ot vel 5 0.01 + 0.01 0.01 (0.03) 0.01 4 0.01 0.00 (0.37)
entral macular volume (jm-) p=0.073 p =0.002 p=0.181 p =0.098
. —0.12 4 0.19 —0.26 (6.5) 064415 0.00 (0.33)
Axial length (mm) p=0.074 p=0438 p=1.000 p=0483

Inter-ocular differences amongst groups in BCVA, BCEA 95%, BCEA 63% and central
macular thickness were statistically significant (p = 0.007, p = 0.043, p = 0.026 and p < 0.001,
respectively). Post-hoc pair-wise analysis revealed statistically significant inter-ocular
differences in BCVA between the anisometropic and control groups (p = 0.007) and between
the mixed and control groups (p = 0.018); in BCEA 95% between anisometropic and control
groups (p = 0.033); in BCEA 63% between the strabismic and control groups (p = 0.042),
and between the anisometropic and control groups (p = 0.045); and in central macular
thickness between all three amblyopic groups and the control group (strabismic, p = 0.013;
anisometropic, p < 0.001; mixed, p = 0.020).

By pooling the data from all amblyopic groups, and considering only the amblyopic
eyes, statistically significant moderate correlations were found between BCVA and both
BCEA 95% (p = 0.575, p < 0.001) and BCEA 63% (p = 0.580, p < 0.001). BCEA 95% and 63%
showed a very strong correlation (p = 0.987, p < 0.001). Statistically significant moderate to
strong correlations were found in the non-dominant eyes of the control group between the
FAZ area and both central macular thickness (p = —0.562, p < 0.001) and central macular
volume (p = —0.740, p < 0.001). However, in the amblyopic groups, only a weak correlation
was evidenced between the FAZ area and central macular thickness (p = —0.378, p = 0.012).
Upon examining each amblyopic group independently, the only significant correlation
was between BCVA and central macular thickness in the strabismic group (p = —0.857,
p = 0.024), as well as between both BCEA outcomes. No statistically significant correlation
was evidenced in any group between BCEA 95% or BCEA 63% and the FAZ area. In
particular, in strabismic and mixed amblyopia, there was no correlation between angle of
deviation and fixation stability. In addition, inter-ocular differences in BVCA in amblyopic
eyes were weakly correlated with inter-ocular differences in BCEA 95% (p = 0.313, p = 0.039)
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and BCEA 63% (p = 0.321, p = 0.036) and moderately correlated with inter-ocular differences
in central macular thickness (p = 0.447, p = 0.003).

4. Discussion

The aim of the present study was to explore BCVA, stereoacuity, fixation stability and
retinal structural parameters (FAZ area, central macular thickness and volume), as well as
AL, in children with different types of amblyopia and in normal controls. The relationship
between structural and functional parameters was investigated.

Fixation stability, determined with the BCEA 95% and 63% was found to be particularly
compromised in strabismic and, to a less extend, in anisometropic amblyopia, as compared
with control eyes. No difference between control eyes and those with mixed amblyopia
was found, although the reduced sample size for this type of amblyopia led to a slightly
underpowered analysis, thus increasing the probability of type I error. These findings are
in agreement with previous reports [15,19]. For instance, with the research of Subramanian
et al. (2013), who also documented a reduction in stereoacuity related to amblyopia [15],
as described in the present study. These authors attributed the discrepancies in the BCEA
values between their study and published literature to the actual BCEA percentage under
analysis [15,19]. To our knowledge, no previous research has explored both BCEA 95%
and BCEA 63% from the same sample of patients. Although BCEA 95% and BCEA 63%
were found to present a very strong correlation, a statistically significant difference was
found between their values, underlining the need to interpret data with caution when
comparing studies using different BCEA percentages. In addition, discrepancies in BCEA
values among studies may be accounted for by the differences in age of participants and
instrumentation.

To determine fixation stability, a fixation strategy of 30 s was implemented, which is
the current minimum available interval for the MAIA microperimeter to provide reliable
measurements. Given the age of some of the participants, they needed encouragement
to maintain fixation on the target stimulus (for instance, they were instructed to carefully
check the red fixation stimulus and tell the examiner immediately if it changed color to
green). Previous researchers have employed longer fixation strategies, of 45 s or even
1 min intervals [36]. It must be highlighted that the software of MAIA constantly compares
the fixation of the patient with the initial reference point defined by the examiner and
automatically stops the measurement if fixation is lost or if the patient performs intrusive
saccades, renewing measurements once the patient has gained the initial fixation reference.
Although differences in instrumentation and sample characteristics may advise against
any direct comparison, the variance in BCEA values of the present sample of young
children is comparable to that obtained in previous research in adults, which may reflect
that measurements in children are no less reliable than in adults, given the necessary
precautions are taken [37,38].

No statistically significant differences were found in the FAZ area between amblyopic
and control eyes, albeit a trend was observed in which anisometropic and mixed amblyopic
eyes had larger FAZ areas than strabismic and control eyes. These findings would be
in agreement with previous literature documenting larger FAZ areas in the SCP layer in
anisometropic amblyopia [29,30], albeit other researchers have noted smaller FAZ areas in
patients with anisometropic amblyopia, with or without strabismus [12], and in strabismic
amblyopia [32].

Upon examining inter-ocular differences in functional and structural parameters, that
is, amblyopic eye versus the contralateral eye, or both eyes of the control group, statisti-
cally significant differences were predominant in patients with anisometropic amblyopia,
particularly in BCVA, central macular thickness and central macular volume. Inter-ocular
differences in BCEA 95% and BCEA 63% were larger in strabismic and anisometropic
patients than in the control group. Similarly, inter-ocular differences in central macular
thickness were more noticeable in the three amblyopic groups than in the control group.
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These findings suggest that the study of inter-ocular asymmetry in functional and anatomi-
cal parameters may be valuable.

Correlation analysis revealed several statistically significant, moderate correlations
among some functional parameters, as well as among several anatomical parameters,
but no correlation was disclosed between functional and anatomical parameters, with
the exception of BCVA and central macular thickness in the strabismic group. Thus, for
instance, whereas in amblyopia both BCEA values were moderately correlated with BCVA,
BCEA and the FAZ area did not display any significant correlation, which may suggest
that the FAZ area does not influence fixation stability, although further research is needed
to confirm this hypothesis. Indeed, the lack of correlation between fixation stability and
the FAZ area has been previously reported for other retinal pathologies [26-28], but, as
far as we know, it has not been explored in amblyopia. Similarly, the FAZ area was not
correlated with BCVA, in contrast with the report by Huang et al. (2021) [31], in which the
authors observed an improvement in both visual acuity and FAZ area following 6 months
of amblyopia treatment.

This study had some limitations, mainly a reduced sample size and slightly underpow-
ered analysis, considering a required estimated sample size of 18 per group. Unfortunately,
these patients are relatively young and sometimes found it difficult to cooperate with the
measurements and could not be included in the study. In cases of wide-angle strabismus,
certain tests could not be performed due to saccadic re-fixational eye movements that
prevented correct captures for scans. In addition, the manual nature of some of these mea-
surements may contribute to reducing the reproducibility of some of the findings. Thus,
FAZ area measurements were performed manually, following the border of the vascular
and the avascular textures shown in the OCT-A image, as previously described [35]. There
are some OCT-A devices with integrated software for quantitative analysis, such as the
OCT 5000 (Zeiss Meditec Inc., Dublin, CA, USA) or the RTVue XR Avanti (Optovue Inc.,
Fremont, CA, USA). When this possibility is not available, third-party software, such as the
Fiji toolbox, could be used to assist in this analysis.

In addition, although the TNO test has been documented to be adequate to mea-
sure stereoacuity in children aged 3 to 6 years old [39], there are currently other ob-
jective methods to estimate stereoacuity which may be implemented in future studies.
For instance, a promising avenue of research, which has recently proved its clinical ap-
plicability in adults and children, is the analysis of ocular-following responses through
video-oculography [40,41]. Briefly, ocular-following responses exhibit a strong binocular
summation, which is sensitive to the interocular correlation between stimuli presented
under binocular conditions, mediated by disparity-sensitive cortical neurons. It is therefore
assumed that in patients with impaired stereoacuity, such as in amblyopia, ocular-following
responses are compromised.

In conclusion, children with amblyopia have more fixation instability compared to
normal controls. Although BCEA 95% and 63% show a strong correlation, these values
are not interchangeable. Fixation instability is associated with reduced visual acuity, but
not with the FAZ area, suggesting a complex interaction between structural and functional
changes in amblyopia, which supports further investigation.
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Abstract: Background: Dry eye disease (DED) is a common and debilitating condition that affects
millions of people worldwide. Despite its prevalence, the diagnosis and management of DED
can be challenging, as the condition is multifactorial and symptoms can be nonspecific. In recent
years, there have been significant advancements in diagnostic technology for DED, including the
development of several new devices. Methods: A literature review of articles on the dry eye
syndrome and innovative diagnostic devices was carried out to provide an overview of some of the
current high-tech diagnostic tools for DED, specifically focusing on the TearLab Osmolarity System,
DEvice Hygrometer, IDRA, Tearcheck, Keratograph 5M, Cornea Dome Lens Imaging System, I-PEN
Osmolarity System, LipiView II interferometer, LacryDiag Ocular Surface Analyzer, Tearscope-Plus,
and Cobra HD Camera. Conclusions: Despite the fact that consistent use of these tools in clinical
settings could facilitate diagnosis, no diagnostic device can replace the TFOS algorithm.

Keywords: dry eye disease; diagnostic device; ocular surface

1. Introduction

The TFOS DEWS 1I (Tear Film and Ocular Surface Society International Dry Eye
Workshop 11, 2017) defines dry eye disease (DED) as “a multifactorial disease of the ocular
surface characterized by a loss of homeostasis of the tear film and accompanied by ocular
symptoms, in which tear film instability and hyperosmolarity, ocular surface inflammation
and damage, and neurosensory abnormalities play etiological roles” [1]. The prevalence of
DED exhibits a positive correlation with advancing age and varies between five percent and
fifty percent across the overall population [2]. DED is characterized by a range of symptoms
such as ocular pain, burning, stinging, discomfort, a foreign body sensation, poor visual
acuity, photophobia, and irritation [1,2]. The symptoms of dry eye disease can range from
minor discomfort to substantial grievances that interfere with daily functioning, decrease
quality of life, and carry notable consequences for the socioeconomic structure [1,2].

The first phase in the process of diagnosing dry eye disease involves the utilization of
triage questions, which could establish the need for additional DED evaluation and exclude
disorders such as conjunctivitis, blepharitis, Sjogren syndrome, infection, and lid-related
disease.

Based on the TFOS DEWS 11, a dry eye diagnosis requires the patient to score posi-
tively on one of two specific symptom questionnaires (DEQ-5, Dry Eye Questionnaire-5
score > 6 or OSDI, Ocular Surface Disease Index score > 13). This must be followed by the
presence of a minimum of one positive clinical sign, such as decreased tear film stability
(NIBUT, non-invasive tear break-up time, <10 s), elevated tear osmolarity (>308 mOsm/L),
significant inter-eye disparity in osmolarity (>8 mOsm/L), or ocular surface damage in-
dicated by fluorescein and lissamine green (>5 corneal spots, >9 conjunctival spots, or lid
margin > 2 mm length and >25% width).

OSDI refers to a verified questionnaire that is commonly employed in clinical trials
due to its ability to provide a rapid assessment of dry eye disease (DED) and its impact on
the quality of life (QoL) of patients [3]. The OSDI consists of 12 items that aim to evaluate
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the symptoms experienced by patients during the preceding week. It is organized into
three sections: the occurrence of symptoms, the impact on vision-related quality of life, and
the identification of any environmental triggers [3]. Each item is evaluated using a scale
ranging from zero to four. The scale used to measure frequency is as follows: none of the
time (0), some of the time (1), half of the time (2), the majority of the time (3), and the entire
time (4). The overall numerical value is calculated utilizing a range that extends from zero
to one hundred, whereby elevated scores denote heightened levels of impairment. A score
of 0 to 12 is regarded as normal; a score of 13 to 22 suggests mild disease; a score of 23 to
32 denotes moderate DED; and a score of 33 to 100 indicates severe DED [3]. Furthermore,
OSDI does not discriminate between evaporative and aqueous deficiencies [4].

It is possible that the TFOS DEWS 1I diagnostic algorithm is not the most effective
method when used in a clinical environment, despite the fact that it provides both a
comprehensive and full approach to detecting dry eye disease. Although it offers a complete
evaluation, the diagnostic procedure typically consists of a number of steps that can be
challenging to carry out in fast-paced clinical settings with limited time.

Therefore, in this paper, we examine new high-tech imaging systems for ocular surface
evaluation. These systems claim to have several benefits over traditional methods of diag-
nosis, such as being non-invasive, providing standardized and objective results, enabling
the monitoring of disease progression and treatment effectiveness, being user-friendly, and
enabling rapid task execution. However, regardless of the studies reviewed, the reliability
of these devices is low.

2. Materials and Methods

A literature review of articles on dry eye syndrome and innovative diagnostic de-
vices published in the last 15 years and available on the National Library of Medicine
was carried out without any restriction of language, especially focusing on the TearLab
Osmolarity System, IDRA, Tearcheck, Keratograph 5M, I-Pen Osmolarity System, Lipiview
II Interferometer, LacryDiag Ocular Surface Analyzer, Cornea Dome Lens Imaging System,
DEvice Hygrometer, Tearscope-Plus, and Cobra HD Camera. All published peer-reviewed
randomized clinical trials, meta-analyses, systematic reviews, and observational studies
about these topics were evaluated. Table 1 shows all the devices analyzed and the exams
they perform.

TearLab Osmolarity System® (TearLab Corporation, San Diego, CA, USA) is a non-
invasive diagnostic device that analyzes the osmolarity of a patient’s tears. Osmolarity
refers to the total concentration of dissolved substances present in a solution without
regard to their density, size, molecular weight, or electrical charges. The process of tears
evaporating, a decrease in the production of tears, and the dysfunction of the meibomian
gland are all factors that contribute to an elevation in tear osmolarity. The evaluation of
tear osmolarity is considered a highly effective diagnostic tool for every type of dry eye
syndrome [5]. The tear film of the exposed ocular surface area exhibits a lower osmolarity.
Various environmental factors such as wind, cigarette smoke, indoor air conditioning, and
heat, as well as prolonged computer use leading to reduced blinking frequency, have been
identified as potential impediments to evaporation, thereby affecting tear osmolarity [6].
Tear osmolarity was also found to correlate with increased concentrations of inflammatory
cytokines and matrix metalloproteinases (MMPs), as well as HLA-DR (Human Leukocyte
Antigen-DR) overexpression, suggesting that tear osmolarity could potentially serve as a
predictive measure for ocular surface diseases that are linked to high levels of inflammatory
mediators [6].
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The TearLab Osmolarity System is composed of a set of instruments, including a
reader device, pens, and test cards. The reader is a small countertop device that calculates
and shows the osmolarity test results on a liquid crystal display. The TearLab osmolarity
device is equipped with a pair of pens that are used to hold the test card and transmit the
data to the reader. The test card is attached to the pens and takes a sample of 50 nL in
milliosmoles per liter (mOsm/L) units. The contact between the tear film and the eyelid
occurs at the temporal margin. After hearing the beep confirming successful tear collection,
the pen is docked into the reader [7].

This osmometer has several advantages, including being a small, portable device that
can be used in a doctor’s office and requiring less than 100 nL of tear fluid [5]. Furthermore,
it uses a temperature-corrected tear fluid impedance measurement, enabling an indirect
evaluation of tear osmolarity and providing precise results within a brief timeframe [5,8]. It
may also be used in combination with other diagnostic tools, such as the LipiView system,
to provide a more detailed image of a patient’s dry eye condition. According to Szczesna-
Iskander, it is necessary to take a minimum of three consecutive measurements to obtain
clinically trustworthy tear osmolarity values using the TearLab Osmolarity System. The uti-
lization of the highest osmolarity value to identify DED requires careful consideration due
to the frequent occurrence of anomalous readings of tear osmolarity [9]. Nevertheless, Szalai
et al. found significant overlap in tear osmolarity values measured with the TearLab system
in the control (22 healthy individuals) and dry eye groups (21 patients with non-Sjogren
syndrome dry eye (NSSDE) and 20 patients with Sjogren syndrome dry eye (SSDE)), imply-
ing that measurement of tear osmolarity utilizing the TearLab osmometer is highly variable
and does not distinguish individuals diagnosed with dry eye disease from healthy controls
(mean tear osmolarity was 296.77 £ 16.48 mOsm/L in NSSDE, 303.36 &£ 17.22 mOsm/L in
SSDE, and 303.52 £ 12.92 mOsm/L in the control group; p = 0.018) [10].

As a result, TearLab is a quick tool in clinical practice, but its usefulness is limited by
the literature-reported low reliability in recognizing DED and its primary use in evaporative
dry eye.

IDRA® Ocular Surface Analyzer (SBM SISTEMI, Inc., Torino, Italy) is a diagnostic tool
that uses infrared and ultraviolet light to evaluate the health of the ocular surface. Changes
in the tear film and meibomian glands, which can be indicative of DED, can be detected
by the instrument. The instrument is able to identify MG as well as all three layers of the
tear film (lipid, aqueous, and mucin). This allows physicians to determine which parts of
the tear film require treatment based on the type of insufficiency. IDRA must be placed
between a slit lamp and a biomicroscope. Its pins have been designed to fit perfectly into
the hole left by removing the plate used for the tonometer, and it conducts a 5-minute
non-invasive test [11]. The instrument produces a beam of white light onto the corneal
surface, and the resultant reflection of light from the tear film presents a white, fan-shaped
region that covers the inferior third of the cornea [12]. The five parameters include NIBUT,
TMH, lipid layer interferometry, ocular blink quality, and infrared meibography. The
non-invasive break-up time (NIBUT) is determined through the utilization of Placido’s
disc to project ring patterns on the cornea, followed by the measurement of the duration
in seconds between the complete blink and the first disturbance of the reflected image
on the cornea [11]. The utilization of infrared illumination in non-invasive meibography
has the capability to identify morphological alterations in the meibomian gland. On the
other hand, tear interferometry can be employed to assess the lipid layer of the tear film.
The evaluation of meibomian gland morphology offers valuable clinical evidence for the
diagnosis of evaporative DED, while assessments of the lipid layer of the tear film facilitate
the monitoring of meibomian gland function [10]. The photograph shows the identification
of the upper and lower tear meniscus as well as the evaluation of tear meniscus height
along the lower lid margin [11]. A prospective study with 75 patients (40 with DED and
35 healthy subjects) found good concordance between the IDRA ocular surface analyzer
and standard diagnostic procedures in differentiating between individuals with normal
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ocular function and those with dry eye disease. It had an area under the curve of 0.868
(95% confidence interval: 0.809-0.927) to detect DED [13].

The lipid layer is important for regulating the evaporation of the tear film. A test for
lipid layer pattern (LLP) evaluation is based on interference phenomena, but it is influenced
by subjective interpretation of the patterns [14]. The lipid layer thicknesses are determined
through the utilization of Dr. Guillon’s international grading system, which enables the
calculation of the average, maximum, and minimum thicknesses of the lipid layer pattern
grades [15]. The grades are converted to nanometer units and classified into a range of
15 to 100 nm according to the observed patterns. The maximum cutoff wavelength of IDRA
is 100 nm [16].

Despite the fact that IDRA has the benefit of assessing multiple ocular surface parame-
ters with a single device, the findings are contradictory. In a retrospective cross-sectional
study with 47 non-Sjogren dry eye patients, Jeon et al. demonstrated a significant corre-
lation between dry eye symptoms and the partial blink rate as well as meibomian gland
dropout rates measured using IDRA. On the other hand, Lee et al. demonstrated that
IDRA exhibited a considerably lower percentage of meibomian gland dropout and a greater
partial blink rate than another device, LipiView® II, in a cross-sectional, single-visit ob-
servational study with 47 participants [11,12]. These findings suggest that these devices
should not be used interchangeably when assessing meibomian gland dropouts and partial
blink rates [11]. Rinert et al. demonstrated a favorable correlation between everyday
clinical diagnostic examinations. The researchers found that the utilization of pathologic
meibography, interferometry, and tear meniscus measurements with the analyzer produced
a 96% estimated probability of dry eye disease. Simultaneously, the percentage of eyes ex-
hibiting pathological observations in the three sets of examinations was relatively minimal,
suggesting that dry eye disease (DED) may manifest in diverse clinical presentations and
necessitate a comprehensive assessment [13].

Thus, IDRA appears to be an interesting device for diagnosing DED because it evalu-
ates all three components of the tear film; however, the literature presents conflicting and
limited findings.

Tearcheck® (E-Swin, Houdan, France) is a stand-alone device with an integrated
screen that allows the user to view all acquisitions and exams in real time. The device
facilitates quick evaluations that include nine examinations: non-invasive break time, tear
film stability, ocular surface inflammatory assessment, meibography IR, Demodex, eye
redness, abortive blinking, tear meniscus height, and the OSDI questionnaire. This results
in a simple dry eye analysis.

Using the Demodex exam, an enlarged image of the base of the eyelashes can be
obtained, allowing for the tracing and visualization of signs indicating the presence of
Demodex mites. As a result, the device takes high-resolution images of the ocular surface,
enabling the detection of changes in the cornea, conjunctiva, and tear film, such as the
existence of inflammation or ocular surface damage (dry spots or erosion).

Although the device is non-invasive and simple to use, there is no evidence in the
literature to support its use in the diagnosis and management of DED.

Keratograph 5M® (Oculus, Wetzlar, Germany) is a diagnostic device that uses non-
invasive imaging technology to evaluate the health of the cornea. The device can identify
changes in the surface and shape of the cornea, which can be indicative of DED. It is a
corneal topographer that is equipped with a real keratometer and a color camera. Its
purpose is to capture external images by projecting a ring pattern from a placido disc on the
tear film surface using an infrared light source. It may evaluate non-invasive break-up time
(NIBUT), meibography, bulbar redness, tear meniscus height, lipid layer (interferometry),
and tear film dynamics (monitoring of tear film particle flow, from which inferences about
tear film viscosity can be inferred).

The findings of this tool in the literature are also contradictory. On the one hand,
the keratograph has significant examiner bias [17], but on the other hand, it has been
reported to have strong inter-examiner reproducibility (mean difference between examiners

51



Life 2023, 13, 1425

of 0.08 £ 0.55 and 0.13 £ 0.50 grade units in two separate sessions, respectively) with
low within-subject variability (95% limits of agreement for two different examiners of
—1.02 to +1.10 and —1.27 to +1.09 grade units, respectively) [18]. In a prospective study
with 42 patients with DED and 42 healthy subjects, Tian et al. found that utilizing the
non-invasive Keratograph tear break-up time (NIKBUT) and tear meniscus height (TMH)
measurements through the K5M device could serve as a straightforward and non-invasive
method for screening dry eye while also exhibiting satisfactory levels of repeatability and
reproducibility (coefficient of variation (CV%) < 26.1% and intraclass correlation coefficient
(ICC) > 0.75 for all measurements). Nevertheless, it was observed that NIKBUTs exhibited
greater reliability in individuals with dry eye disease (DED) as compared to TMH [19].

Sutphin et al. concluded that keratographic measures cannot be considered inter-
changeable alternatives for commonly used clinical measures. Furthermore, they found
that there is no specific test that can provide objective support for the diagnosis [20]. Indeed,
according to Pérez-Bartolomé et al., the Keratograph 5M was observed to overestimate
ocular redness scores in comparison to subjective grading scales when utilized for the
purpose of assessing the degree of ocular redness [21]. Furthermore, in an observational
cross-sectional study of 47 subjects with DED and 41 normal control subjects, Chen et al.
showed a limited association between the keratograph tear meniscus height (TMH) and
Schirmer scores among individuals with dry eye disease (DED). They also demonstrated
that in the comparison of Fourier-domain optical coherence tomography (FD-OCT) and the
Keratograph 5M, both instruments exhibited notable diagnostic precision in distinguish-
ing between normal patients and those with dry eye disease. However, it was observed
that the FD-OCT measurements of tear meniscus height (TMH) were more dependable
than the keratograph data in the DED group [22]. Specifically, while the keratograph and
FD-OCT measurements of TMH were closely correlated, the former tended to yield lower
measurements than the latter [23].

Despite the fact that the Keratograph 5M is a non-invasive diagnostic topographer for
DED, it is not yet a substitute for multiple clinical tests such as the Schirmer test and FBUT
because its reliability is very weak.

I-PEN Osmolarity System® (I-MED Pharma Inc., Dollard-des-Ormeaux, QC, Canada)
is a portable electrical tool that assesses the osmolarity of tears by measuring the electrical
impedance of the eye tissues on the palpebral conjunctival membrane. The occurrence of an
inflammatory cascade at the ocular surface is initiated by tear film hyperosmolarity, which
ultimately leads to the loss of goblet cells, epithelial injury, and the production of cytokines.
This condition is responsible for causing ocular distress and vision impairment in patients
with DED. The I-PEN’s usefulness has been questioned in the literature, though numerous
studies have considered the I-Pen appropriate and reliable for clinical use [24-26]. Park et al.
concluded that the I-Pen osmometer demonstrates favorable performance in diagnosing
DED in clinical settings; however, it should not be solely relied upon for evaluating DED.
Nonetheless, the [-Pen osmometer can serve as a valuable tool for screening and identifying
dry eye disease [24]. In contrast, some researchers failed to establish any correlations
between tear film osmolarity values acquired through the I-PEN system and various
subjective or objective parameters of dry eye disease (DED). Furthermore, they showed
that the I-PEN system was less effective than the TearLab Osmolarity System in delineating
subjects with and without dry eye disease [7,27,28]. Shimazaki et al. found no statistically
significant difference in mean tear film osmolarity between the DED (871 eyes) and non-
DED (51 eyes) groups using the I-PEN system (294.76 & 16.39 vs. 297.76 £ 16.72 mOsms/L,
respectively, p = 0.32). Furthermore, motion may affect osmolarity readings acquired
through the I-Pen system; however, the influence of this factor can be minimized if the
measurements are carried out by a highly trained clinician [29]. Alanazi et al. evaluated the
relationship between osmolarity results acquired by the TearLabTM and I-Pen® systems in
individuals with a high body mass index (BMI). The I-Pen® results (294-336 mOsm /L in the
study group of 30 male subjects with a high BMI and 278-317 mOsm/L in the control group
of 30 healthy males) were significantly higher than the TearLab™ scores (278-309 mOsm /L
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in the study group and 263-304 mOsm/L in the control group). Furthermore, the outcomes
obtained from the I-Pen® measurements exhibited significant variations in osmolarity
values and demonstrated a considerable lack of accuracy in distinguishing normal eyes as
compared to the TearLab™ system [29].

As a result, the I-PEN is a portable, easy-to-use, autocalibrated device that is not
affected by variations in tear film volume and requires only a simple touch of the palpebral
conjunctiva. Nevertheless, it can only detect tear osmolarity, and further investigations are
required to determine its utility.

Liiniew® Il interferometer (TearScience Inc., Morrisville, NC, USA) is a device for
ocular imaging that examines the interferometric pattern of the tear film. It achieves this by
measuring the lipid layer thickness (LLT) of the tear film with nanometer accuracy; however,
it has an upper cut-off to assess LLT values of 100 nm [11]. In addition to that, it records
the dynamics of blinking and images the structure of the meibomian gland. Compared to
IDRA, in a cross-sectional single-visit observational study with 47 participants, Min Lee
et al. found no significant difference in LLT. However, IDRA had a considerably lower rate
of MG dropout and a higher PBR (IDRA MG dropout 45.36 £ 21.87 and PBR 0.23 &+ 0.27;
LipiView® II interferometer MG dropout 36.51 + 17.53 and PBR 0.51 + 0.37) [11]. In
comparison to Keratograph 5M (K5M), Wong et al. showed that LVII exhibited a statistically
significant reduction in meiboscores and a lower percentage of MG dropout in 20 subjects
(1.43 £ 0.78 vs. 1.90 £ 0.81, p = 0.001) [30]. These results suggest that there is poor
interchangeability between the methods used to evaluate DED features, particularly MG
dropouts and PBR.

In conclusion, the data obtained from the LVII LLT should be compared to other
instruments. However, additional studies with larger sample sizes are necessary.

LacryDiag Ocular Surface Analyzer (Quantel Medical, Cournon-d’Auvergne, France)
is an ophthalmic device used to diagnose and monitor the tear film and meibomian glands.
It takes non-invasive photographs with white or infrared light to assess the height of
the lower tear meniscus, the distance between the upper and lower eyelids, tear film
interferometry, and non-invasive tear film break-up time. Toth et al. demonstrated that it
is a non-invasive, simple-to-use device able to analyze the tear film and save photos for
later use [31]. Despite this result, there is a great deal of variability between measurements
performed by this instrument and those performed by another innovative device, such
as the OCULUS Keratograph 5M, possibly reflecting differences in image processing or
the need for subjective evaluation by the observer for a considerable number of these
measurements [32,33]. Ward et al., for instance, evaluated the repeatability of the LacryDiag
Ocular Surface Analyzer for both intra- and inter-observer measurements and compared
it to the OCULUS Keratograph 5M in 30 healthy subjects. Their findings revealed a good
relationship between the devices (no differences in mean values for tear meniscus height,
NIBUT, or tear film interferometry, except for lipid layer interferometry), but low agreement
for any individual observer (intra-observer variability for NIBUT was significantly higher
for the Keratograph, p = 0.0003 for observer A and p < 0.0001 for observer B). According to
the authors, the observed inconsistency could be attributed to the utilization of repeated
testing and the inclusion of subjects without dry eye conditions. Therefore, the authors
concluded that in the identification and follow-up of patients with dry eye disease (DED),
it is essential to consider the reproducibility of the testing instrument and the utilization of
different outcome measures [33].

In summary, LacryDiag is a promising instrument for assessing the ocular surface, but
there is a lack of research about it in the medical literature.

Cornea Dome Lens Imaging System® (Occyo, Innsbruck, Austria) is an imaging system
that attempts to provide uniform ocular surface color photographs respecting position,
illumination, focus, and operator independence. This is achieved by overcoming the
limitations of objective methods that are based on digital ocular surface images. The device
is composed of a novel imaging lens that conforms accurately to the curvature of the eye,
enabling high-resolution imaging of the visible ocular surface. In addition, the device
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incorporates a fixation target that guarantees a centralized view into the lens, thereby
minimizing eye movements. Furthermore, the set is composed of software designed for
eye tracking as well as an illumination unit. To maintain the stability of the patient’s head,
a chin rest and a forehead band are utilized. The aim of the system is to obtain photographs
in a standardized manner without the need for human intervention. Therefore, according
to Lins, this tool possesses the ability to evaluate the extent of bulbar eye redness in an
objective and replicable manner, utilizing the images it has captured [34].

This technology has the potential to provide an objective technique based on the digital
ocular surface for assessing bulbar eye redness, overcoming the limitations of subjective
photographic scales that suffer from inter-rater variability. However, its role in the DED
diagnostic process should be investigated in future studies.

DEvice Hygrometer© (Al Rome, Italy) is a complete, low-cost diagnostic-therapeutic
tool for ocular surface management that has the capability to quickly identify the entities
of production, clearance, and stability, along with the severity of tear film evaporation,
and drives the subsequent therapy through the utilization of simple algorithms. The
device operates by detecting changes in the relative humidity (RH) levels within a confined
environment surrounding the ocular surface (Figure 1).

The diagnostic component of the device works by measuring the evaporation of the
tear film from the ocular surface at a variable speed that may be modified by the user.
At a certain temperature, the device measures the baseline and post-stimulus relative
humidity values. The sensor is placed in a cup on the orbital edges by the operator. The
measurements are carried out in a closed environment made up of the cup and the ocular
surface system. Using the acquired data, it is possible to construct progression curves for
relative humidity (RH) that have been corrected for temperature. The collected data are
“basal” values that are combined with measurements taken in reaction to diverse kinds
of stimuli, such as air blows, alterations in temperature within the microenvironment
surrounding the ocular surface, light stimuli, and so on. Additionally, a non-contact
sample mechanism built into the device allows for the collection of a certain amount of
tear evaporation. Despite the fact that incomplete blinking and tear clearance may have an
impact on the accuracy of measurements obtained from the DEvice®, it represents a low-
cost, efficient, accurate, rapid, and safer (as it is non-contact) instrument for measurement of
tear films. Indeed, a preliminary observational pilot study with 8 patients (2 with DED and
6 healthy subjects) has shown that individuals with dry eye disease (DED) showed higher
relative humidity values compared to healthy individuals. However, additional studies
involving a larger sample size are necessary to confirm these findings. The diagnostic
device exhibits potential for local drug nebulization, thereby presenting an option for
alternative therapeutic applications in the future [35].

Thus, even though it is a promising diagnostic tool, its use in clinical practice is now
limited to evaporative dry eye.

Tearscope-PlusTM (Keeler, Windsor, UK) is a relatively new portable device that may
be connected to a slit lamp for conducting non-invasive assessments of the tear film. It
allows the examination of the interference patterns of the lipid layer across the whole
cornea without the need for fluorescein, thereby enabling the evaluation of non-invasive
break-up time (NIBUT), tear meniscal height (TMH), and lipid layer thickness of the tear
film (LLT). Guillon’s classification is employed for the purpose of determining the thickness
of the lipid layer (LLP, lipid layer pattern). The system includes five different types of
lipid layer patterns: open meshwork (OM), closed meshwork (CM), wave (W), amorphous
(AM), and color fringe (CO). In addition to normal LLPs and events, atypical ones were
described. This method is effective for investigating the quality and structure of the tear
film; nevertheless, it is dependent on the observer’s judgment, which can be affected by
the sort of pattern that is viewed [36]. Visualizing thicker lipid layers can be challenging
due to the lack of distinguishing morphological traits and color fringes. Additionally,
the subjective perception of the observer can influence the findings. Garcia-Resua et al.
showed that, although there was a significant correlation between classifications made by
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experienced observers based on Guillon’s schema, misinterpretations of the patterns might
still occur, even within the same observer [14].

34 31 32

Figure 1. A schematic design of the diagnostic tool system. The figure shows a side and rear view of
the schematic representation of a monosensor diagnostic prototype with: an eyepiece cup (10); the
sensor (20) placed inside it; a processing board (30) equipped with processor (31), memory (34), and
wireless connection device (32); the optional connection cable (33); a digital screen (40) with buttons
(41); and a rechargeable power supply battery (50) placed in the handle [35].

Despite the fact that Fodor et al. demonstrated that lower tear meniscus height mea-
surements were more repeatable with Tearscope than slit-lamp biomicroscopy without
staining in 31 healthy individuals, the subjectivity inherent in its use limits both its repeata-
bility and its utility in comparison to other instruments that are more objective (Oculus®
Keratograph 5M and LipiView®) [37,38].

Finally, Tearscope presents a reliable and consistent method of increasing clinical
observation and identification of ocular physiological alterations; yet, this automated
procedure is susceptible to human error.

Cobra HD Camera (CSO, Florence, Italy) is a non-mydriatic digital fundus device
with modules designed for retinal screening analysis. Additionally, it includes a dedicated
module for meibography [17].
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In a study conducted by Pult, the association between age, sex, and dry eye symptoms,
as well as the quantification of meibomian gland (MG) loss, was investigated using a Cobra
fundus camera. The study involved 112 participants and revealed substantial standard
deviations in the mean MG loss between participants with and without dry eye symptoms
(30 £ 17% and 45 £ 18%, respectively) [39].

Iphra and Gantz investigated the inter-session repeatability (ISR), inter-examiner
reproducibility (IER), and within-subject variability (WSV) of the Cobra HD fundus cam-
era meibographer. This study utilized Phoenix software. Participants were classified as
either symptomatic or asymptomatic for dry eye based on their Ocular Surface Disease
Index (OSDI) questionnaire scores. To determine the IER, seventy-four participants were
evaluated on the same day by two examiners, referred to as Examiner 1 and Examiner
2. Subsequently, sixty-six of these participants were re-examined by Examiner 1 on a
different date to calculate the ISR. The results showed that the Cobra HD fundus camera
meibographer had good repeatability and reproducibility, and clinically similar findings
should be obtained when used by different examiners on different occasions [40].

In conclusion, although the Cobra HD camera can only detect meibomian gland loss,
it is useful for the meibographic assessment and follow-up of DED progression.

3. Discussion

Easy and rapid dry eye disease diagnosis is still a challenging unmet need in opthal-
mology. The algorithms proposed by various international societies and committees are
frequently time-consuming and costly, and their use in the context of a busy medical setting
is limited. Although 20% of our patients suffer from DED and ocular discomfort impact
almost 40% of surgeons practice, a proper DED diagnostic method is still missed [41-43].
Therefore, several new diagnostic tools aim to fill this gap, making the diagnosis with a
single “click”, although at a higher cost.

The consistent use of these instruments in clinical settings may facilitate the diagnosis,
tracking, and prevention of ocular surface diseases such as dry eye syndrome. However,
the results in the literature are few and inconsistent. Most likely, there is no clear way
for practitioners to use these automated tools to diagnose dry eyes in a standardized way.
Furthermore, the lack of intra- and interobserver repeatability in certain measurement
instruments limits neutrality and increases bias, influencing their use and distribution.
A potential drawback of these imaging systems is their high cost, which can limit their
accessibility in many healthcare centers.

4. Conclusions

No diagnostic instrument can replace the complex TFOS algorithm, and there is
no single tool for a specific diagnosis, but research in this field is very active, and such
primordial devices may be a promising reality in the very near future.
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Abstract: Soft contact lens (SCL) perturbs the intimate connection between the pre-lens tear film
(PLTF) and the ocular surface in various ways, i.e., (i) decrease in tear meniscus radius and aqueous
tear thickness, (ii) attenuation of tear film lipid layer spread, (iii) limited wettability of SCL surface,
(iv) increased friction with eyelid wiper, etc. This often results in SCL-related dry eye (SCLRDE)
manifested as PLTF instability and contact lens discomfort (CLD). In this review, the individual
contributions of factors (i-iv) to PLTF breakup patterns (BUP) and CLD are considered via the tear
film-oriented diagnosis framework adopted by the Asia Dry Eye Society from a clinical and basic
science perspective. It is shown that SCLRDE (due to aqueous deficiency, increased evaporation, or
decreased wettability) and BUP of PLTF classify within the same types as the ones observed for the
precorneal tear film. The analysis of PLTF dynamics reveals that the inclusion of SCL enhances the
manifestation of BUP associated with (i) decreased thickness of PLTF aqueous layer and (ii) limited
SCL wettability as shown by the rapid expansion of BUP area. PLTF thinness and instability result in
increased blink-related friction and lid wiper epitheliopathy as major contributor to CLD.

Keywords: pre-lens tear film dynamics and stability; breakup patterns; soft contact lens; wettability;
tear film lipid layer spread; dry eye

1. Introduction

When a soft contact lens (SCL) is inserted at the ocular surface, the intimate relationship
between the precorneal tear film (PCTF) and the corneal surface epithelium is perturbed.
This may result in contact lens discomfort defined by the Tear Film & Ocular Surface
Society workshop as “a condition characterized by episodic or persistent adverse ocular
sensations related to lens wear either with or without visual disturbance, resulting from
reduced compatibility between contact lens and the ocular environment, which can lead
to decreased wearing time and discontinuation” [1]. It was concluded that one of the
most important premises to solve SCL discomfort is to clarify the mechanisms behind
the instability of pre-lens tear film (PLTF), which is also important to understand the
pathophysiology of SCL-related dry eye (SCLRDE) [2].

In a SCL wearer, both tear menisci and precorneal tear film (PCTF) are split into pre-
and post-lens parts [3]. Then, at eye opening, the tears at the inferior pre-lens tear meniscus
(PLTM) are pulled up by the eyelid to deposit the PLTF. Thus, by modification of the
structure and radius of the PLTM, SCL presence alters the very process of TF deposition
and formation.

Once established, the PLTF often thins rapidly at 10-20 pm/min, far exceeding not
only the PCTF thinning rates of 0.24-1.45 pm/min in healthy eyes but even the 7 um/min
observed for delipidated PCTF [4]. Therefore, it was long ago suggested that evaporation,
although omnipresent at the ocular surface, cannot be the only factor behind PLTF dynamics.
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Other factor thought to be crucially important is the difference in the wettability and
durability of SCL surface compared to the corneal surface [4,5]. In contrast to the cornea
whose wettability is maintained by membrane-associated mucins, especially the longest
MUC16, SCL surface has intrinsic limitations as the contact lens lacks such glycocalyx
coating. Indeed, while rabbit cornea maintains complete wetting (i.e., zero contact angle
upon deposition of sessile water droplets) for ninety minutes after enucleation [6], soft
contact lens displays finite contact angles within a broad range of 10° to 70° (depending on
the SCL material and the measurement techniques used) even immediately after removal
from the blister pack [7]. SCL wettability in the course of wear may be further diminished
(i) by the in vivo deposition of proteins or lipids to the contact lens or (ii) by the increased
susceptibility to adverse environmental conditions (low temperature, low humidity, etc.)
due to the thinner aqueous layer of the PLTF (as compared to the PCTF) [8]. In contrast
to the corneal surface, SCL surface has no regenerative property; it might be deteriorated
to less wettable depending on the wearing time, which also leads to the association with
decreased wettability [9].

Therefore, although SCLRDE is often considered as evaporative dry eye (EDE) [10],
such a view does not reflect the plethora of perturbations that SCL wear exerts at the ocular
surface. The Asia Dry Eye Society classifies dry eye (DE) into three types, viz. aqueous
deficient DE (ADDE), increased evaporation DE (IEDE), and decreased wettability DE
(DWDE), which allows to encompass the diverse challenges imposed on the tear film by
SCL wear [11-14]. Thus, from the classification point of view, it is a matter of great interest
what types of DE are associated with SCLRDE within the framework developed by the
Asia Dry Eye Society.

Therefore, in this review, focusing on the pre-lens tear film dynamics, the mechanisms
of the instability of PLTF and of SCLRDE are discussed from the perspective of basic science
and clinical relevance. In the following sections, firstly (i) the clinical data on the effects of
SCL wear on tear meniscus radius, tear film lipid layer (TFLL) spread, and PLTF breakup
time and patterns will be presented (Section 2) and then, (ii) the theoretical perspective will
be emphasized on how the SCL-induced perturbations of the ocular surface influence PLTF
formation and stability (Section 3).

2. Structural and Functional Change of Tear Film in Soft Contact Lens Wear

The major goal of our contribution is to demonstrate the application of tear film-
oriented diagnosis (TFOD) and tear film breakup patterns (BUP) classification as performed
by the Asia Dry Eye Society [11-14] to the analysis of PLTF dynamics and (in)stability. The
implementation of TFOD and BUP classification require comprehensive information about
the PLTF dynamics, i.e., simultaneous knowledge about the SCL-induced perturbations
of tear meniscus radius, TFLL spread grade, PLTF breakup time, and breakup pattern
(i.e., size, location, and degree of expansion of the dry spot). We illustrate the abovemen-
tioned clinical phenomena with data (Sections 2.1 and 2.2) that were obtained by our team
in the last decade [15-18]. The volunteers were healthy individuals without signs of dry
eye or other ocular surface diseases, i.e., all the perturbations in PLTF dynamics can be
unambiguously attributed to the insertion of SCL. These SCL-induced clinical phenomena
at the ocular surface were reported also by other teams and key publications are referenced
further. However, the data collected by our team are valuable considering the fact that the
application of a broad range of mutually complimentary techniques allows to simultane-
ously and comprehensively evaluate how the different properties of PLTF change after SCL
insertion and what happens prior to the fitting and shortly (30 min) after the removal of the
SCL. Such observations are relatively rarely reported in the literature especially concerning
the size, location, and degree and rate of expansion of breakup area(s), i.e., information
important for the diagnostic algorithm of TFOD. Section 2.2 briefly summarizes the basics
of the tear film-oriented diagnostics based on the analysis of tear film breakup patterns as
developed in previous publications [11-14]. The relevance of TFOD to the analysis of PLTF
dynamics is shown. Then, in Section 2.3 the importance of the increased friction realized
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between the SCL and the eyelid wiper due to the PLTF thinness and instability (i.e., PLTF
provides less efficient lubrication than the “healthy” PCTF) is outlined.

2.1. Alteration of TMR, TFLL Spread and PLTF Stability in SCL Wear

In our SCL research, changes of tear volume, TFLL spread, and PLTF stability were
evaluated noninvasively. Video-meniscometer [19,20] was employed for assessing tear
meniscus radius (TMR). A video-interferometer, DR-1™ (Kowa, Tokyo, Japan), was
used [8] for the noninvasive evaluation of (i) the pattern and spread of TFLL (which
both also qualitatively report about aqueous tear thickness [8] and (ii) the PLTF stability in
terms of noninvasive breakup time (NIBUT) [8]. In our previous studies [15-18,21], it was
found that after SCL insertion, (i) PLTM radius gets smaller than that of the original tear
meniscus without SCL and (ii) that outside of the SCL, TMR is equivalent to the meniscus
radius without SCL (Figure 1).

R=Radius of tear meniscus (mm)

Figure 1. Tear meniscus change before and 15 min after SCL insertion. The upper image is the
meniscometry image at the meniscus before SCL insertion, and lower image is that at 15 min after.
Tear radius of tear meniscus (R) is attenuated only at the region where the SCL is inserted, which
suggests that the meniscus tear volume is decreased only at the region. R: radius of tear meniscus
(mm); SCL: soft contact lens. In the lower image the dashed line indicates imaginary margin of SCL
behind the pre-SCL tear film and the arrow heads indicate the portion of the imaginary margin of
SCL behind the pre-SCL tear meniscus.

These results show that TMR, an indicator for the meniscus tear volume [20], is
decreased at the area where SCL is inserted. After the removal of the SCL, the original
TMR is restored to the value prior to the SCL insertion, indicating that lowered TMR
is a transient change observed only during the SCL wear (Figure 2). A similar pattern
is observed regarding noninvasive breakup time (NIBUT), i.e., SCL insertion results in
a temporary decrease in PLTF stability, which rapidly recovers to normal when SCL is
removed (Figure 3).
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Figure 2. Time-Dependent Change in the tear meniscus radius (R), before, during, and after SCL wear R at
the central lower tear meniscus corresponding to the meniscus tear volume, before, during, and after SCL
wear. R is reduced as late as several minutes, say, 5 min after SCL insertion, maintained during wear, and
is restored to that before SCL insertion immediately after SCL removal. R: radius of tear meniscus (mm);
SCL: soft contact lens; M: minutes; H: hours. The figure is adapted with permission from reference [18]
(Copyright year: 2015, copyright owner: The Japan Contact Lens Society).
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Figure 3. Time-Dependent Change in noninvasive breakup time (NIBUT), of the pre-lens tear film
before, during, and after SCL wear. NIBUT corresponding to pre-LTF stability is reduced as late
as 15 min after SCL insertion, is maintained during SCL wear, and is restored to that before SCL
insertion immediately after SCL removal. SCL: soft contact lens; NIBUT: noninvasive breakup
time (s); M: minutes; H: hours. The figure is adapted with permission from reference [18] (Copyright
year: 2015, copyright owner: The Japan Contact Lens Society).
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As demonstrated theoretically and clinically (see also Section 3) [22], there is a positive
linear relationship between the radius of the lower tear meniscus and the aqueous layer
thickness of PCTF [23-25]. Consequently, a similar relationship should be anticipated
between the radius of the PLTM and the aqueous layer thickness of the PLTF. Hence, it is
expected that in case of lower radius of the PLTM, PLTF thickness decreases, which in turn
should manifest in (i) deteriorated grade of TFLL (Figure 4) and (ii) lower stability and
shorter NIBUT of PLTF (Figure 5). All these phenomena were indeed observed clinically
as shown in Figures 4 and 5 and are foreseen theoretically (see Section 3). PLTM radius is
recovered after the removal of the SCL (Figure 2); therefore, the less stable PLTF during
SCL wear is also a transient phenomenon, suggesting that the CL-related discomfort and
SCLRDE are also transient symptoms and transient complications, respectively. In this
regard, for the prevention of SCLRDE, an increase in aqueous tear volume is of essential
importance, as it will result in increased tear film thickness and hence a raised PLTF stability.

=

N oOo@®oe o

SCL R

Figure 4. Relationship between R and interference grades of the pre-lens tear film. Positive correlation
is seen between R and interference grades of pre-LTF (rs = —0.597, p < 0.0001, n = 100), suggesting
that an eye with lower tear volume is more susceptible to the thinner PLTF, which would lead to SCL-
related dry eye. PLTF thickness is classified into one of 5 grades as shown here. In this classification,
a greater grade corresponds to a thinner PLTF: Grade 1: Interference observed only from the tear film
lipid layer (TFLL); Grade 2: Interference from the TFLL as well as a thin aqueous layer (AL); Grade 3:
Interference from only a thin AL. TFLL is no longer present; Grade 4: Thin AL and the exposed
surface of the SCL; Grade 5: No TF at all on the surface of the SCL. R: radius of tear meniscus (mm).
One hundred eyes from 50 contact lens wearers were enrolled (60 eyes from 30 males; 40 eyes from
20 females; 32.2 (mean) + 6.4 (SD) years old; with no dry eye) and they wore brand-new daily-use,
one-day disposable soft contact lenses in the study. Measurement of radius of tear meniscus, which
was followed by measurement of NIBUT, was performed 15 min after wearing of soft contact lens.
The figure is adapted with permission from reference [18] (Copyright year: 2015, copyright owner:
The Japan Contact Lens Society).
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Figure 5. Relationship between R, the meniscus radius, and NIBUT. Positive correlation is seen
between R and NIBUT (rs = 0.476, p < 0.0001, n = 100), suggesting that an eye with lower tear
volume is more susceptible to the instability of the pre-lens tear film which would lead to SCL-related

dry eye. NIBUT: noninvasive breakup time (s); R: radius of tear meniscus (mm). One hundred
eyes from 50 contact lens wearers were enrolled (60 eyes from 30 males; 40 eyes from 20 females;
32.2 (mean) =+ 6.4 (SD) years old; with no dry eye) and they wore brand-new daily-use, one-day
disposable soft contact lenses in the study. Measurement of radius of tear meniscus, which was
followed by measurement of NIBUT, was performed 15 min after wearing of soft contact lens. The
figure is adapted with permission from reference [18] (Copyright year: 2015, copyright owner: The
Japan Contact Lens Society).

The SCL-induced decrease in tear meniscus radius and/or volume with accompanying
drop in the PLTF thickness and noninvasive breakup time of healthy individuals is reported
in multiple studies [3,26-28] including in 84 young (22.4 & 2.6 years) healthy volunteers
(i.e., a group characterized with stable and robust tear film) [29]. Particularly interesting in
the context of dynamic changes in TMR is the study of Chen et al. [30] showing continuous
decrease in the lower tear meniscus volume of healthy individuals from 0.6 pL to 0.48 pL
(i.e., drop of TMR from 0.3 to 0.2 mm [20]) along 2 to 10 h of continuous SCL wear, which is
in very good agreement with the magnitude of the effect observed by us.

The impaired spread of TFLL due to the thin PLTF (it is generally thought that PLTF is
1.5 um thinner than the PCTF of a healthy individual) is also reported by multiple studies
with various observational techniques such as Lipiview, Tearscope, video interferometry,
etc. [31-34]. Guillon proposed a grading scale of the TFLL images obtained by tearscope
which confirmed that in presence of SCL, the spread of TFLL is suppressed and the lipid
layer structure becomes patchier and more heterogeneous [33,35], i.e., a result identical to
that shown at Figure 4. The advantage of DR-1 observations is that compared to Lipiview
or Tearscope evaluation, the visualizations are of higher resolution, contain more details,
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and encompass the entire ocular surface which facilitated the unambiguous interpretation
of the results obtained.

2.2. Breakup Pattern of PLTF in SCL Wear

DE is manifested by unstable TF [10,36] and according to the Asia Dry Eye Soci-
ety classification, different types of DE are characterized by different breakup patterns
(BUPs) of the tear film identified both via invasive (fluorescein staining) and noninva-
sive (DR-1™ video-interferometer) observations of PCTF [12,14,37]. As will be discussed
further (here and in Section 3), the noninvasively observed BUPs are in good agreement
with the theoretical and clinical knowledge of the dynamic changes that take place in the
PCTF upon eye opening and at interblink. As these processes remain relevant, when CL is
inserted at the ocular surface it can also be expected that identical BUPs will be observed
in PLTM as well. At the SCL surface, just like at the corneal one, the TF establishment is
realized in two steps involving (i) deposition of aqueous tears to the SCL surface at the
upward movement of the upper eyelid and (ii) subsequent redistribution of the aqueous
tears and of the tear film lipid layer across the PLTF. The processes involved in the PLTF
formation together with the possible resultant BUPs as observed by DR-1™ are introduced
below in agreement with the previously developed classification of tear film breakup
patterns [12,14,37] (Figures 6 and 7).

During eye — Immediately after — After Eye
opening eye opening opening
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W

Aqueous TFLL
layer r
-
i TALB ,E' U — Aqueous RB
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Figure 6. Classification of Breakup Patterns of PLTF with eye opening and with the eye kept open.
Here yellow arrows imply upward spreading of TFLL and black arrows imply eyelid opening. See
Sections 2.2 and 3 of the main manuscript for more detailed explanation of the events involved in
pre-lens tear film dynamics at eye opening and at interblink.
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Figure 7. Classification of Breakup Patterns of Pre-LTE. AB: area break; TALB: thin aqueous layer
break; SB: spot break; LB: line break; DB: dimple break; RB: random break.
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@

Deposition of aqueous tears to the SCL surface occurs at eye opening when the
capillary suction pressure [38] from the upper PLTM pulls the aqueous tears up from
the lower PLTM, which results in the coating of aqueous tears at the SCL surface.
The efficiency of the deposition depends both on the meniscus radius and on the
wettability of the SCL [9]. Thus, if the volume of PLTM is extremely diminished,
there is no efficient deposition of aqueous tears on the surface of the SCL at all. This
BUP corresponds to the “Area break” typical for severe aqueous tear deficient dry
eye [21,22,37]. In slightly less severe cases of PLTM reduction, a limited amount of
AT is deposited at the SCL surface to yield a PLTF that is too thin and does not allow
for lipid layer spread (and the associated upward drag of aqueous tears) to proceed
over it [39]. In this case, within 1 s, Thin-Aqueous Layer break occurs [37], which
is also associated with the rapid expansion of the BUP due to the rapid drying and
diminished wettability of the SCL surface. Sometimes, although rarely, the so-called
“Spot break” (analogous to the spot break BUP of PCTF) can be observed at eye
opening when the wettability of the SCL is locally impaired after extended wear due
to the excessive deposition of lipids or proteins over a discrete region of the SCL,
which results in rapid local rupture of the PLTF over that region.

After eye is opened, and if a sufficiently thick aqueous tear film is established, upward
spread of the TFLL occurs analogously to the dynamics of PCTF formation. The
leading edge of the lipid layer spread drags the underlying aqueous tears upwards,
which results in transient thinning of the aqueous layer downwards and its thickening
upwards [39-41]. During this redistribution process of PLTF, two distinct BUPs of
PLTF are differentiated, “Line break” and “Dimple break”, which at this stage of tear
film formation are also seen in PCTE, i.e., in dry eye over the native (in absence of
SCL) corneal surface [12,14,37]. However, it should be noted that as the SCL surface
is inherently less wettable than the corneal surface, both “Line break” and “Dimple
break” of PLTF are accompanied by rapid expansion of the breakup area [12,14].
If PLTF remains stable until completion of the upward spread of the TFLL (i.e., in
cases of higher number of aqueous tears at TMR > 0.3 mm), after the cessation of
TFLL upward spread, breakup appears as “Random break” corresponding to the
eponymous BUP of the PCTF in DE without SCL wear. Random break may be
associated with rapid expansion of the dry (i.e., breakup) area when the wettability of
SCL surface is impaired.
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Among those BUPs seen at the SCL surface, it may be suggested that “Area break” and
“Thin aqueous layer break” are associated with relatively severe aqueous tear deficiency;
“Spot break” is associated with the deterioration of the SCL surface; and Line break and
Dimple break both with rapid expansion of the dry area are associated with decreased
wettability of SCL surface. Random break occurs in cases with higher aqueous tear volume
when thicker PLTF is formed. However, further investigation is necessary to clarify those
BUPs. The importance of BUP dynamics as a tool to evaluate PLTF interactions with SCL
and for differential diagnosis of dry eye is recently increasingly recognized as an important
diagnostic modality in (video)keratography studies where there is ongoing research for the
implementation of TFOD [42,43].

2.3. Comprehensive Understanding of the Vicious Cycle of SCLRDE

Due to the transient SCL-induced decrease in TMR, the PLTF is significantly thinned
similarly to the condition observed in aqueous tear deficient PCTE. As SCL protects the
cornea, the decreased PLTF stability should not result in corneal desiccation. However,
contact lenses in general have a higher coefficient of friction than the human cornea, which
deteriorates further with SCL dehydration at wear [44,45]. Therefore, the lack of thick and
stable TF over the SCL should result in increased (higher than the one in precorneal tear
film (PCTF)) blink-related friction and this mechanism should play a major role in the
symptoms of contact lens-related discomfort and eye pain in SCLRDE (Figure 8).

Figure 8. Possible mechanism for soft contact lens-related dry eye. When the lens is in place, the PLTF
gets thin and unstable. As a result, blink-related friction occurs, leading to lid wiper epitheliopathy
(LWE) and conjunctival epithelial damage (GJED), which in turn can cause contact lens discomfort
(CLD). Here “x” implies the epithelial damage of the lid wiper portion or conjunctival epithelium
and the arrows indicate the region of increased friction. In cases of aqueous tear deficiency, these
mechanisms are more pronounced and the related CLD can be more severe.

Indeed, as described in an earlier review on the application of TFOD to SCL-related
dry eye [46], lid wiper epitheliopathy (LWE) was found in 80% of SCLRDE subjects but in
only 13% of asymptomatic contact lens wearers and thus an association is revealed between
CLRDE and LWE [47]. In Japan, Shiraishi et al. [48] also reported a high frequency of LWE
among contact lens wearers. A number of recent reviews highlighted LWE as a major factor
associated with SCL dropout as well [49,50].

This was also shown in our previous study [18], where the radius of the PLTM de-
creases compared with the original PCTM within 15 min after SCL insertion (Figure 2),
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which results in thinner PLTE. This in turn leads to the increased friction between the SCL
surface and the lid wiper portion (with associated epithelial damage at the lid wiper por-
tion) [47] and between the edge of the SCL and the conjunctival surface [51]. Furthermore,
eye dryness during SCL wear is found to be related to tear volume, conjunctival staining,
and lid wiper epitheliopathy (LWE) scores [18,21]. However, no significant relationship
was noted between corneal epithelial damage and eye dryness. Therefore, the SCL-covered
corneal surface is protected against both desiccation and increased friction (as there is
no direct contact with the lid wiper). Thus, the increased blink-related friction due to
the thinned PLTF causes contact lens discomfort via two other mechanisms: (i) lid wiper
epitheliopathy and (ii) conjunctival epithelial damage induced by the lens edge. It was
found [15-18] that more than 3 h are needed for CLD to occur despite very early decrease
in the PLTM radius and the attenuation of PLTF noninvasive breakup time only 30 min.
after SCL insertion. Thus, commonly observed were cases with extreme dryness during
SCL wear in which, despite minimal or no corneal epithelial staining after SCL removal,
severe LWE and bulbar conjunctival damage were displayed. These results are in excellent
agreement with previous reports that the severity of LWE [47] and the severity of bulbar
conjunctival damage are associated with the severity of contact lens discomfort (CLD) [51].
Therefore, in SCL wear, it is not exaggerated to say that the problem of corneal surface
damage due to the instability of PCTF is shifted to that of conjunctival surface damage
because of increased blink-related friction due to the instability of PLTE.

Recently, greater attention has been paid from the point of view of material science
to the enhancement of wettability and lubricity at the stage of SCL materials design [44].
To overcome SCLRDE and resultant CLD, SCLs with enhanced wettability and lubricity,
and eye drops which can increase the PLTM thickness and/or decrease the friction, can be
suggested as beneficial and further development has been advancing.

3. Some Fundamental Aspects of PLTF Dynamics

Already in 2005, Nichols et al. [4] mentioned that although SCLRDE is typically
classified as evaporative dry eye due to the accelerated PLTF thinning rate, this is an
oversimplification as CL presence may exert a variety of perturbations at the ocular surface.
In line with these thoughts, the current study shows that CL may reduce tear meniscus
radius, inhibit TFLL spread, or cause rapid PLTF breakup that might be more related
to the CL wettability rather than to evaporation or to aqueous tear (AT) deficiency. All
these factors, which were indeed found to take place at the ocular surface, are expected to
reduce the stability of PLTF in a specific manner distinct from the evaporation and will be
discussed in the next subsections.

3.1. Pre-lens Tear Meniscus Radius, Aqueous Tear Film Thickness, and TFLL Spread

In the initial step of tear film formation, the upper eyelid deposits the aqueous tear
across the ocular surface at upstroke similarly to the painting of a wall with a brush. The
deposition efficiency is determined by (i) the tear meniscus radius (R, mm) and surface
tension (7 = 43 mN/m) which set the capillary action of the meniscus, (ii) the eyelid velocity
(U, cm/s) in the course of the upstroke, and (iii) the AT viscosity (u = 0.013 cP) responsible
for the viscous drag opposing to the deposition [52,53]. Furthermore, R determines the tear
meniscus volume, which is a measure for the overall amount of AT present at the ocular
surface [20].

Assuming a perfectly extensible lipid layer, the relationship between these parameters
and the initial thickness (/) of the TF at deposition is given by Equation (1) [22]:

u 2/3
h = 1338R(ﬂ;) (1)

The spatiotemporal eyelid velocity distribution [52,53] is known from the literature
(Figure 9, left panel) and the upper and lower tear meniscus radius and the CL influence
on them are known to be similar [54]. Thus, it is possible to quantitatively evaluate the
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impact of the reduction of tear meniscus radius caused by CL insertion as found here and
in previous studies (Figure 9, right panel).
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Figure 9. Left panel: The velocity of upper eyelid across the ocular surface. The eyelid traverses the
distance for 0.2 s. Right panel: Thickness profile of PLTF immediately after deposition as calculated
by Equation (1). At both panels, x = 0 is positioned at the lower eyelid margin.

It should be kept in mind that the PCTF thickness profile calculated with Equation (1)
represents /1 values instantaneously at deposition, i.e., prior TFLL upward spread and
black line formation to take place, which results in 1-1.5 pm thinning of TF over the
central cornea. Thus, these thickness profiles are somewhat different from the commonly
measured stationary shapes reported in literature. Still, the calculated TF thicknesses
are well within the range of TF thickness values measured with high resolution optical
coherence tomography (OCT) [55].

As can be seen, the decrease in tear meniscus radius typical in the presence of CL
reduces the thickness of the AT deposited at eye opening, similarly to the complications
arising in the case of ADDE. The theoretical result is in excellent agreement with the clinical
data here as well as with previous studies on SCL-related dry eye [56,57]. It was reported
that CL wear reduces by one-third the tear meniscus volume, which is associated with a
decrease in the total tear volume and of the AT thickness, which in turn correlates with the
degree of CL discomfort and with accelerated destabilization of the PLTF [42,58].

The significantly decreased thickness of the AT layer upon deposition not only fa-
cilitates rapid breakup by its own self but it also prevents the next crucial step of the TF
formation: the upward spread of TFLL from the lower to the upper tear meniscus [59-62].
This is so because in order for TFLL spread to take place, a sufficiently thick AT layer
is obligatory in order to prevent friction of TFLL with the CL surface [39]. In turn,
TFLL spread drags the underlying AT upwards, which results in redistribution of the AT
(i.e., thinning of the TF at the lower and central part of the ocular surface and TF thickening
at the upper cornea) to more uniform TF thickness profile across the ocular surface [39-41].

The rheology of TFLL spread is well described by the Voigt law (Equations (2) and (3)) [59]:

by, @)

T

Hyax = VOT (3)

H(t) = Hyax[1 — exp(

Here, H is the distance (the height) travelled by the TFLL at time f, Hyy is the
maximum height reached when TFLL spread is complete, V) is the initial TFLL velocity at
t =0, T is characteristic time defined by the ratio of TFLL elasticity to the friction experienced
by TFLL upon spread, and t is time.

Analysis of clinical data revealed strong and statistically significant correlations
between the rheological and the clinical parameters, which revealed that with the in-
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crease in AT thickness (and of tear meniscus radius, respectively) the velocity, the char-
acteristic spread time, and the maximum height travelled by the TFLL are enhanced:
Vo~ 0.43718 x h* (R =0.75;p = 0.017) and T ~ 1.7211 x h~! (R = 0.64; p = 0.014) (in these
empirical correlations, t is in seconds, V in mm/s, and  in micrometers) [59-62].

This semiempirical framework allows to elucidate the typical impact of the decrease
in R (i.e., of AT thickness) on the TFLL spread (Figure 10).

X R=0.3 mm
¢ R=0.25 mm
B R=0.2 mm
AR=0.1 mm

t,s

Figure 10. Higher tear meniscus radius means higher thickness of AT layer at deposition and faster
and better spread of TFLL (Equations (2) and (3)), as illustrated by the image inserts. The calculated
curves are in very good agreement with the trends of clinical data.

As can be seen, the reduction in tear meniscus radius (i.e., of AT volume across the
ocular surface) results in slower and incomplete TFLL spread, which in turn prevents the
formation of proper tear film [59]. These estimates are in very good agreement with the
clinical results reported previously [59-62]. Thus it can be seen that the SCLRDE in which
tear meniscus radius is decreased is more similar in its mechanism to ADDE, rather than to
evaporative dry eye [14]. In addition, the CL-related reduction of tear meniscus radius is
strongly correlated with certain breakup patterns (primarily “Area break”, “Thin aqueous
layer break”, and “Line break”) which are typical for severe and mild to moderate aqueous
tear deficiency, respectively, when precorneal tear film instability is concerned [14]. An
important difference between these forms of SCLRDE and typical ADDE is that in the case
of SCLRDE, the reduction of tear meniscus radius and of AT thickness at deposition is often
not due to the inherent AT deficiency due to lacrimal gland dysfunction but due to the
perturbation of tear meniscus structure by the contact lens. Thus, once the SCL is removed
from the eye, the tear meniscus curvature is restored to normal and the stability of the
precorneal tear film returns to normal as well [42,58].

3.2. CLs and TF Thinning Rate in the Region of the Blackline

Another very important phenomenon in healthy and “dry” eyes related to the capillary
action of tear menisci is the formation of “black line”, i.e., dark (when visualized with
fluorescein) thin (<200 nm) lines near the upper and lower lid margins, immediately
following a blink [38] and resulting in the formation of a “perched tear film” over the
central cornea. Although TF may not break up at black lines, the faster their formation
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is, the higher is the suction of aqueous tears towards the tear menisci and the faster the
thinning of the adjacent TF regions. This in turn promotes TF instability starting over the
lower towards the central cornea [63].

Numerical solutions of the thin film equation allowed Sharma et al., 1998 [64] to derive
a hydrodynamic model (Equation (4)) for the meniscus-induced thinning of the tear film:

R 2.232 hO 1.268 RC
o () (8) (49

Here, t is TF thinning time, R is tear meniscus radius, /1y and h;, are the initial and min-
imal TF thickness, respectively, y is tear viscosity, and <y is tear surface tension. Equation (4)
also contains the term C which accounts for the capability of the TFLL to provide tangen-
tially immobile air/tear surface (Gibbs-Marangoni effect). C =1 for a “free” tear surface of
zero shear stress, whereas C = 4 when the tear film surface is immobilized by the lipid layer.
A very similar solution of the thin film equation for the meniscus-induced TF thinning was
also derived by Wong et al., 1996 [52].

Equation (4) allows to model the impact of CL-induced decrease in tear meniscus
radius on the rate of meniscus-induced thinning (Figure 11).

10 5 =—=R=0.1 mm, h0=4.28 pm, C=4
] =—=R=0.2 mm, h0=2.14 pm, C=4
R=0.25 mm, h0=5.993um, C=4 8 -
=———R=0.25 mm, h0=7.4918 pm, C=4 +
====R=0.1 mm, h0=4.28 pm, C=1
ﬁ .
51. 1 +
-d\ m-n 4 .
+
2 +h0=5.993um to final
+ h=0.2 pm, C=4
0.1 T T T Trrmr T T TITImm T r rromm [} T 1
0.0001 0.01 » | 100 1] 0.2 R, mm 0.4

Figure 11. Left panel: lower tear meniscus radius is associated with lower AT thickness and faster
thinning as calculated by Equation (4). The final thickness at the black line is 0.2 um. Right panel:
Ilustration of the “thirsty meniscus phenomenon”: at equal other conditions, lower tear meniscus
radius has stronger suction capillary pressure and greatly accelerates film thinning.

As can be seen in Figure 11, left panel, the decrease in tear meniscus radius and the
associated decrease in PLTF thickness result in faster thinning rates. The effect can be
additionally emphasized if dysfunctional TFLL (C = 1) is included, a condition that is
well possible in the case of a very thin AT layer (i.e., very low R), where TFLL spread is
suppressed. The effect of tear meniscus radius at equal other conditions, i.e., equal AT
thickness and TFLL spread (which is of course physiologically unrealistic) is simulated
at Figure 11, right panel. It shows that the lower is the tear meniscus radius, the faster is
the PLTF thinning. This is a demonstration of the so-called “thirsty” meniscus, i.e., lower
R means higher tear meniscus curvature and stronger suction pressure exerted by the
meniscus at the adjacent tear film. Such a trend is confirmed in clinical observation and is
known to result in accelerated breakup of the TF at the lower cornea in ADDE [63]. Such
behavior corresponds to the “Area break” and “Thin aqueous layer break” BUPs commonly
observed over CL surface at low R values. Once again, this mechanism of accelerated
instability of PLTF is related not with evaporation but with the higher suction pressure and
AT deficiency at deposition induced by the more curved tear meniscus.

71



Life 2023, 13, 859

3.3. How CL Wettability May Alter PLTF Thinning Rate and Stability Away from the Black Line Region

In vivo studies revealed that even if successfully deposited (i.e., the CL-induced reduc-
tion of R is moderate), PLTF often has an abnormally high thinning rate of 10-20 um/min
compared to the “standard” PCTF thinning rates of 0.24-1.45 pm/min and even faster
than the 7 pm/min observed for delipidated PCTF [4,65-67]. Such abnormally accelerated
thinning cannot be explained solely by evaporation and is commonly attributed to dewet-
ting [68]. This indeed can be expected, as most CLs display significant water contact angles
(6 = 30° to >60°) immediately after removal from blister which tend to increase during
wear [7,9]. In contrast, freshly enucleated rabbit cornea with intact glycocalyx displayed
ideal wettability (8 = 0°) for 90 min after exposure to air [6].

In the eye, PLTF is continuously subjected to perturbations due to eyelid and eye
movements, invasion by dust/cosmetic particles, and formation of hydrophobic nonwet-
ting spots at the SiHy surface (due to silicone migration, lipid deposition, attachment of
tear micro bubbles or other), etc. [64]. These perturbations may open transient holes of
micrometric size in it, which might either (i) enclose, i.e., the PLTF is repaired and remains
stable, or (ii) expand and result in dewetting of the SiHy and destabilization of the PLTF.
Sharma and Ruckenstein [69,70] derived the relationship between the PLTF thickness and
stability, the hole radius, and the water contact angle (i.e., the wettability) of the SiHy
(Equation (5)):

(h}f) = tan 9{\/1+COSQ— 1} , forf < g (5)

Here, I is the critical thickness below which the wetting film is no longer uncondi-
tionally stable and becomes susceptible to rupture if a hole, a dry spot, with radius 1, is
formed on the SiHy surface. For CA < 45°, the h./r ratio is <0.4, i.e., even thin (compared
to the size of the defect) PLTF should remain stable. This means that for a nonwetting
spot of 3—4 micrometer radius (as typically observed at the early stages of SiHy desicca-
tion damage) [71], for any aqueous film thickness >1.6 pm, the wetting film will remain
unconditionally stable. With the raise of h./r due to macroscopic increase of the contact
angle or due to locally compromised CL surface (i.e., due to lipid deposition, microbubble
attachment, etc.), the situation changes. For an h./r ratio of >0.5, the PLTF will become
susceptible to rupture for & < 2 pm. This means that at the typical physiological PLTF
thickness of 2-2.5 um, dewetting becomes energetically favorable, which agrees very well
with the rapid thinning and instability of PLTF commonly observed in the current study
and elsewhere [39-41].

A critical moment in the TF formation that can promote the contamination of the CL
surface with lipids/particles is the TFLL upward spread in which a Marangoni ridge is
formed, i.e., thick AT is dragged upwards by lipid layer while AT thickness behind the
advancing front is temporarily depressed which may result in TF destabilization over that
region [39-41]. This redistribution of tear fluid is registered as up to 1.5 um AT thinning
over the central cornea within 1 s after eye opening [39—-41]. This mechanism is thought to
be operative for the line break and dimple break registered within 1-2 s at the CL regions
located over the lower or central part of the cornea [12].

Apart from facilitating TF rupture at micrometric thicknesses, higher contact angle of
the contact lens is also responsible for higher rate and degree of expansion of the dry area
over the CL surface, which additionally enhances PLTF instability with the accumulation of
desiccation stress during daily wear. A detailed review of the possible relationship between
the rate and degree of expansion of dry spots and the biomaterial contact angles can be
found in Bertand et al., 2010 [72].

The agreement between the basic science considerations of CL wettability and the
in vivo observations of PLTF (in)stability patterns in the current study align with the clinical
correlations between higher CL wettability (lower water contact angle) and higher comfort
score and PLTF breakup times for a broad range of CL materials [73-77].
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3.4. The Random Break Pattern

When all the steps of PLTF formation are completed and uniform tear film is estab-
lished at the SCL surface, tear film breakup occurs at a random position within 5-10 s over
the CLs. This type of breakup is promoted by evaporation, alone or in combination with
other factors discussed above, and resembles the random break observed in healthy eyes
without CL.

Overall, it can be seen that the fitting of CL perturbs the ocular surface in multiple
ways: reduction of the tear meniscus radius, inhibition of TFLL spread, and substitution of
the highly wettable cornea with CL surface of limited wettability. All these perturbations
may destabilize the PLTF in a unique way distinct from evaporation. This is indeed
confirmed by the diverse type of PLTF breakup patterns that matched very well the PCTF
instability patterns defined in the tear film-oriented diagnosis of dry eye developed for
PCTF treatment [14,37].

4. Conclusions

In conclusion, this review discussed the mechanism of SCLDE from a clinical and
basic science point of view. This scientific field needs interaction among clinicians, basic
scientists, and SCL makers, and as far as SCL is important for the correction of vision,
further advances are required to improve the safety of SCL to OS and decrease CLD.
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Abstract: Binocular summation along all defocus range after a micro-monovision procedure has
scarcely been studied. The aim of this pilot study was to evaluate the efficacy of SMILE combined with
different levels of micro-monovision in presbyopic patients and to assess the binocular summation
effect on contrast sensitivity defocus curves (CSDC) at the 6-month follow-up. Efficacy was assessed
on the basis of visual acuity (VA) and stereopsis at far, intermediate, and near distances. Patient-
reported outcomes (PROs) and binocular CSDC were also evaluated. Six patients completed the
study with a programmed median anisometropia of 0.81 Diopter. The median binocular uncorrected
VA was better than 0 logMAR at the three evaluated distances, and stereopsis was not impaired in any
patient, achieving a median of <119 arcsec at any distance. CSDC increased binocularly after surgery,
significantly in the range of —2 to —3 D (p < 0.05). No clinically relevant changes were observed in
PROs compared with the preoperative period, and all patients achieved spectacle independence at
intermediate/near distance and were likely or very likely to undergo the same surgery. In conclusion,
micro-monovision with SMILE could be an effective procedure, with results that might be comparable
to other laser correction techniques specifically designed for presbyopia correction.

Keywords: presbyopia; micro-monovision; SMILE; efficacy; binocular summation

1. Introduction

Presbyopia is a global age-related vision disorder characterized by a progressive
inability to focus on nearby objects. It is estimated that about 209 million people suffer
from presbyopia in Europe (44% of the population) and it is expected to affect half of the
European population by 2030 [1]. Monovision is one of the available clinical techniques
for correcting the visual limitations caused by presbyopia. This procedure consists of
correcting the residual refractive error that causes loss of distance vision in one eye, while
the other eye corrects the residual refractive defect in near vision [2]. Then, if a lower
degree of anisometropia is induced (<1.5 D), this protocol is called micro-monovision [3].
In the particular case of coexisting myopia and presbyopia, the total correction of myopia
is usually applied in one eye, while the other eye is not fully corrected, leaving a residual
myopia that ranges from —0.50 to —1.50 D depending on the patient’s tolerance to the
residual anisometropia. Complete correction of myopia in one eye and undercorrection of
myopia in the other eye allows the patient to achieve better near vision than full correction
of myopia in both eyes. In a monovision-adapted patient, this is because each eye dominates
the other eye, according to the visual task. For example, when a patient performs tasks
that require good distance vision, such as driving, the fully corrected eye dominates the
undercorrected eye. On the other hand, when performing intermediate- or near-vision tasks,
such as computer vision or reading, the eye undercorrected at a far distance dominates
over the fully corrected eye since undercorrection favors this eye to have a higher visual
acuity for the development of intermediate/near tasks. In conclusion, micro-monovision
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involves adapting the patient’s refraction to achieve the best possible vision at all distances
with the alternating use of both eyes.

Small incision lenticule extraction (SMILE) is a laser refractive surgery (LRS) technique
that allows the correction of myopia and astigmatism. SMILE involves creating a lenticule
inside the cornea (stroma) using a femtosecond laser, which is removed by a micro-incision
of approximately 2 mm. Safety, efficacy, and predictability of SMILE for the correction
of myopia and astigmatism has been widely reported, demonstrating equivalent results
to laser-assisted in situ keratomileusis (LASIK), but with some advantages such as less
induction of higher order aberrations and less affectation of ocular dryness [4,5].

Although micro-monovision studies have been conducted with older LRS techniques
such as LASIK or photorefractive keratectomy (PRK) [2], few studies have been conducted
with the combination of SMILE and micro-monovision, mainly because it is a more recent
technique [6-8]. In addition, although the usual clinical practice procedure involves the
correction of distance vision in the dominant eye and near vision in the non-dominant eye [6-8],
recent laboratory research suggests that the vision of a patient undergoing a monovision
procedure may vary according to different patterns of accommodative response [9], as
presbyopic patients in their 40s and 50s still retain some accommodative capabilities. Thus,
depending on the accommodative response, the patient may achieve a different range of
clear vision. This pilot study aimed to evaluate the efficacy of the SMILE procedure with
micro-monovision in presbyopic patients with myopia and/or astigmatism. Monocular
and binocular contrast sensitivity defocus curves (CSDC) were also measured. This new
metric might help to identify possible patterns that could affect the results reported by
patients undergoing combined myopia, astigmatism, and presbyopia correction techniques
since it measures the entire defocus range and is more sensitive than visual acuity to the
decrease in optical quality due to defocus secondary to accommodation reduction [10].

2. Materials and Methods
2.1. Subjects

Consecutive patients who decided to undergo SMILE with micro-monovision for the
correction of myopia and/or astigmatism and presbyopia were invited to participate in this
prospective observational pilot study. The nature and possible consequences of the study
were explained to all participants, who provided written informed consent. The study was
approved by the Ethics Committee of Research, Almeria Center, Torrecardenas Hospital
Complex and adhered to the tenets of the Declaration of Helsinki.

Seven patients were recruited from October 2021 to October 2022 at two centers in
Spain: Tecnolaser Clinic Vision, Sevilla (Center A, 4 patients), and Qvision, Ophthalmology
Department, VITHAS Almeria (Center B, 3 patients). The inclusion criteria were patients
between 40 and 55 years old, presbyopia with myopia and/or myopic astigmatism (<6 D
of myopia and <3 D of astigmatism), for whom micro-monovision with SMILE was
programmed according to the standards of conventional clinical practice with a target in
the non-dominant eye between —0.50 and —1.50 D, monocular visual acuity with best
distance correction (CDVA) better or equal to 20/20, and sufficient availability, willingness,
skills, and cognitive awareness to comply with follow-up/study procedures and study
visits. Exclusion criteria were a history of ocular surgery (including laser refractive surgery),
crystalline lens sclerosis according to the LOCS III classification system >CN1 or Pentacam
Nucleus Staging (PNS) with Pentacam > 2, intolerance to micro-monovision testing with
contact lenses or trial frame for at least 30 min, failure of stereopsis test in near vision for all
possible levels, pregnant woman at the time of surgery or follow-up, preoperative central
corneal thickness less than 480 um or a predicted postoperative residual stromal bed less
than 250 um, any ocular disorder that could potentially cause a loss of visual acuity or
diplopia, topographic map compatible with subclinical keratoconus or other pathological
alteration of the cornea, mu-chord >0.5 mm measured with Pentacam, use of systemic or
ocular medications that may affect vision or accommodation in the last 6 months, and
subjects participating in any clinical trial or research involving drugs or medical devices
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within 30 days prior to entry into this research and/or during the period of participation in
this study.

2.2. Procedure

All patients underwent health exploration during the preoperative period for screening
as candidates for micro-monovision with SMILE. This conventional exploration included
slit-lamp, cycloplegic subjective refraction, corneal topography and biometry (Pentacam
AXL, Oculus, Wetzlar, Germany), binocular and accommodative evaluation, photopic
and mesopic pupil diameters (Keratograph 5M, Oculus, Wetzlar, Germany), and pupil
diameter measured using a ruler under environmental light conditions. Ocular motor
dominance was assessed by means of the pointing-a-finger test [11], then with the best
distance correction in both eyes, a +1.50 D was placed over the non-dominant motor eye,
reducing its value in —0.25 D steps up to achieving a tolerated value > +0.50 D. This
positive lens was tested for tolerance with either contact lens fitting to use at home or
30 min over the trial frame.

The study procedures included the measurement of monocular CDVA and binocular
corrected visual acuities at 4 m (CDVA), 66 cm (CIVA), and 40 cm (CNVA) in the preopera-
tive period [12], whereas monocular CDVA was measured at the 3-month safety evaluation
and binocular uncorrected visual acuities at the same three distances in the 6-month follow-
up for efficacy assessment (UDVA, UIVA, and UNVA). VAs were measured with an ETDRS
iPad chart (VisionC, www.qvisionacademy.com, Almeria, Spain) [13]. In the same way,
stereopsis (StereoTAB,www.qvisionacademy.com, Almeria, Spain) was evaluated at the
preoperative period at far (3 m), intermediate (1.5 m), and near distances (50 cm) with best
correction at each distance and in the 6-month without correction at the same distances [14].
The CSDC (MultifocalLA, www.qvisionacademy.com, Almeria, Spain) was measured binoc-
ularly with the best distance correction in the preoperative period, whereas monocularly
and binocularly CSDC without correction were evaluated at the 6-month follow-up. For
measuring the CSDC, the patient was positioned at 4 m distance, then the MultifocalLA
started with an alert message that indicated the defocus lens to be inserted (starting in
+1.00 D). The experimenter pressed the orientation corresponding to the answer of the
subject over a button bar of 4 possible crowded Sloan letters or a fifth button for pressing
when the subject could not recognize the letter. Letters were presented randomly at a
constant size of 0.3 logMAR (high spatial frequency) and increased or decreased contrast in
0.1 1ogCS steps depending on the patient’s answer. The final threshold was automatically
determined by a staircase psychophysical procedure with five reversals. After testing the
threshold for the first defocus lens, a new alert appeared over the screen with the defocus
lens, which replaced the previous one (from +1.00 D to +0.50 D) and the five reversals were
repeated but now starting at the CS threshold obtained with the previous defocus lens.
This procedure was repeated for all the defocus lenses from +1.00 D to —4.00 D, in —0.50 D
steps. A complete description of this procedure can be found in the validation study in
which, instead of Sloan letters, Snellen letters were used [15].

All testing measurements were taken in both centers with an iPad set up at 85 cd/m?
of background luminance and an environmental light around 150 lux.

Patient-reported outcomes (PROs) were obtained in the preoperative stage and at
6 months by means of using the following questionnaires: the Convergence Insufficiency
Symptoms Survey (CISS) to assess the near vision symptoms [16]; the Patient-Reported
Spectacle Independence Questionnaire (PRSIQ) for the assessment of spectacle depen-
dence [17]; the Vision and Night Driving Questionnaire (VND-Q) for assessing the difficul-
ties driving at night [18]; and single questions to evaluate the dysphotopsia, and satisfaction
with the procedure and desire to be submitted to the same procedure if patient had to take
the decision again [19]. Adverse events were recorded during all the follow-up visits.
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2.3. Surgery

Three experienced surgeons using the SMILE technique (JF, FAA, and JAC) performed
the treatments with the VisuMax 500 kHz femtosecond laser system (Carl Zeiss Meditec AG)
following the procedures of their habitual surgery practice. The final micro-monovision
target in the non-dominant eye was selected depending on the tolerance test, surgeon’s
recommendation, and the patient’s decision. Dominant eye was targeted to emmetropia
and astigmatism was targeted for full correction in both eyes. The SMILE procedure
involved three steps. The first step was the docking procedure, in which the center of
the applanation zone was concentric with the margin of the cone and near the pupil
center. In cases of astigmatism correction, a previous marking of the eye was conducted,
and a slight rotation of the applanation cone was made to compensate for cyclotorsion,
taking the horizontal lines seen through the microscope as a reference. After suction, the
photodisruptive procedure creates a lenticule with a cap thickness between 120 and 130 pm
and an optical zone diameter between 6.5 and 7.6 mm. Finally, the lenticule was extracted
through an incision (2 mm wide) at the extreme end of the cap. All patients were treated
preoperatively with topical anesthesia, with antibiotic and corticosteroid eye drops in the
immediate postoperative period, and anti-inflammatory eye drops, decreasing the dosage
progressively up to the third week after surgery.

2.4. Statistical Analysis

Descriptive statistics of the median (interquartile range) were selected to report the
results after checking the normality using the Shapiro-Wilk test. Paired comparisons
between preoperative and postoperative data were tested using the Wilcoxon signed-rank
test. After closing the pilot study, a post hoc power calculation was conducted with a mean
difference of 0.5 logCS and standard deviation of 0.24 logCS, obtaining a power of 0.97.
SPSS software (version 26; SPSS Inc., Chicago, IL, USA) was used for the statistical analysis.

3. Results

One of the four recruited patients from center A withdrew from the study due to the
inability to attend the 6-month visit. No adverse events were recorded for this patient at
the last follow-up visit of 3 months and the achieved refraction was emmetropia in the
dominant eye and —0.5 D in the non-dominant eye. The binocular UDVA, UIVA, and
UNVA were —0.2, —0.2, and —0.1 logMAR, respectively, for this patient. Table 1 shows the
demographics of the final sample of six subjects who completed all follow-up visits. The
median predicted postoperative anisometropia was —0.81 D.

Table 1. Demographic characteristics of the sample.

Variable Median Interquartile Range

Age 45 5

Sphere (D) —2.88 2
Cylinder (D) —-0.5 0.75
SE (D) -3.13 1.72
Dominant Predicted SE (D) —-0.13 0.56
Non-Dominant Predicted SE (D) —0.94 0.63
Photopic pupil diameter (mm) 3.8 1.12
Mesopic pupil diameter (mm) 6.05 0.94
Ruler pupil diameter (mm) 4 0.5
Axial Length (mm) 24.60 1.27
Mean Keratometry (D) 43.25 0.89

SE: spherical equivalent.
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3.1. Safety

Only one adverse event was recorded during surgery. A small residual part of the
lenticule (<1 mm) was extracted after the main lenticule was removed with no significant
complications. No effects of visual acuity were observed in this eye (Table S1, Case Al). At
the 3-month postoperative follow-up, a PRK procedure was conducted in the dominant
eye of one patient due to undercorrection (Table 52, Case B1). The patient completed the
6-month visit and was included in the efficacy analysis. No eyes lost more than one line of
CDVA at the 3-month visit compared with the preoperative period.

3.2. Efficacy

No significant differences were found for median binocular uncorrected VAs at
6 months in comparison with the best-corrected VAs at the three measured distances
in the preoperative visit (Table 2). All patients maintained stereopsis without correction
(Tables S1 and S2) with no significant differences (Table 2). The uncorrected binocular CSDC
showed a statistically significant increase in CS from —2 to —3 D of defocus in comparison
to the preoperative binocular CSDC with the best distance correction (Table 2 and Figure 1).
Individual CSDC of all patients are shown in Figure S1.

Table 2. Binocular efficacy results of median (interquartile range). Preoperative with best correction
at each distance and postoperative without distance correction.

Variable Preoperative 6-Month z, p-Value
Visual Acuity (logMAR)
Far (4 m) —0.1(0.2) 0(0.18) 0.7,0.48
Intermediate (66 cm) 0(0.02) —0.1(0.15) —1.63,0.1
Near (40 cm) —0.1(0.2) —0.05 (0.18) 1.12,0.66
Stereopsis (arcsec)
Far (4 m) 79 (178) 119 (20) 0.32,0.75
Intermediate (66 cm) 79 (79) 40 (9.75) —1.63,0.10
Near (40 cm) 79 (49) 59 (39) —1.00, 0.32
Contrast Sensitivity (logCS)
Defocus —4.0 0 (0.03) 0(0.1) 1,0.32
Defocus —3.5 0(0.03) 0.1 (0.38) 1.63,0.1
Defocus —3.0 0.05(0.1) 0.5 (0.68) 2.02,0.04
Defocus —2.5 0.15(0.2) 0.9 (0.58) 2.04,0.04
Defocus —2.0 0.7 (0.4) 1.2 (0.40) 2.03,0.04
Defocus —1.5 1.05 (0.3) 1.25 (0.18) 1.60, 0.1
Defocus —1.0 1.2(0.12) 1.15 (0.30) 0,1
Defocus —0.5 1.25 (0.20) 1.10 (0.50) —1.60,0.1
Defocus 0.0 1.1 (0.38) 1.10 (0.75) —1,0.32
Defocus 0.5 0.55 (0.80) 0.35 (1.02) 2.22,0.03
Defocus 1.0 0.30 (0.55) 0.05 (0.48) —1.83,0.07
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Figure 1. Preoperative best distance corrected versus postoperative uncorrected contrast sensitivity
defocus curve. AUCs are the areas under the defocus curves above the 0.3 logCS value for the far
(F), intermediate (I), and near (N) distance ranges. Lines represent median values, and vertical bars
represent interquartile ranges. Asterisk (*) means p < 0.05.

3.3. Patient-Reported Outcomes

The median CISS scores were close in the preoperative, 4 (26.75), and postoperative,
3 (12), visits (z = —1.089, p = 0.28). No significant changes (z = —0.95, p = 0.34) were found
for the VND-Q in the preoperative, —3.1 (4.27), and postoperative, —3.94 (6.97), periods. All
patients achieved postoperative spectacle independence at intermediate and near distances,
and only the patient who underwent PRK required occasional spectacle correction for far
distance. Four patients were satisfied or very satisfied with their uncorrected vision at all
distances, one was very satisfied with the intermediate and near vision but neutral with far
vision, and one was very satisfied at intermediate but neutral at far and slightly satisfied at
near. All patients were slightly or not at all bothered by photic phenomena, except for two
patients who answered very bothersome and moderately bothersome, but all the patients
were likely or very likely to undergo the same procedure. The individual responses of all
patients are shown in Tables S1 and S2.

4. Discussion

In this pilot study, the efficacy of micro-monovision with SMILE was evaluated and
binocular summation using CSDC was reported for the first time. The efficacy of micro-
monovision with SMILE has been published in previous studies [6-8]. Unfortunately,
none of these studies reported standardized VA measured in logMAR with an ETDRS
chart; therefore, the efficacy of our study cannot be easily compared with previous micro-
monovision studies with SMILE reporting results using non-standard methods for reporting
VA, such as Jaeger notation or reading charts. Difficulties with making comparisons have
also been found even with other micro-monovision techniques such as Presbyond, mainly
for the same limitation of using Jaeger notation in these studies [20-23]. In fact, this is an
important limitation of the scarce evidence of presbyopia correction with laser refractive
surgery techniques [24].
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Being aware of the lack of uniform testing of VA, the median UDVA and UNVA
achieved in our study were 0 and —0.05 logMAR, respectively. These values were close to
those reported by Reinstein et al. for UDVA (—0.07 logMAR) and UNVA (0.05 logMAR)
with Presbyond and an anisometropia of 1.5 D in older patients with a median age of
55 years old [22]. On the other hand, our results were better at distance in comparison to
Kohnen et al. (0.09 logMAR) and comparable for near (—0.04 logMAR) [25]. This reduction
in distance vision of Kohnen’s study is explained by a higher postoperative myopic spher-
ical equivalent in the dominant eye, using the PresbyMAX with an anisometropia close
to 0.5 D and older patients with a mean age of 53.4 years old [25]. Fu et al. also reported
similar outcomes at near distance (0.01 logMAR) to Kohnen [26], but better distance results
(—0.09 logMAR) by programming an anisometropia of 1.25 D in patients with a mean age of
47 4. According to these results, micro-monovision with SMILE appears to be a technique
that might offer similar results to other platforms focused on presbyopia correction, but
future randomized clinical trials are required to confirm this hypothesis.

An important finding of our study is related to the measurement of binocular un-
corrected CSDC. An alternative to micro-monovision with SMILE can be the refractive
lens exchange (RLE), which consists of replacing the clear crystalline lens by a multifocal
intraocular lens [27]. Poorer results have been reported for RLE in young hyperopic patients
(<40 years old) in comparison to our study for UDVA (0.01 logMAR), UIVA (0.2 logMAR),
and UNVA (0.07 logMAR) [28]. On the other hand, binocular CSDC might result in reduced
CS with multifocal IOLs [13], especially in the near and intermediate ranges, even though
this has not been reported in young presbyopic patients as in our study. Considering
the possible CS loss and the risks of retinal detachment in young myopic patients [27],
micro-monovision of SMILE appears to be a more appropriate option, at least until the
later fifties or early sixties when the retinal detachment risk decreases and the preoperative
CS is lower due to crystalline lens sclerosis [29,30]. On the other hand, micro-monovision
with SMILE in older patients could be questionable considering the onset of cataract de-
velopment in the short term. In fact, even though the inclusion criteria was established
at 55 years old in the protocol, the oldest patient in our sample was 51 years old, with a
reasonable clear lens, and binocularly achieving 1 logCS in the preoperative stage at far
distance, and 0.9 logCS at 0 D and —2.5 D at the 6-month visit, which means a better CS
at near in comparison to that achieved with MIOLs [13]. Thus, preoperative screening
considering the cut-off criteria for CS reestablishment with MIOLs is of great importance
when taking the decision for laser vision correction with micro-monovision or refractive
lens exchange [31]. The latter, with the consensus of the patient after explanation of the
advantages and drawbacks of each procedure, will determine the best procedure for each
patient. In addition, it should be noticed that patients satisfied with micro-monovision with
laser vision correction could be programmed in the future for the same micro-monovision
with conventional or enhanced monofocals and extended depth of focus intraocular lens,
or even for multifocal intraocular lenses targeted to emmetropia [32]. Moreover, special
formulas for post-laser refractive surgery such as those included in the ASCRS online
calculator (https:/ /iolcalc.ascrs.org/ accessed on 16 March 2023), thick-lens or ray-tracing
formulas should be used [33,34]. Presbyopic phakic IOLs could also be an alternative for
those patients, but CSDC studies are still required to determine if CS is also maintained
along the whole defocus range [35-37].

An argument against monovision has been the possible loss of stereopsis [38], but
previous studies with Presbyond reported minimal changes [39]. Our study is in agreement
with the lack of clinically relevant differences in stereopsis loss but also provides, for the
first time, evidence of intermediate and far distance stereopsis. This apparently unaltered
stereopsis at all distances can be explained by programming a low anisometropia below
1.5 D [38]. Psychophysical studies have also suggested that disparity between eye images can
affect reflexive eye movements, but this topic has still not been studied in clinical practice
with patients operated on with laser refractive surgery and micro-monovision [40,41]. In
addition, the lack of differences in symptoms evaluated with the CISS questionnaire and
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the VND-Q supports that micro-monovision with SMILE might not induce symptoms and
difficulties in important tasks related to near work and driving at night. This, together
with the low dysphotopsia incidence, explains the satisfaction rates in our study, with
all patients having better satisfaction answers in comparison to the preoperative period
for far and intermediate distances, and only two patients who chose one level less in the
postoperative answer for near vision, with the remaining four patients selecting a better or
maintained answer. Despite the reduced answers to some isolated questions, all patients
agreed with the probability of being submitted again to the same procedure with a likely or
very likely answer.

The main limitations of our study were its small sample size and the short-term follow-
up, which limit the generalizability of the findings. However, it is important to note that the
difference achieved in our study was 0.5 logCS with a micro-monovision programmed me-
dian anisometropia of 0.81 D. For this difference, and the standard deviation of 0.24 logCS
obtained in this study, the power was above 0.8 for an alpha value of 0.05. Therefore, a
sufficient sample size was used to avoid a Type Il error at —2 D. In summary, our sample
size was enough to evidence the increase in the CS at the defocus level of —2 D but was not
enough to avoid a Type II error in differences below 0.4 logCS, for instance, to confirm the
decrease of 0.15 1ogCS at —0.5 D or the increase at —1.5 D.

5. Conclusions

This was a pilot study for future estimations of the sample size based on the collected
results around the main endpoint. The programmed median anisometropia of 0.8 D resulted
in the effectiveness of the procedure for patients of a median age of 45 years old. The results
were comparable to other presbyopia laser correction techniques that also implement micro-
monovision even though this comparison should be interpreted with caution due to the
differences in testing methods and age of the population. The most interesting finding was
that the micro-monovision binocular summation resulted in superior contrast sensitivity as
compared to the multifocal refractive lens exchange performed in a similar patient group;
the stereopsis is in the normal range with the induction of this anisometropia without
increasing symptoms or difficulties with near vision tasks or driving at night. On the other
hand, all the findings of this pilot study should be confirmed in future studies with larger
sample sizes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/1ife13030838/s1, Figure S1: Contrast sensitivity defocus curves
for each one of the patients at the preoperative visit with best distance correction (PreBE) and the
postoperative 6-month visit without correction for right eye (PosRE), left eye (PosLE), and both eyes
(PosBE); Table S1: Preoperative and postoperative results for the patients from Center A; Table S2:
Preoperative and postoperative results for the patients from Center B.
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Abstract: The aim of this study was to evaluate the relationship between myopia and ocular bio-
metric variables using the Pentacam AXL® single rotation Scheimpflug camera. This prospective,
cross-sectional, single-center study was performed in fifty Caucasian patients aged between 18 and
30 years (24.84 £ 3.04 years). The measured variables included maximum and minimum keratometry
(K1 and K2, respectively), anterior chamber depth (ACD), corneal horizontal diameter or white
to white (WTW), central corneal thickness (CCT), corneal asphericity (Q), and axial length (AXL).
The tomographic and biometric measurements were considered optimal when the quality factor
was greater than 95% according to the manufacturer’s software instructions. The AXL presented
a significant correlation with the spherical equivalent without cycloplegia (SE without CP), age
at onset of myopia (r = —0.365, p = 0.012), mean keratometry (Km) (r = —0.339, p = 0.016), ACD
(r=0.304, p = 0.032), and WTW (r = 0.406, p = 0.005). The eyes with AXL higher than 25 mm had
earlier onset; higher SE without CP, AXL, and Q; and a flatter Km. AXL is the biometric variable
with the greatest influence on the final refractive state in the adult myopic eye. Ophthalmologists
and optometric management must consider these biometric differences in order to identify the most
appropriate correction techniques in each case. The use of the Pentacam AXL in ocular biometric
measurement is effective, reproducible, and non-invasive.

Keywords: axial length; ocular biometry; early diagnosis; myopia progression; Scheimpflug technology

1. Introduction

Myopia is the most common clinically significant refractive defect and is responsible
for 5-10% of cases of legal blindness in developed countries [1]. Myopia, also known as
nearsightedness, is a prevalent public health concern that can lead to visual impairment
and increase the risk of other serious eye conditions. It is widely recognized as a significant
issue [2]. Epidemiological studies conducted in recent years have detected a rising preva-
lence of myopia globally. Some projections estimate myopia will affect 34% of the world’s
population in 2020, with an asymmetric distribution between different geographical regions
and ethnic groups. In Western Europe, according to some publications, myopia affects
approximately 30-35% of people in 2020 [1]. Myopia is often first diagnosed in childhood
and can progress throughout adolescence. It is more common in people of East Asian
descent and tends to run in families. In some countries in these regions, over 80% of the
population has myopia. The prevalence of myopia is also increasing in other parts of the
world, including the United States and Europe [3].

There are several risk factors for the development of myopia, including genetics,
increased near work (e.g., reading, using a computer), less time spent outdoors, and higher
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levels of education. Myopia is associated with a number of health complications, including
an increased risk of retinal detachment, glaucoma, and cataracts. It can also lead to visual
impairment and reduced quality of life [4]. In Spain, the occurrence of myopia appears to be
on therise. It is believed that lifestyle factors may be contributing to the increased likelihood
of developing myopia [5]. Several studies suggest the importance of understanding the
mechanisms responsible for the progression of myopia, and effective treatments that may
slow or prevent the onset of myopia in children are being researched [6].

Axial length, or the length of the eye, is considered to be a significant factor in the
development of myopia. When the length of the vitreous chamber (a fluid-filled space
in the eye) exceeds the focal length of the eye’s optical components, it can increase the
refractive power of the eye and contribute to the development of refractive errors, such as
myopia [7]. Genetic factors play a significant role in the development and progression of
myopia, which are also directly related to environmental factors of all activities carried out
requiring near vision [8]. There are four structures in the eye that contribute to its refractive
status: the cornea, aqueous humor, lens, and vitreous humor. When these structures do
not work together properly, it can lead to refractive errors such as myopia. Factors such as
corneal curvature, anterior chamber depth, lens thickness, vitreous chamber depth, and
axial length are often studied in relation to eye diseases, as they can impact the coordination
of the ocular components and contribute to the development of refractive disorders [4].

There have been recent advances in the development of devices for the measurement
of ocular biometrics, which are essential for studying and controlling myopia [9,10]. These
devices allow for the precise and non-invasive measurement of various ocular parameters,
such as axial length, corneal curvature, and lens thickness. There is ongoing development
of devices to more accurately measure ocular biometrics such as corneal curvature and
lens thickness. Currently, several non-invasive devices are used in clinical settings to mea-
sure these parameters, including partial coherence interferometry, optical low coherence
reflectometry, and swept source biometry. These devices allow for the analysis of relation-
ships between different ocular components and facilitate the use of different measurement
systems [11].

When talking about a clinical diagnostic test, parameters such as sensitivity, specificity,
and positive and negative predictive values are described. These reflect the characteristics
of a diagnostic test and are used to decide when they should be used (sensitivity and
specificity of a test) or what meaning a test result has in a particular patient.

Sensitivity is the probability of correctly classifying patients or, what is the same, the
proportion of true positives, while the specificity is the probability of correctly classifying
the healthy ones or, what is the same, the proportion of true negatives. Accordingly,
the sensitivity and specificity represent the validity of a diagnostic test and the positive
predictive value and negative predictive value represent the safety of a diagnostic test [12,13].

The Pentacam AXL® device, made by Oculus in Germany, combines the Scheimpflug
principle with partial coherence interferometry to measure ocular biometrics, including
anterior segment tomography, axial length, and intraocular lens calculations and it is
an indispensable tool, with high values of sensitivity and specificity in diagnosis. It uses
a blue LED light source with a wavelength of 475 nm and a 1.45-megapixel camera to
capture images of the cornea and record 138,000 datapoints in 2 s. Keratometry is calculated
using a reference surface. This device builds on the proven measurement method of the
Pentacam HR [14]. Other new devices for the measurement of ocular biometrics include
swept source biometry and optical low coherence reflectometry. These devices use different
technologies to measure ocular parameters, but they have also been found to be accurate
and reliable. The use of these new devices for the measurement of ocular biometrics has
allowed for a greater understanding of the factors that contribute to the development and
progression of myopia. This knowledge can be used to develop effective interventions and
treatments for myopia control [11].

The purpose of this study was to examine the connection between myopia and
ocular biometric measurements taken using the Pentacam AXL® device, a single rota-
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tion Scheimpflug camera with version 6.08r19 software produced by Oculus Optikgerate
in Germany.

2. Materials and Methods
2.1. Design

This research was conducted as a prospective, cross-sectional, single-center study at
the University of Seville’s School of Pharmacy in Spain from February to April 2019. It
followed the guidelines of the Declaration of Helsinki and was approved by the Ethical
Committee Board of Andalusia. All study participants provided informed consent after
being informed about the nature of the study.

2.2. Subjects

Fifty Caucasian patients aged 18 to 30 years (mean age: 24.84 4 3.04 years) who
were students at the University of Seville were recruited for the study [15]. To eliminate
bias, only one eye of each participant was randomly chosen for inclusion. The inclusion
criteria were as follows: being between 18 and 30 years old, having a stable refractive
error (no more than 0.50 D change in spherical and cylindrical refraction in the past year),
having a simple or compound myopic refractive error with or without astigmatism, having
a corrected visual acuity of at least 20/25 in both eyes, and not wearing contact lenses for
at least 2 weeks (4 weeks for hard lenses). The exclusion criteria were as follows: having
any eye disease (e.g., glaucoma, cataracts), progressive corneal disease (e.g., keratoconus,
pellucid marginal degeneration), corneal dystrophy or degeneration, cataracts or sclerosis
of the lens, a current or previous history of uveitis, dry eye syndrome, persistent epithelial
defects, central corneal leucoma, being on antiglaucoma or hypotonic therapy, signs of
retinal vascular pathology, being pregnant or lactating, and having disorders of the eye
muscles (e.g., strabismus, nystagmus) or any other disorder that affects ocular fixation.

2.3. Procedure

The participants underwent cycloplegic autorefraction and traditional refraction using
retinoscopy and then subjective refraction with fogging was performed. Fogging refers to
using plus powers to bring the optical point of focus in front of the retina to ensure that
accommodation is adequately relaxed. The principle of fogging involves using spherical
powers to create artificial myopia, thereby moving the entire area of focus in the eye in front
of the retina to create a situation where an attempt at accommodating will blur the vision,
which further causes the patient to relax accommodation. Fogging is effective irrespective
of the inherent refractive state of the eye and the efficacy of fogging in refraction has been
demonstrated [16].

Corneal tomography, analysis of the anterior segment, and measurement of axial
length using the Pentacam AXL® device were then carried out. The variables studied were
maximum and minimum keratometry, anterior chamber depth (ACD), corneal horizon-
tal diameter (WTW), central corneal thickness, corneal asphericity (Q), and axial length
(AXL). The mean keratometry (Km) was calculated as the average of K1 and K2 within the
3-mm central optical zone for statistical analysis. A flowchart of the design of the study is
presented in Figure 1.

Each measurement was taken three times in succession by the same experienced
examiner under standardized conditions to minimize error. The tomographic and biometric
measurements were considered optimal when the quality factor was greater than 95%
according to the manufacturer’s software instructions.
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Figure 1. Research procedure flowchart.

2.4. Data Analysis

Statistical analysis was performed using SPSS software, version 23.0 (SPSS Inc., IBM,
Chicago, IL, USA). Data distribution normality was studied by the Shapiro-Wilk test.
Parametric variables (age, onset of myopia, AXL, Q, pachymetry, and ACD) and non-
parametric variables (SE, Km, and WTW) were correlated using the Pearson coefficient
correlation test and rho Spearman test, respectively. The sample was divided into two
groups based on the dependent variables. The cutoff values (SE without CP, —4.50 D;
AXL, 25 mm; age at myopia onset, 11 years) were arbitrarily set based on the median
value. The mean difference in variables between these groups was analyzed using the
independent samples Student’s t-test (parametric), Mann—-Whitney U test (non-parametric),
or Chi-Square test (categorical variables). Finally, a multiple stepwise linear regression was
performed. p < 0.05 was considered statistically significant.

3. Results

Fifty eyes from 50 patients (mean age, 24.84 + 3.04 years, range 18-30 years) were
included. There were 21 men (42%) and 29 women (58%) and no differences were found
between sex groups for any variable analyzed. The descriptive data for the whole sample
are presented in Table 1. The SE without CP showed a strong significant correlation with
AXL (Figure 2) and age at myopia onset (Figure 3). Eyes with myopic SE without CP higher
than —4.5 D had significantly longer AXL and younger age at myopia onset (Table 2).

No other ocular variables showed significant differences between SE without CP
groups. The AXL was significantly correlated with the SE without CP (Figure 1), age at
myopia onset (r = —0.365, p = 0.012), Km (r = —0.339, p = 0.016), ACD (r = 0.304, p = 0.032),
and WTW (r = 0.406, p = 0.005). The eyes with AXL greater than 25 mm showed an earlier
onset; higher values of SE without CP, AXL, and Q; and a flatter Km (Table 2). Age at
myopia onset was significantly correlated with SE without CP (Figure 2), AXL (r = —0.365,
p =0.012), and Q (r = 0.371, p = 0.010). Patients with onset of myopia earlier than 11 years
had higher SE without CP, AXL, and Q values (Table 2).
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Table 1. Descriptive analysis of the sample.

Variables
95% CI
Mean & SD Lower Higher
Age (years) 24.84 £+ 3.04 24.42 26.12
Onset of Myopia (years) 10.83 £ 4.48 9.68 12.37
SE without CP (D) —5.16 £2.72 —6.05 —4.36
AXL (mm) 25.40 £+ 1.20 24.97 25.71
Km (D) 43.87 +1.25 43.50 44.28
Q —0.34 £0.10 —0.37 —0.34
Pachymetry (pm) 525.09 + 30.42 515.95 534.23
ACD (mm) 3.32+£0.27 3.23 3.40
WTW (mm) 11.96 £+ 0.34 11.85 12.05

SE = Sphere Equivalent; CP = Cycloplegia; AXL = Axial Length; Km = Mean anterior corneal keratometry;
Q = Asphericity; ACD = Anterior Chamber Depth; WTW = Horizontal corneal diameter; D = Diopters;
mm = millimeters; um = micrometers; SD = Standard Deviation.
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Figure 2. Correlation graph between spherical equivalent and AXL. Axial length (AXL), Spherical
equivalent (SE) without cycloplegia and diopters (D).
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Figure 3. Correlation graph between onset of myopia age and spherical equivalent. Spherical
equivalent (SE) without cycloplegia (CP) and diopters (D).
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The multiple linear regression results showed that the variables most closely related
to SE were AXL (p < 0.001, partial regression coefficient B = —2.441; standardized coeffi-
cient beta = —1.066), Km (p < 0.001, partial regression coefficient B = —1.021, standardized
coefficient beta = —0.472), and ACD (p < 0.001, partial regression coefficient B = 3.616,
standardized coefficient beta = 0.353); adjusted R? = 0.917. A second multiple linear re-
gression for each SE without CP group was performed, and different results were found.
In the lower SE without CP group (SE > —4.5 D), a limited model (adjusted R? = 0.474)
showed the most closely related variable to SE without CP was the age at myopia onset
(p = 0.011, standardized coefficient beta = 0.502), followed by the Km (p = 0.015, standard-
ized coefficient beta = —0.478). In these cases, the AXL score was not significantly related
(p=0.232).

However, in the higher myopic SE without CP group (SE < —4.5 D), the best model
(adjusted R? = 0.877) showed that the most closely related variables to SE without CP
were AXL (p < 0.001, standardized coefficient beta = —1.102), Km (p < 0.001, standardized
coefficient beta = —0.530), and ACD (p < 0.001, standardized coefficient beta = 0.455).

4. Discussion

The purpose of this study was to evaluate the relationship between myopia and ocular
biometric variables using the Pentacam AXL single rotation Scheimpflug camera. This
non-invasive measurement instrument was used to assess a range of variables, including
maximum and minimum keratometry, anterior chamber depth, corneal horizontal diam-
eter, central corneal thickness, corneal asphericity, and axial length. The results of the
study showed that axial length (AXL) was significantly correlated with a number of other
variables, including the spherical equivalent, age at onset of myopia, mean keratometry;,
anterior chamber depth, and corneal horizontal diameter. The eyes with AXL values higher
than 25 mm were found to have earlier onset of myopia, higher spherical equivalent, AXL,
and corneal asphericity values, and flatter mean keratometry values. These findings sug-
gest that AXL is a key biometric variable that should be considered in the management of
myopia, as it has a significant influence on the final refractive state of the adult myopic eye.

In recent years, there has been great interest in precisely knowing the dimensions
of the human eye. Several studies of ocular biometrics have been conducted, but most
have been performed in the elderly [10,17] or in subjects with a wide range of ages [18,19].
To minimize the impact of aging on ocular biometric measurements, it is necessary to
carefully design studies that take this factor into account [20]. There have been numerous
studies that have compared the values of variables in the anterior segment of myopic and
emmetropic eyes. These studies have consistently found significant correlations between
refractive errors and anterior chamber depth [17], corneal diameter [18,21], Km [22], and
PQT [23]. The strength of correlations between refractive errors and anterior chamber
depth may vary depending on the race and age of the study subjects. It is also known that
the prevalence of myopia can differ based on age, ethnicity, and educational level, with
higher rates being reported in university students in Asian countries [24]. To the best of
our knowledge, there are no published studies on the correlations between the degree of
myopia and the biometrics of the anterior segment in young Spanish university students.

Most studies that analyze university populations focus on the analysis of the preva-
lence of refractive errors by measuring only refraction [25], or only measuring AXL [26],
while others use two devices for different measurements in the analysis of different
ametropias [20]. One of the advantages of our study is the use of a single, non-invasive
device, with which the different variables are obtained in a single measurement, such as
the Pentacam AXL®, whose values of AXL, Km, and ACD have been shown to be highly
repeatable [27].

There are various tools available for the measurement of axial length, including ultra-
sound [28], partial coherence laser interferometry [29], and optical coherence tomography [30].
Each of these tools has its own unique advantages and disadvantages. Ultrasound is
a non-invasive method of measuring axial length, but its accuracy can be affected by
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factors such as the thickness of the cornea, presence of cataracts, and the presence of
media opacities [28]. On the other hand, partial coherence laser interferometry provides
highly accurate measurements, but requires a dilated pupil and can be affected by corneal
distortion [29].

Optical coherence tomography (OCT) is a non-contact, non-invasive technique that
provides high-resolution cross-sectional images of the retina and anterior segment. It
is widely considered to be the most accurate method for measuring axial length, but it
can be affected by small amounts of corneal reflection and scatter [30]. The Pentacam
measures axial length using optical low coherence reflectometry (OLCR) technology. This
is a non-contact, non-invasive method of measuring the axial length of the eye. The
measurement is performed by shining a light into the eye and analyzing the reflections that
are returned. The measurement is typically performed in a matter of seconds, providing
a quick and easy method of measuring axial length. The Pentacam has become a commonly
used tool in ophthalmology for the assessment of eye anatomy and for guiding surgical
procedures such as cataract and refractive surgery [31]. The choice of tool for measuring
the axial length of the eye depends on various factors, including the accuracy desired,
the presence of any ocular or systemic factors that may affect the measurement, and the
need for non-invasive or non-contact methods. It is important to consider the advantages
and disadvantages of each tool when choosing the most appropriate method for a specific
patient or research study.

The Pentacam offers several advantages over traditional methods for calculating the axial
length (AXL) of the eye. Some of these advantages include: non-contact technology [32]: the
Pentacam uses a rotating Scheimpflug camera to capture images of the eye, which eliminates
the need for contact with the eye and reduces the risk of corneal damage or infection [28].
Second, high precision: the Pentacam uses laser-based technology to accurately measure
the AXL, providing highly precise and reliable results [33]. Third, comprehensive analysis:
the Pentacam not only measures the AXL but also provides a comprehensive analysis of
the anterior and posterior segments of the eye, allowing for a more complete understand-
ing of the ocular structure and function. Finally, automated process: the Pentacam has
an automated process that eliminates the need for manual measurements, reducing the risk
of measurement errors and providing more accurate results [34].

Our results showed that axial length, mean keratometry, and anterior chamber depth
had significant correlations with myopic refractive error, particularly in subjects with
axial lengths greater than 25 mm. A longer axial length is typically associated with
a greater degree of myopia, but a flatter cornea and deeper anterior chamber depth can
reduce the refractive error. A less flat cornea leads to lower refractive power, resulting in
the light focusing on a point further from the cornea (i.e., hyperope displacement). When
the anterior chamber depth increases, the distance between the cornea and lens increases,
which also leads to a hyperopic change. These compensatory changes can result in em-
metropization. Our results are consistent with other studies that have found flatter corneas
in myopia [24,35].

It is currently unknown if the biological processes underlying the development of
myopia at the age of 7 differ from those that occur during the early adult years, so the age
of onset of myopia may not be a reliable indicator [2]. It has also been shown that structural
complications in individuals with severe myopia are highly dependent on age [36]. Chua
et al. found that the age at the onset of myopia, or the duration of its progression, was the
most important predictor in cases of severe myopia in myopic children [3]. Our results
agree with these findings, since patients who had developed myopia before age 11 had
higher values of SE without CP, AXL, and Q. Regarding Q, our study is consistent with
that of Horner et al., who suggested that young nearsighted individuals with more prolate
corneas tended to develop higher degrees of juvenile myopia [37], as opposed to the study
performed by Yebra-Pimentel et al., who found no correlation between Q and refractive
error [38]. Although previous studies have reported a significant correlation between
PQT and refractive error [39], our results suggest that the correlation between PQT and
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myopia is very weak. Several population studies have reported that men were slightly but
significantly more nearsighted than women [40,41]. In our study, there were no significant
differences between men and women for any of the variables.

The strengths of this study include the use of the Pentacam AXL® device, a reliable
and accurate tool for measuring ocular biometrics, and the prospective, cross-sectional
design, which allowed for the evaluation of the relationship between myopia and ocular
biometric variables in a large sample of patients. The study also included a wide range of
variables, including maximum and minimum keratometry, anterior chamber depth, corneal
horizontal diameter, central corneal thickness, corneal asphericity, and axial length. This
design offers several advantages, including time-efficiency, as data are collected at one
point in time; low cost, as no follow-up is needed; and suitability for large sample sizes,
as the design can accommodate a large sample size. Compared to other methodologies,
this design is different as it is prospective, collecting data in advance, and cross-sectional,
collecting data at one point in time, instead of retrospectively or repeatedly over time.
Additionally, this study was conducted at a single location, unlike multi-center designs
which are conducted at multiple locations. The measurements were taken multiple times
to minimize error and the quality factor of the tomographic and biometric measurements
was required to be greater than 95% to be considered optimal. The results of the study
showed significant correlations between axial length and several other variables, including
spherical equivalent, age at onset of myopia, mean keratometry, anterior chamber depth,
and corneal horizontal diameter. This suggests that axial length is an important factor in the
development and progression of myopia and that it may be useful in identifying the most
appropriate correction techniques for patients. Overall, the study provides valuable insights
into the relationship between myopia and ocular biometric variables, and demonstrates
the effectiveness of the Pentacam AXL® in measuring these variables. These findings have
important implications for the management of myopia and may inform the development
of strategies for its control.

There are several limitations to this study that should be considered when interpreting
the results. First, the sample size is relatively small, with only 50 patients included in
the study. This may not be representative of the larger population and could affect the
generalizability of the findings. Second, the study is cross-sectional in nature, which means
that it only captures a snapshot of the data at a single point in time. This precludes the
ability to establish any causal relationships between the variables of interest. Third, the
study is limited to a single center, which may not be representative of the diversity of patient
populations seen in other settings. Finally, the study is limited to a specific age range of
18-30 years, which means that the results may not be applicable to individuals outside of
this age range. In addition, all patients reported approximately the age of onset of myopia,
but their medical history was not consulted the first time they underwent refraction.

In addition to the limitations already mentioned, there are a few other factors to
consider when interpreting the results of this study. First, the sample is restricted to
Caucasian patients, which means that the results may not be generalizable to other racial
or ethnic groups. Second, the study only included patients with myopia, which means that
the results may not be applicable to individuals with other types of refractive errors. Third,
the measurement of ocular biometric variables was performed using the Pentacam AXL
single rotation Scheimpflug camera, which is a specific type of instrument with its own
set of limitations and potential sources of error. Fourth, the cycloplegic refraction was not
performed. Cycloplegia is important because it temporarily paralyzes the accommodation
reflex of the eye, this is particularly useful in determining the appropriate prescription for
corrective lenses [42]. When the spherical equivalent is calculated, several factors should
be considered, including the patient’s age, their level of accommodative ability, and any
previous prescription for corrective lenses [42]. Finally, the study did not examine the
influence of environmental or genetic factors on the relationship between myopia and
ocular biometric variables, which could be important considerations in future research.
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There are several directions for future research that could build upon the findings
of this study. First, it would be interesting to replicate this study in a larger and more
diverse sample to confirm the results and determine the generalizability of the findings
to other populations. Second, a longitudinal study design, in which the same patients are
followed over time, could provide insights into the temporal relationships between myopia
and ocular biometric variables. Third, the influence of environmental and genetic factors
on the relationship between myopia and ocular biometric variables could be examined
in future research. This could be achieved by collecting data on patient exposures and
family history and using statistical techniques to control for these factors. Finally, the use of
other measurement instruments or techniques, such as ultrasound or magnetic resonance
imaging, could provide additional insights into the relationship between myopia and ocular
biometric variables.

5. Conclusions

AXL is the biometric variable with the greatest influence on the final refractive state
in the adult myopic eye. Ophthalmologists and optometric management must consider
these biometric differences in order to identify the most appropriate correction techniques
in each case. The use of the Pentacam AXL in ocular biometric measurement is effective,
reproducible, and non-invasive. The results of our study suggest that the use of the
Pentacam device could be an effective tool for monitoring the progression of AXL in
myopic patients.
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Abstract: Presbyopia can be defined as the refractive state of the eye in which, due to a physiological
decrease in the ability to accommodate, it is not possible to sustain vision without fatigue in a
prolonged manner, along with difficulty focusing near vision. It is estimated that its prevalence in
2030 will be approximately 2.1 billion people. Corneal inlays are an alternative in the correction of
presbyopia. They are implanted beneath a laser-assisted in situ keratomileusis (LASIK) flap or in a
pocket in the center of the cornea of the non-dominant eye. The purpose of this review is to provide
information about intraoperative and postoperative KAMRA inlay complications in the available
scientific literature. A search was conducted on PubMed, Web of Science, and Scopus with the
following search strategy: ("KAMRA inlay" OR “KAMRA” OR “corneal inlay pinhole” OR “pinhole
effect intracorneal” OR “SAICI” OR “small aperture intracorneal inlay”) AND (“complication” OR
“explantation” OR “explanted” OR “retired”). The bibliography consulted shows that the insertion of
a KAMRA inlay is an effective procedure that improves near vision with a slight decrease in distance
vision. However, postoperative complications such as corneal fibrosis, epithelial iron deposits, and
stromal haze are described.

Keywords: small aperture intracorneal inlay; SAICI; KAMRA inlay; corneal inlay pinhole; intraoperative
complications; postoperative complications; refractive surgery; presbyopia

1. Introduction

Presbyopia can be defined as the refractive state of the eye in which, due to a physio-
logical decrease in the ability to accommodate, it is not possible to sustain vision without
fatigue in a prolonged manner, along with difficulty focusing on near vision [1-4]. Presby-
opia depends not only on biological age but also on predominant factors such as visual
defects and working distance and factors such as low light or fatigue disorders at the end
of the day [5,6]. It is estimated that its prevalence in 2030 will be approximately 2.1 billion
people [7].

Surgery for presbyopia includes a wide range of surgical approaches and procedures.
Strategies include different corneal approaches, such as the application of excimer and
femtosecond lasers in techniques such as monovision, sectoral modification in corneal
multifocality (PresbyLASIK), and conductive keratoplasty, where electromagnetic radiation
is used as the radiofrequency energy [8-10]. Similarly, corneal modifications assisted
by femtosecond lasers such as IntraCOR and SUPRACOR are successfully used, where
changes in the patterns of corneal aberrations are generated [11-13].

Currently, multifocal intraocular lenses (MIOLs) are also an effective alternative for
the correction of pseudophakic presbyopia. MIOLs are grouped according to their op-
tical characteristics: nonapodized (AcrySoft® 1Q PanOptiX®, Alcon Laboratories, Inc.,
Fort Worth, TX, USA) and apodized diffractive designs (ReSTOR®, Alcon Laboratories,
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Inc., Fort Worth, TX, USA), and refractive (Rezoom™, AMO, Inc., Santa Ana, CA, USA),
pseudo accommodative AcrySoft ReSTOR (Alcon Laboratories, Inc., Fort Worth, TX,
USA), and extended depth of focus (EDOF) designs (Eden, SAV-IOLS.A., Neuchatel,
Switzerland) [14-16]. Additionally, correction of the multifocal design of the anterior
chamber (Vivarte® Presbyopic, IOLtech, La Rochelle, France) with phakic intraocular
lenses (pIOLs) is used for its predictability, fixation technique, and support for presbyopia
correction [17,18].

KAMRA inlay surgery is a type of vision correction procedure that involves the
implantation of a small, circular device called a KAMRA inlay into the cornea of the
eye [19]. The KAMRA inlay is designed to help improve near vision in people with
presbyopia, a condition that causes the loss of the eye’s ability to focus on close objects as
we age [20]. The KAMRA inlay is made of a thin circular disk of polymer material that is
just a few millimeters in diameter. It is placed in a layer of the cornea called the stroma,
which is located just beneath the outermost layer of the cornea, called the epithelium [21].
The inlay is placed in the non-dominant eye, which is typically the left eye for right-handed
individuals. The KAMRA inlay works by creating a small, circular opening in the center
of the cornea that allows light to pass through and focus on the retina at the back of the
eye [22]. This opening, known as a pinhole, narrows the focus of light entering the eye
and improves the eye’s ability to see objects at close range. By using the “depth of focus”
principle commonly used in photography, the KAMRA implant controls light transmission,
allowing only focused light rays to reach the retina through a fixed 1.6 mm aperture. The
inlay is designed to be small enough to be barely noticeable, but still large enough to allow
a sufficient amount of light to pass through and improve near vision [23].

KAMRA inlay surgery is typically performed as an outpatient procedure and takes
about 15-30 min to complete. The procedure is generally well tolerated and has a low risk
of complications [24]. Before the procedure, the surgeon will numb the eye with anesthetic
drops to reduce any discomfort during the procedure. The surgeon will then create a small
flap in the cornea using a laser or a blade and lift it up to access the stroma [25]. Generally,
KAMRA inlays are implanted mechanically or assisted by a femtosecond laser in people
with presbyopia who do not have refractive errors. For people with refractive errors, a
combined procedure, such as LASIK, can be performed to fix the refractive error at the
same time as the inlay is implanted [26]. The KAMRA inlay is then carefully placed in the
stroma and the corneal flap is replaced and sealed. After the procedure, the eye may be
slightly red and swollen for a few days, and some people may experience mild discomfort
or sensitivity to light [27]. These symptoms typically resolve on their own within a few days
to a week. It is important for patients to follow the surgeon’s instructions for postoperative
care, which may include using eye drops or ointment to keep the eye moist and prevent
infection [28]. The surgeon will also schedule follow-up appointments to monitor the
healing process and ensure that the inlay is functioning properly. Most people who have
KAMRA inlay surgery experience a significant improvement in their near vision within
a few days to a week after the procedure [29]. The results of the procedure are generally
long-lasting, although the inlay may need to be replaced after several years if the patient’s
vision begins to decline again [30]. KAMRA inlay surgery is an effective treatment option
for people with presbyopia who want to improve their near vision without the need for
glasses or contacts. It is generally a safe and well-tolerated procedure, with a low risk of
complications. However, as with any surgical procedure, it is important for patients to
carefully consider the potential risks and benefits and discuss them with their surgeon
before deciding whether KAMRA inlay surgery is the right choice for them [27]. The
approximate number of KAMRA inlays that have been implanted worldwide is 20.000 [31].

2. Corneal Inlay

Synthetic keratophakia was first described by Barraquer in 1949 [19]. However, the
materials he used, i.e., flint glass and plexiglass, were found to be unsuitable due to bio-
compatibility issues. In 1960, other more transparent and permeable materials, hydrogel
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polymers, were tested to favor metabolic gradients through the stroma so that waste prod-
ucts pass into the aqueous humor and the flow of nutrients to the cornea is maintained [19].

There have been important advances in the design and material of corneal implants.
Currently, the models used are thinner and permeable to oxygen, and the use of the
femtosecond laser facilitates their intracorneal placement. Three types of implants are
considered to have good results (Table 1): corneal reshaping inlays, Raindrop® Near Vi-
sion (ReVision Optics, Lake Forest, CA, USA) [32]; refractive inlays, Flexivue Microlens™
(Presbia Cooperatief U.A., Irvine, CA, USA) [27] and Icolens System™ (Neoptics AG, Hii-
nenberg, Switzerland) [27]; and small aperture intracorneal inlays, KAMRA™ (AcuFocus
Inc., Irvine, CA, USA) [20]. The Raindrop inlay was discontinued in 2018, just 2 years after
its FDA approval in 2016, due to corneal haze, while Flexivue Microlens has been awaiting
FDA approval in the United States since 2019 [33].

Table 1. Characteristics of corneal inlays.

. . . Placement
Corneal Inlay Name Diameter (mm) Thickness (um) Material (Flap/Pocket) ym
. . Periphery (10)
® _ phery —
Reshaping Raindrop 1.5-2 Center (30) HAH 130-150
Elexivue 32 15-20 HAH with
Refractive Microlens™ ultraviolet filter 280-300
Icolens™ 3 15-20 (Contaflex C126)
SAICI KAMRA™ 38 5 PFC 200-250

1.6 (Pinhole)

SAICI: small aperture intracorneal inlay; HAH: hydrophilic acrylic hydrogel; PFC: polyvinylidene fluoride
and carbon.

The purpose of this review is to provide information about intraoperative and postop-
erative KAMRA inlay complications in the available scientific literature.

3. Literature Review
3.1. Search Strategy

A systematic literature search was performed using the PubMed/MEDLINE
(77 articles), Web of Science (55 articles), and Scopus (54 articles) databases. The search
strategy included the terms ("KAMRA inlay" OR “KAMRA” OR “corneal inlay pinhole”
OR “pinhole effect intracorneal” OR “SAICI” OR “small aperture intracorneal inlay”)
AND (“complication” OR “explantation” OR “explanted” OR “retired”). Databases were
searched for publications from January 2011 to January 2022.

The inclusion criteria were as follows: (1) studies with humans; (2) case reports;
(3) case series; (4) cohort, cross-sectional, and case—control studies; and (5) randomized
clinical trials. The exclusion criteria were as follows: (1) animal studies; (2) the article was a
letter to the editor, conference abstract, study protocol, or literary review; (3) the article was
not available in English; and (4) nonindexed publications.

A total of 186 articles were identified. After removing duplicates, article grading and
data extraction were independently performed by two authors, MCSG and RCP, according
to the inclusion and exclusion criteria. If there was a conflict with the selection of an article,
the third author, JMSG, decided the outcome. A total of 20 articles were finally included in
the review.

3.2. Results of Literature Search

The literature consulted shows that both the insertion of a KAMRA in presbyopic
emmetropes [29,34-39] and insertion combined with LASIK [40-45] or PRK [46] in patients
with ametropia, in addition to the insertion in presbyopic phakic patients [47], is an effective
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procedure that improves near vision with a slight decrease in distance vision in the eye
with the implant or in both eyes.

Dexl et al. [37] followed up with 32 patients for five years. Their results showed a
significant improvement in uncorrected near visual acuity (UNVA) after one year that
remained stable up to month 36. At 60 months, UNVA decreased slightly. Similarly, this
also occurred with uncorrected intermediate visual acuity (UIVA), which improved from
20/32 to 20/25 at 12 months, remained stable up to 36 months, and at 60 months decreased
slightly to 20/32.

However, postoperative complications such as halos, dry eyes, and alterations in
night vision have been described [42] and hyperopic regression has been described after
a follow-up period [35,36,41,42,46]. There are authors who describe the appearance of
corneal fibrosis [30,48], epithelial iron deposits [35], and keratocyte activation around the
back surface of the inlay [49,50] as possible causes of haze that require explantation.

Although the KAMRA corneal inlay is a removable device, patients may experience
residual corneal haze, hyperopic shift, and deficits in uncorrected distance visual acuity
(UDVA) after explantation compared to pre-implantation UDVA [33].

Darian-Smith et al. retrospectively analyzed the visual outcomes of KAMRA inlay
insertion in a cohort of patients reporting success of procedure, complications, patient
satisfaction, and refractive outcomes at the TLC Laser Centre, Toronto. The explantation
rate was 11.42%; 28.5% of patients required enhancements after inlay insertion [51]. Moshir-
far et al. evaluated 10 years of KAMRA corneal inlay explantation and associated visual
outcomes. KAMRA explantation rate was 8.2% across 10 years in Salt Lake City, Utah,
USA [33].

3.3. Complications
3.3.1. Distance Visual Acuity

Although patients experience better near and intermediate vision after KAMRA
surgery [51], follow-up with patients after implantation suggests decreased distance visual
acuity in the implanted eye or in both eyes. Dexl et al. [35] reported a decrease in distance
visual acuity with correction (CDVA) in emmetropic presbyopic patients. Additionally,
Tomita et al. [44] and Vukich et al. [36] described how visual acuity decreased with distance
in a group of post-LASIK and emmetropic patients after KAMRA implantation.

3.3.2. Refractive Changes

Refractive instability is also a predictable consequence after KAMRA surgery and
has been reported by several authors [41,47,52]. Moshirfar et al. [53], in a case series of
50 patients, reported keratometric and topographic changes that led to a change in refrac-
tion. At 3 years, 54% of the eyes implanted with a KAMRA had a hyperopic manifest
refractive spherical equivalent (MRSE), 40% were myopic with respect to the initial value,
and the mean keratometry (Ky,) was significantly increased at all postoperative measure-
ments compared with baseline. Optimal near-vision results require slightly myopic MRSE,
with —0.75 considered an ideal compromise between near and far vision.

3.3.3. Decentration

KAMRA inlay implantation has been described as successful in the majority of patients;
in the actual scientific literature the decentration and repositioning rate ranges from 1.2% to
8.8% [33]. The small-aperture corneal inlay implantation technique creates an intrastromal
pocket with a femtosecond laser and the pinhole device is later placed into this pocket via
a small incision [53]. The criteria for KAMRA inlay placement are targeted in the center
of the Purkinje reflex. In cases where the Purkinje reflex and the pupil are separated by a
few microns, the KAMRA inlay needs to be placed between the Purkinje reflex and the
pupil [48]. The exact placement of the pinhole inlay is necessary to achieve good visual
and refractive results.
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Decentration of the inlay implies damage to visual quality and poor refractive re-
sults [54]. In Figure 1, a nasal decentration of the KAMRA inlay observed using the section
illumination of a biomicroscope is presented. Repositioning should be performed after im-
plantation to achieve good refractive results and improve near, intermediate, and distance
vision. It is important to note that the KAMRA inlay is placed while the patient is lying
down and the effect of gravity pushes down on the KAMRA inlay, which could increase
the decentration of the device in the intrastromal pocket [52].

Figure 1. Slit-lamp examination. Decentration of a KAMRA inlay toward nasal area. A temporary
area of the cornea free of the KAMRA is observed, which allows light to pass through.

New techniques and devices, such as ocular coherence tomography for anterior seg-
ment (AS-OCT) imaging, could help to locate and measure the decentration of a KAMRA
inlay [50]. Figure 2 shows how AS-OCT technology reveals in a 3D-cube image how the
inlay is partially displaced to the nasal zone. In another point of view, the AS-OCT could
show us how deep the inlay is placed. Figure 3 shows the hyperreflective surface of the
KAMRA inlay with a yellow and red image. Furthermore, the AS-OCT caliper could
determine the depth of the inlay or the distance between the center of the pupil and the
center of the inlay. This technology could be beneficial to perform after repositioning an
inlay to move the pinhole device.

After the United States of America Food and Drug Administration approved KAMRA,
the device gained in popularity [55]. The refractive results of this presbyopia treatment
depend in large part on the centering of the pinhole device. Decentration of the KAMRA is
principally due to the initial surgeon mispositioning it and inducing poor alignment [54].
This decentration is an intraoperative complication, while a displacement after the surgery
indicates a migration in the inlay, therefore, migration is a postoperative complication.
This issue has an explanation: the creation of a small pocket combined with the rough
posterior face of the pinhole inlay implies that the device increased the adherence to the
stromal pocket [41]. However, there are other intrastromal inlays that decentered after
placement. The hydrogel corneal inlay Raindrop decentered after a corneal flap creation
combined with a steroid that increased the intraocular pressure of the eye. In addition, the
stromal keratopathy created by the increase in intraocular pressure possibly created an
accumulation of fluid and a relocation of the hydrogel inlay [56].
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Figure 2. SD-AS-OCT of the anterior segment, revealing nasal decentration of the small-aperture
corneal inlay. From left to right the nasal and temporal images are observed.

Figure 3. SD-AS-OCT of the anterior segment revealing a stromal hyperreflective signal. Caliper
measurements from left to right (in um): Total peripheral pachymetry (680), nasal KAMRA pocket
depth (215), total central pachymetry (653), temporal KAMRA pocket depth (197).

3.3.4. Migration and Extrusion

Migration and extrusion are two potential complications that can occur with the
KAMRA inlay [24,28,40,49,52]. Migration refers to the movement of the inlay within the
cornea after it has been implanted. This can occur if the inlay becomes dislodged from
its intended position within the cornea. Extrusion refers to the complete removal of the
inlay from the cornea [30,41,57]. Both migration and extrusion can occur as a result of
improper implantation, infection, inflammation, or other factors. Symptoms of migration
or extrusion may include blurred vision, eye irritation, and discomfort. In severe cases,
migration or extrusion of the KAMRA inlay may require surgical intervention to remove
the device and restore vision [24,28,40,49,52].

The permeability of implants to water and other molecules (especially glucose) de-
termines the biocompatibility of the implant and its survival in the corneal stroma [56,58].
Extrusion is usually preceded by stromal necrosis. Initially, inlays were designed of poly
(methyl methacrylate) and polysulfone. The low permeability of these materials caused
inadequate corneal nutrition, inducing thinning of the anterior stroma and keratolysis [19].
Hydrogel implants with variable water content have shown good results and absence of
long-term extrusion.
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3.3.5. Stromal Haze

Corneal haze (Figure 4) is a common complication of KAMRA inlay surgery, although
it is typically mild and does not cause significant vision loss. Corneal haze is a condition
in which the cornea becomes cloudy or hazy, which can interfere with vision [27]. It is
caused by the formation of scar tissue in the cornea as a result of the surgical procedure [25].
Symptoms of corneal haze may include blurred or hazy vision, glare or halos around lights,
and sensitivity to light. These symptoms may be more noticeable at night or in low light
conditions. In most cases, corneal haze is mild and does not cause significant vision loss,
but it can sometimes interfere with activities such as driving or reading [59,60]. Treatment
for corneal haze typically involves the use of eye drops or ointments to reduce inflammation
and promote healing. In some cases, laser treatment may be necessary to remove the scar
tissue and improve vision [30,48]. Most people with corneal haze experience improvement
in their vision within a few weeks to a few months after treatment, although it may take
longer for some people. It is important for people who have had KAMRA inlay surgery
to be aware of the potential for corneal haze and to monitor their vision closely after the
procedure. Overall, while corneal haze is a potential complication of KAMRA inlay surgery,
it is generally mild and can be effectively treated with the use of eye drops or ointments
and, in some cases, laser treatment [27,40,48].

Figure 4. Slit-lamp examination at 2 months after removal. Stromal leukoma-shaped 360 degree ring
(stromal footprint) associated with the KAMRA and corneal epithelial iron deposits in a half-moon
shape (similar to a Fleischer ring).

The migration of surface proinflammatory cytokines is a local source of proteolytic
enzymes and cytokines responsible for interface haze formation [57,61]. It is a predictable
complication in response to the implantation of synthetic materials [61]. The greater the
depth of the inlay implantation, the lower the keratocytic activation and development of
haze [41]. Optical coherence tomography (OCT) is very effective in guiding the depth of
femtosecond laser pocket creation for inlay implantation.

The cornea is an avascular tissue: on its anterior face, in intimate contact with the
precorneal tear film, it absorbs oxygen, and on its posterior face, bathed by aqueous humor
by diffusion, it receives glucose.
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Keratocytes occupy 3-5% of the stromal volume. Its function consists of maintaining
the collagen fibers and the extracellular matrix through a constant synthesis activity favor-
ing metabolic gradients through the stroma so that waste products pass into the aqueous
humor and nutrients flow to the cornea [62].

The microperforations of the KAMRA inlay optimize the flow of nutrients from the
cornea [63]. However, the small-aperture corneal inlay can disrupt the exchange of oxygen
and glucose. The result is the release of growth factors and proinflammatory cytokines that
can generate myofibroblasts and be the cause of persistent fibrosis [30,48].

Numerous authors describe a series of cases of stromal opacity after implantation of a
KAMRA [38,40,45,60]. The treatment of severe opacity includes the use of topically applied
drugs. Corticosteroids and mitomycin C are usually effective. If the opacity persists over
time, implant explantation is recommended [50].

3.3.6. Infectious Keratitis

Infectious keratitis is an infection of the cornea; it is a serious and potentially vision-
threatening condition that can occur after KAMRA inlay surgery, although it is rare [48].
Infectious keratitis is caused by bacteria, fungi, or viruses that enter the eye and infect the
cornea. It can occur as a result of a variety of factors, including trauma to the eye, contact
lens wear, and surgery [26,64]. KAMRA inlay surgery involves the creation of a small
flap in the cornea, which can increase the risk of infection if the eye is not properly cared
for after the procedure. Symptoms of infectious keratitis may include redness, pain, and
sensitivity to light in the affected eye, as well as discharge around the eye [26,64]. In some
cases, the infection may cause the cornea to become cloudy or hazy, which can interfere
with vision. Treatment for infectious keratitis typically involves the use of antibiotics or
antifungal medications to clear the infection and prevent further damage to the eye. In
severe cases, surgery may be necessary to remove the infected tissue and prevent the spread
of the infection [28,48].

Duignan et al. [28] describe a series of cases that, after implantation, presented anterior-
chamber cellular reactions, epithelial defects, conjunctival hyperemia, and corneal infil-
trates characteristic of infectious keratitis. The patients were treated with antibiotics.
Bouheraoua et al. [65] described the case of a woman with epithelial growth around an
implant to correct hyperopia (Permavision, Anamed Inc., Lake Forest, CA, USA). It was
probably the cause of the infectious keratitis that appeared seven years after the surgery.

3.3.7. Epithelial Ingrowth

Epithelial ingrowth is a potential complication that can occur after the implantation
of a KAMRA inlay [61]. Epithelial ingrowth occurs when cells from the epithelium, the
outer layer of the cornea, grow into the area surrounding the inlay [26]. Due to poor pocket
adhesion or the presence of epithelial foreign bodjies, cells migrate from the stromal pocket
edge toward the pocket-stromal interface [26]. This can cause the inlay to become dislodged
or distorted, leading to reduced vision and other symptoms [59]. Epithelial ingrowth may
also cause inflammation and scarring, which can further compromise vision [66]. Epithelial
ingrowth is more likely to occur if the inlay is not properly implanted or if there is damage
to the cornea during the implantation procedure. It can also occur as a result of infection or
inflammation. Symptoms of epithelial ingrowth may include blurred vision, eye irritation,
and discomfort. In severe cases, surgical intervention may be necessary to remove the inlay
and restore vision [61].

Dexl et al. [35] described a case of epithelial growth in a series of 32 cases with
a KAMRA inlay. The patient presented epithelial growth after lifting the flap for the
treatment of postoperative striae. Rafic et al. [59] describe epithelial growth in a 52-year-old
man with basement membrane dystrophy after undergoing a combination of hyperopic
laser keratomileusis and KAMRA implantation. Most likely, epithelial growth could be
the cause of the basement membrane dystrophy that could have leaked proinflammatory
cytokines and chemokines to the stromal interface and amplified keratocyte activation.

106



Life 2023, 13, 312

3.3.8. Binocular Vision

Castro et al. [67] showed a deterioration of binocular vision in a group of patients
who underwent a simulation of KAMRA inlay. Anisocoria was induced with a contact
lens that has a partially opaque peripheral area. The lens was placed on the nondominant
eye. Measurements were made under two conditions: induced anisocoria and induced
anisocoria combined with monovision using two additional powers inserted in a trial frame:
+0.75 and +1.25. Stereoacuity was performed at three distances: near, intermediate, and far.
The study showed a deterioration in stereoacuity in all induced anisocoria conditions. This
deterioration was significant at intermediate and close distances. Additionally, Lin et al. [68]
reported a deterioration in stereo acuity after KAMRA surgery.

Binocularity is the result of the processing of motor and sensory skills that allows
obtaining a spatial reference from using both eyes simultaneously, merging a single image
at the cortical level; when this happens, a stereoscopic vision or three-dimensional image is
achieved [69-72]. Any type of alteration in binocular vision will establish a lack of brain
integration and interpretation.

4. Conclusions

KAMRA inlay surgeries in presbyopic emmetropes and KAMRA inlay surgeries
combined with LASIK in patients with ametropia is an effective procedure that improves
uncorrected near visual acuity with a slight decrease in distance vision in the eye with the
implant or in both eyes.

This pinhole implant surgery can have moderate to severe complications, such as
refractive instability, epithelial ingrowth, or infectious keratitis. Refractive outcomes should
be considered with caution due to possible conflicts of interest between the authors of the
publications and manufacturers.
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Abstract: Dry eye has two basic subdivisions: aqueous deficient dry eye (ADDE), with SS a major
cause; and evaporative dry eye (EDE), due to either intrinsic or extrinsic factors. SS is a chronic
inflammatory disorder defined by dysfunction of the exocrine glands leading to dry eye and dry
mouth. The objective of this article was to carry out a systematic and critical review of several
scientific publications on dry eye disease, with the aim of providing general recommendations to
distinguish dry eye and its different variants in patients with SS, during the period 1979 to 2020,
using search engines for articles indexed in Scopus, Latindex, Scielo, Clinical Trials, Medline, Embase,
and Cochrane, allowing the analysis of 132 articles published in indexed journals on the subject of
dry eye disease and SS, evidencing its conceptualization, prevalence, risk factors, etiopathogenesis,
clinical manifestations, diagnosis, and treatment.

Keywords: dry eye; Sjogren’s syndrome; evaporative dry eye; water deficiency dry eye; questionnaires;
Schirmer I test; Schirmer II test; invasive tear film rupture time; tear meniscus height

1. Introduction

Sjogren’s syndrome (SS) is a chronic, systemic autoimmune disease that causes the
dysfunction of the exocrine glands. It includes immune-mediated damage to the lacrimal
and salivary glands, destroyed by infiltrating lymphocytes [1,2]. Dry eye disease (DED) is a
multifactorial disease of the ocular surface characterized by a loss of tear film homeostasis
and accompanied by ocular symptoms in which the instability and hyperosmolarity of the
tear film, inflammation and ocular surface damage, and neurosensory abnormalities play
an etiological role [3-6]. Symptoms can vary from itching or sandy to burning and stinging
sensation. Diagnosis begins with determining the dry eye essential nature: aqueous
deficient dry eye (ADDE), or evaporative dry eye (EDE) [1]. SS depends on the ADDE
division, furthermore ADDE cases need to be investigated as potential SS associated dry
eye. In Figure 1, the leading etiological causes of DED are represented [3—6].
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Figure 1. Main etiological causes of dry eye. Dry eye due to lack of aqueous secretion has two main
groups: dry eye associated with SS and dry eye not associated with SS. ADDE: Aqueous deficient dry
eye. EDE: Evaporative dry eye. SS: Sjogren Syndrome.

Since the 2017 TFOS DEWS Il report, additional risk factors for SS have been identified,
associating it with age, female gender, poor health, use of contact lenses, smoking, use of
oral steroids or antidepressants, poorly managed thyroid disease and a greater extent of
medical comorbidities, occupational risk factors (prolonged screen time), and environment
factors (air conditioning and heaters) [5,7]. Factors that lowered the risk include a sedentary
lifestyle and the use of angiotensin-converting enzyme inhibitors [8,9].

The human eye is usually protected from evaporation and desiccation by tear film
homeostasis, which regulates the secretion of tears and distribution in the ocular surface in
response to the blinking reflex. DED is characterized by a low quantity or quality of tears,
destabilizing this microenvironment. The principal mechanism in DED is evaporative loss
of water that leads to tearing hyperosmolarity. These mechanisms are thought to drive
inflammation of the ocular surface and cell apoptosis in both the epithelial cells of the
cornea and conjunctiva and the goblet cells of the conjunctiva [10]. In the case of SS, the
etiology is not entirely clear. The presence of salivary gland epithelial cells expressing
primary histocompatibility complex class II molecules and the identification of specific
markers such as HLA-DR15 and HLA-DR3 imply that there are environmental antigens
that trigger an inflammatory response [11]. The following is the recommended sequence
(Table 1) of the diagnostic workup for DED:
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Table 1. Sequence of diagnostic tests for DED.

History

Use of symptom questionnaires.

Determine functional VA and contrast sensitivity
Measure the invasive tear film break-up time (BUT)
Ocular surface staining with fluorescein sodium
Ocular surface staining with lissamine green
Evaluation of tear flow using the Schirmer I-1I test
Perform an ocular surface examination

9.  Meibometrics

10. Measurement of tear osmolarity

NI W=

BUT: invasive tear film breakup time; Schirmer I test; Schirmer test. (Adapted from Merayo L, J. Spanish guidelines for
the treatment of eye disease. Consensus document. Spanish Society of Ocular Surface and Cornea. 2017; 4 (1): 33).

1.1. Anamnesis

The patient should be asked about symptoms suggestive of dry eye. These include
eye irritation, burning, stinging, foreign body sensation, blurred vision, improved vision
when blinking, photophobia, or pain. The patient should also be asked about possible risk
factors such as a history of collagen diseases, refractive surgery, stem cell transplantation,
hepatitis, vitamin A deficiency, antihistamines, selective serotonin reuptake inhibitors,
tricyclic antidepressants, and beta-blockers [9,12]. If the patient already has a diagnosis of
SS, it is crucial to learn if this diagnosis was confirmed through gland biopsy or laboratory
markers, Table 2.

Table 2. Directed interrogation of ocular and medical history.

Ocular

° Use of topical treatments: frequency, duration, effects, and whether or not they contain
preservatives (artificial tears, glaucoma treatments, corticosteroids, antihistamines,
vasoconstrictors and phytotherapy preparations, etc.).

Use of contact lenses: frequency, and care.

Allergic conjunctivitis.

History of eye or eyelid surgery.

History of ocular surface diseases.

Facial paralysis.

Medical history

Smoking (including passive smoking).

Facial and eyelid hygiene (products, techniques, and frequency).

Dry mouth sensation.

Fatigue.

Joint and muscle pain.

Use of systemic drugs (diuretics, antihistamines, hormonal treatments, antidepressants,
antineoplastics and any anticholinergic drug, etc.).

History of systemic inflammatory diseases (Sjogren’s syndrome, rheumatoid arthritis and
systemic lupus erythematosus, etc.).

Menopause.

Trauma (mechanical, thermal, and chemical).

Atopy.

Head and neck surgeries or transplants.

Chronic viral infections.

Neurological disorders (Parkinson’s disease and trigeminal neuralgia, among others).

(Adapted from Merayo L, J. Spanish guidelines for the treatment of eye disease. Consensus document. Spanish
Society of Ocular Surface and Cornea. 2017; 4 (1): 34).

1.2. Questionnaires on Symptoms

Numerous questionnaires are available for the assessment of symptoms in patients
with DED, the TFOS DEWS II report recommends OSDI and DEQ-5 questionnaires. These
questionnaires are both completed by the patient [7,9].
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1.3. Determination of the Functional Visual Acuity (FVA)

The FVA is the continuous VA of the patient when performing activities such as
reading or driving. However, standard VA tests may be normal [13].

1.4. Measurement of the Invasive Tear Film Breakdown Time (BUT)

The measurement of the invasive tear film breakdown time (BUT) is defined as the
time between a complete blink and the appearance of the first tear film rupture. The average
value is 10 s or more [14-16].

1.5. Lacrimal Osmolarity

Tear osmolarity was performed using TearLab® (TearLab Corporation, San Diego, CA,
USA). The cutoff suggestion ranges were 300-320 mOsm/L in mild DED, and
320-340 mOsm/L in moderate DED [17-20]. This test must be taken before the instillation
of any drops or dyes on the ocular surface so it is the first thing that should be completed,
with a differential value between eyes of > 8 mOsm/L) as a reference of positivity to specify
dry eye [21-23].

It should be noted that the frequency of meibomian gland dysfunction (MGD) is higher
in patients with SS than in the average population, which contributes to the worsening
clinical picture. The complete diagnostic analysis for SS is used based on the European—
American criteria (ACR/EULAR) proposed in 2016 for the classification of primary SS
(Table 3) [24-26]. The more recent criteria are considered more refined and emphasize
objective measures, including biopsy samples, as opposed to older criteria that were
more exhaustive [25]. The biopsy sample study improves SS diagnosis but needs an
interdisciplinary consultant with a rheumatologist [27-29]. When SS is suspected in a
patient with dry eye, knowledge of the extraocular signs and symptoms of SS can aid in
making the diagnosis [30-32].

Table 3. European—American criteria (ACR/EULAR) proposed in 2016 for the classification of
primary SS.

Item Score
Focal lymphocytic sialadenitis in minor salivary g}and with > 1 lymphocytic 3
focus/4 mm? of glandular tissue
Anti-SSA /Ro positive 3
Ocular staining score > 5 (or > 4 according to the Bjsterveld scale) in at least one eye 1
Schirmer test <5 mm/5 min, in at least one eye 1
Unstimulated salivary flow < 0.1 mL/minute 1

Diagnosis > 4 points
(Adapted from Shiboski CH, et al. Ann Rheum Dis 2017; 76: 9-16. d0i:10.1136/annrheumdis-2016-210571).

1.6. Measurement of Matrix Metalloproteinases (MMP-9)

In recent years the technology has allowed clinical ophthalmologists, and other health-
care staff to measure MMP-9 levels in the tear film with a simple device, the InflammaDry
assay (Rapid Pathogen Screening, Inc., Sarasota, FL, USA) [33,34]. The test is a rapid
(<10 min) and noninvasive test that measures MMP-9 levels above 40 ng/mL. The results
depend on two lines, one blue and one pink. Only the blue line on the test windows
indicates a level under 40 ng/mL and two lines indicate levels above this mark [35].

1.7. Measurement of the Ocular Surface Sodium Fluorescein Staining

Following Sjogren’s international collaborative clinical alliance (SICCA) registry ocular
examination protocol, the cornea staining score was determined [36]. Fluorescein stains
areas of the ocular surface with corneal epithelial defects; its application allows for a better
appreciation of the size of the tear meniscus. This technique should be performed before
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positioning the patient for evaluation and without lighting to avoid the lacrimation reflex
and the formation of mucous filaments [37].

1.8. Dye Staining (Lissamine Green and Rose Bengal) of the Ocular Surface

Damage to the ocular surface can be examined with specific stains where defects of the
corneal epithelium (rose bengal) and cell damage of the cornea and conjunctiva (lissamine
green) can be seen and both must be performed separately [38]. In Table 4 the characteristics
of the different colorants are compared [39].

Table 4. Comparison of the dyes fluorescein, rose bengal and lissamine green.

Fluorescein Bengal Rose Lissamine Green
Healthy cell staining No Yes No
Dead cell staining No Yes Yes
Cell disruption and Loss or insufficient .
S . . Cell degeneration
Stain significance increase membrane protection of ocular
e . and death
permeability surface mucin
Staining b est Yellow barrier filter Green barrier filter Red barrier filter
seen with

(Adapted from Tseng SCG. Evaluation of the ocular surface in dry-eye conditions. Int Clin Ophthalmol 1994; 34: 57-69).

The classification system first proposed by van Bijsterveld, on which current diag-
nostic criteria are based, qualifies three areas in each eye: the nasal and temporal bulbar
conjunctiva and the cornea. The intensity of rose bengal staining is rated on a scale of 0 (no
staining) to 3 (confluent staining) for each area (Figure 2). The maximum staining value for
each eye is nine. Staining values of three or more are considered abnormal [8,40,41].

Figure 2. The exposed interpalpebral portions of the nasal and temporal conjunctiva and cornea are

graded on a scale of 0 (no staining) to 3 (confluent staining). The maximum possible total score for
each eye is nine. A score greater than three is considered abnormal.

1.9. Tear Flow Evaluation Using the Schirmer I-1I Test

The Schirmer test measures the basal and reflex tear secretion from the primary and
accessory lacrimal glands and the volume of the marginal tear film. It is performed by
placing a strip of special millimeter paper between the outer half of the lower eyelid and the
bulbar conjunctiva of each eye, and then the patient keeps his eyes closed for 5 min. Then
the strips of paper are removed, and it is observed how wet the paper is. Various cut-off
values have been proposed for the diagnosis of DED, between <5 mm and <10 mm [7,42].
The test can be performed under topical anesthesia or without anesthesia.
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1.10. Perform an Examination of the Ocular Surface

It is advisable to thoroughly inspect the external surface and evaluate the ease of
expression of the meibomian glands and permeability of the glandular orifices in search
of MGD. Patients with mild SS can present with a normal eye examination and preserved
tear function. Severe SS can present with cicatricial conjunctivitis leading to fibrosis and
scarring [1,3,5,6].

1.11. Evaluation of the Meibomian Glands (Meibometry)

The meibomian glands should be assessed for the volume, quality, and ease of ex-
pression of secretions. To assess the quality of secretion, it is measured with meibometry
where each gland in the central zone of the lower lid is gently pressed, and the secretion of
each gland is scored as 0 (clear or normal), 1 (cloudy), 2 (granular), and 3 (pasty, similar to
toothpaste) [43]. The meiboscore is the assessment of the expressibility of the glands, it is
studied by pressing five glands of the lower or upper eyelid with a cotton swab [44]. The
score for the number of squeezable glands is 0 (all glands), 1 (three or four glands), 2 (one
or two glands), and 3 (no glands) [43,45,46].

2. Treatment of DED

TFOS DEWS 1I recommends individualized management of DED due to lack of
aqueous and evaporative secretion, as well as the overall severity of the disease [3,5]. A dry
eye can indicate the presence of SS, particularly when it is associated with inflammation,
difficulty in medical management, or dry mouth. A patient with suspected SS should have
an interdisciplinary assessment and follow up. The first step to diagnosing and managing
this disease is referring to a rheumatologist for systemic treatment. The patient should also
be referred to a dentist for the prevention and management of oral diseases [47]. Treatment
for DED progresses gradually, beginning with education, diet modification, eyelid hygiene,
lubricating eye drops, environmental factors modification, and nonpharmacological, and
pharmacological management (Table 5) [48-50].

Diet modifications to treat DED [51,52] include supplementation with essential fatty
acids (i.e., omega-3, omega-6/gamma-linolenic acid, or both) [25]. In addition, increasing
fluid intake to ensure adequate general hydration [5] and avoiding alcohol intake have
been recommended [53].

Table 5. Treatment schedule for DED.

Step Treatment

Education of the patient about:

Management

Possible dietary modifications

Treatment

Forecast

Modifications of the local environment.

Identification and modifications or elimination of systemic problems and
topical medications

Administration of warm compresses

Perform eyelid hygiene and hot compresses

Administration of eye lubricants

Step 1
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Table 5. Cont.

Step Treatment

If the options in Step one are inadequate:

e  Manage

Surgical punctal occlusion
Tarsorrhaphy

° Salivary gland transplant
Abbreviations: DEWS II, Dry Eye Workshop II; LFA-1, lymphocyte function-associated antigen 1; IPL, intense
pulsed light. (Adapted from Jones L, Downie LE, Korb D, et al. TFOS DEWS II management and therapy report.
Ocul Surf. 2017; 15: 575-628. Copyright © 2017 Elsevier Inc. All rights reserved).

O Unpreserved eye lubricants
O Tea tree oil treatment for Demodex (if present)
@) Night treatments
O Humidity chamber device
O Ointments
O Prescription drugs: doxycycline and tetracycline
O Topical antibiotics or antibiotics and steroid combination
Step 2 O Topical corticosteroid
O Nonglucocorticoid topical immunomodulatory-type drugs
(such as cyclosporine)
O Topical LFA-1 antagonist medication (such as Lifitegrast)
O Oral macrolide or tetracycline antibiotics
Preserve tears with punctal occlusion or moisture, camera glasses
Complete therapies in the office
O Intense Pulsed Light (IPL) therapy. Five sessions, with an interval of
3—4 weeks. Maintenance every 6-12 months.
O Meibomian gland expression
If the options in steps one and two are inadequate:
e  Administer oral secretagogues
Step 3 e  Autologous or al.logeneic serum eye drops
e  Use of therapeutic contact lenses
e  Soft bandage lenses
e  Rigid scleral lenses
If the options in the previous steps are inadequate:
e  Administer topical corticosteroids for longer duration.
e  Perform surgical options
Step 4 e  Amniotic membrane graft
[ ]
°

With regard to complementary medicine, there is some evidence from clinical trials
supporting the use of traditional Chinese herbs and acupuncture [51-53]. Using over-the-
counter hot compresses, artificial tears, or other eye lubricants can be used as first-line
treatments [4]. Measures for eyelid hygiene include detergent-based cleaning products
and microblepharon-exfoliation procedures to help remove residue from the eyelid margin.
Hygienic saline containing 0.01% pure hypochlorous acid has been shown to reduce biofilm,
and hot compresses for eyelid hyperthermia are commonly used to soften the meibum
and facilitate its exit from the ducts. Alternative options include topical corticosteroids
for a limited duration, topical cyclosporine 0.05%, tacrolimus 0.03%, and lifitegrast 5%.
Antibiotics such as oral doxycycline can also be given for two to three months [51,54-56].

Devices that can be used to preserve or stimulate tears include silicone-based punctal
occlusion in thermolabile polymer and hydrogel devices, therapeutic contact lenses, and
intranasal tear stimulation (e.g., TrueTear®, Allergan, Pleasanton, CA, USA). MGD can be
treated by meibomian gland expression and devices such as vectorized thermal pulsation
therapy (i.e., LipiFlow®, Johnson & Johnson Vision, Jacksonville, FL, USA), intense pulsed
light (IPL, i.e., Optima IPL M22, Lumenis, Salt Lake City, UT, USA), light-based heat and
compression (i.e., iLux, Alcon, Fort Worth, TX, USA), and portable thermal energy therapy
(i.e., TearCare, Sight Sciences, Menlo Park, CA, USA) [4,47,57-59]. The third care step
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includes oral secretagogues and autologous or allogeneic eye drops. In contrast, step four
includes topical corticosteroids for longer durations, amniotic membrane grafts, surgical
punctal occlusion, and more complex surgical approaches.

3. Discussion

There is a high tendency in recent times to diagnose dry eye disease worldwide due to
the multifactorial nature of this entity [60]. However, the casuistry collected in much of the
literature shows that Caucasian populations with a prevalence of 0.04%, individuals older
than 65 years, and females tend to have a more significant association. This low-rate result
was from using autoantibodies to classify patients and according to Hochberg, it was 0.6%
in Greece [43]. Similar results were found in Slovenia (0.6%), Denmark (0.6-21.11%), and
the United Kingdom (3—4%) using the European criteria, however in the latter using the
American-European consensus, the prevalence ranged from 0.1 to 0.4% [14,58]. Using the
Copenhagen criteria, the prevalence was 2.7% in Sweden and 0.7% in China [14,60,61]. In
Latin America, in Brazil it was 0.17% [62], Argentina it was 0.17% [63], using the COPCORD
methodology, and in Colombia it was 0.12%, with the American-European classification
criteria employed in all of these [64].

There are few demographic and characterization studies of SS in Latin America, while,
in other countries, important information on its management, diagnosis, and treatment
is available. In a study carried out in Colombia in 2016, with 58,680 cases, they found
a prevalence in people over 18 years of 0.12%. Eighty-two percent were women, with a
4.6:1 female:male ratio and there was a higher prevalence among the 65 to 69 age group.
In Ecuador, Oviedo and Moya (2019), reported a prevalence of dry eye disease in a pop-
ulation that varied between 27 and 88% according to the OSDI, McMonnies, and DEQ5
questionnaire, estimating a range of 27-34.5% with a median age of 34 years [64-66]. These
findings are accentuated by the lack of timely medical attention and failure to reach a timely
diagnosis [50].

In SS, dry eye and mouth have been reported in up to 30% of people over 65 years of
age, particularly in women in their perimenopausal and postmenopausal years [67]. Ocular
signs include hyperemia, conjunctival keratinization, punctate or filamentous keratitis,
and in some cases, involvement of the eyelids [68]. At the ocular level, the examinations
focus on the objective evaluation of tear production, stability, osmolarity, and evaluation of
the lid margin and the ocular surface [69]. In general, ocular treatment includes artificial
tears as the first treatment alternative in order to increase the volume of the tear film and
reduce friction, topical corticosteroids, immunomodulatory agents, immunosuppressants,
autologous serum, and in experimental studies, new treatments with cells are proposed
(mesenchymal stem cells or multipotent stem cells (MSC)) [68], in addition to systemic
treatments to treat extraglandular manifestations.

The relationship between some signs and symptoms in patients with Sjogren’s syndrome
represents an example of “heterogeneity” associated with DED [26,70,71]. It is commonly
associated with two possible etiologies: a water deficiency and excessive evaporation.

Although several studies have not reported a strong association or correlation between
symptoms and signs in patients with dry eye assessed from the use of questionnaires and
clinical tests [66] such as Begley et al. [45], Schein et al. [19], Hay et al. [63], Nichols et al. [32],
and Lin et al. [72], most of them have found a weak or moderate association between these
parameters, including a high correlation between the clinical diagnosis and the patient’s
symptoms, suggesting that the symptoms have a more significant influence on the diagnosis
of dry eye than the results of clinical tests [53].

Many other studies have reported an association or correlation between signs and
symptoms of irritation in patients with dry eye due to meibomian gland disease or aqueous
lacrimal deficiency, using various clinical tests such as Schirmer, BUT, fluorescein stain-
ing, clearing test of fluorescein, and corneal sensation (Afonso et al. [31], 1999; Macri &
Pflugfelder, Pflugfelder et al. [39]) [16,64,73,74]. In terms of tear osmolarity, although it
shows a very close agreement between the eyes and in the same eyes over time in normal
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subjects, it shows increasing variability in subjects with dry eye (Sullivan et al. [75] 2014).
This is believed to be due to the instability of the tear film in affected patients and can
be used as a diagnostic hallmark of DED [32,63,76]. These results advocate the clinical
utility of a consensus of signs, which better captures the entire disease and discourages
dependence on symptoms alone [77]. This finding differs from that reported by Schein
et al. [19], who found no association between the presence of more frequent symptoms and
a lower Schirmer result, regardless of whether the analysis was based on mean scores with
a cut-off value of five or a cut-off value of seven [77]. Their sensitivity and specificity in the
detection of symptomatic subjects was low [72,78,79].

Questionnaires are of some value for the evaluation of the etiology of dry eye [78,79].
However, alone they are insufficient to confirm a diagnosis of SS since they have no cost if
they have a high value of sensitivity and specificity [13,80]. Tear function tests such as tear
meniscus height and BUT play a role in the differential diagnosis of SS, the most important
aspect being the difference between ADDE and EDE accompanied by the performance
of the Schirmer I-II tests, as discussed above. The tear function index has been reported
to be helpful in the diagnosis of SS [81-84]. In addition, vital rose bengal or lissamine
green staining of the interpalpebral fissure is a noninvasive way to help diagnose SS, as
conjunctival staining may be seen earlier in the course of the disease [85,86].

Regarding future lines of research, the noninvasive diagnostic tools for SS diagnosis
and DED examination should be implemented in all ophthalmologist and optometrist
scientific communities because of the the reliability and repeatability of the measurements.
This allows the measurement of noninvasive breakup time which is more unambiguous to
interpret than the one measured with fluorescein (as the FBUT might be related with local
thinning of the tear film rather than with actual breakup event) and has been shown as
potentially having a stronger correlation with patient discomfort. Furthermore, noninvasive
techniques can be readily used by a broader range of medical personnel, such as technicians
and nurses, which allows for more rapid and broadly available diagnostics of DED [87-90].

Another interesting future research line is the evaluation of the ocular surface micro-
biota in the pathogenesis and management of different eye diseases. Recently a larger
multicenter study proposed the concept of eye community state type (ECST) with the aim
of stratifying the different profiles of bacterial communities that coexist in a healthy eye. It
was observed that nine different ECST could be considered within the healthy bacterial
population [91]. However, the central job of the ocular surface and oral microbiota in the
pathogenesis of SS is not completely understood, although microbiota changes have been
distinguished [92] in these patients. Bacterial mimicry has been proposed as one of the sys-
tems by which the microbiome may take part in illness acceptance. Furthermore, microbiota
dysbiosis in SS suggest that lower diversity may lead to higher disease activity [92]. Other
studies have found different outcomes with greater phylogenetic diversity [93]. Therefore,
commensal microbes could play a fundamental part in the pathogenesis of SS [94]. Peptides
obtained from oral, stomach, and skin commensal microscopic organisms might prompt an
insusceptible reaction by initiating the Ro60-receptive immune system microorganisms [94].
Likewise, it seems that an alteration of commensal bacteria in the gut caused a worsening of
dry eye in SS. An improvement in microbiome health could improve the condition [93,95].
Nonetheless, the exact role of the role of the microbiota both in the management and in
the diagnosis of this pathology should continue to be studied in multicenter studies with a
larger number of patients.

4. Conclusions

Patient grumblings and clinical discoveries that are reminiscent of dry eye, particularly
with ADDE, should always be considered possible indications of SS and a they should be
given a brief further examination. Given the accessibility of new serologic indicative tests and
the possibly extreme results of deferring a determination, the examination should include
requests about corresponding side effects of oral dryness and a serologic assessment. Dry
eye related with SS is not restricted to ADDE; associative MGD and EDE are frequently seen.
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The ocular manifestations of SS are often accompanied by oral or systemic manifes-
tations and a certain humeral profile. A severe dry eye accompanied by these systemic
manifestations clarifies the diagnosis and directs a change in treatment from systemic
treatment to a sequential ocular treatment.

There is no curative treatment available for SS, so a comprehensive treatment of
the patient is essential: education and information, vigilance, and proactive steps by
ophthalmologists and optometrists, in conjunction with rheumatology specialists, play a
fundamental role and facilitate the early recognition of SS, allowing the management and
timely intervention of ocular and systemic manifestations.
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Abstract: The objective of this study was to investigate accommodation changes and visual discom-
fort in a university student population after a period of high demand for near-vision activity. A
total of 50 university students aged between 20 and 22 years were recruited. The tests performed
involved positive relative accommodation (PRA), negative relative accommodation (NRA), accom-
modation amplitude (AA), and monocular and binocular accommodative facility (MAF and BAF).
Visual discomfort was measured on a scale involving a visual discomfort questionnaire (VDQ). All
accommodative variables underwent changes during the exam period; specifically, regarding NRA
and PRA, 30.4% and 15.1% of the studied population, respectively, appeared to be below average.
Moreover, 42.3% of the population exhibited values below average in the second measure of AA.
On the other hand, a small percentage of the population was below average in MAF and BAF mea-
surements: 3% in the monocular right eye test, 6% in the left eye test, and 9.1% in the binocular
facility test. Finally, the VDQ score did not reveal a statistically significant difference between the two
measurements. Prolonged near-distance work, such as a university exams period, changed all ac-
commodation systems (amplitude of accommodation, relative accommodation, and accommodation
facility). These changes influence an accommodation excess that results in blurred vision, headache,
and problems with focusing.

Keywords: accommodation response; university population; near-vision activities; accommodation disorders

1. Introduction

The human eye has the ability to adapt to different distances via changes in its re-
fractive power, thus maintaining a clear image focused on the retina [1]. Nevertheless,
accommodative response is flawed as a result of prolonged effort in near vision [2,3],
resulting in accommodative and nonstrabismic binocular dysfunctions that affect the pa-
tient’s visual performance, especially during near-vision activities [4,5]. Due to excessive
effort, the visual system loses efficacy and results in symptoms such as headache, blurred
vision, or difficulty in focusing [6,7]. Different criteria have been used to diagnose these
visual disturbances, either by observing the presence or absence of symptoms, using a
symptomatology questionnaire, or carrying out an assessment test of the accommoda-
tive system [4,8]. Accommodative dysfunctions are among the most frequent causes of
asthenopia symptomatology [9,10]; therefore, evaluation of the accommodative system
is of great importance for the prevention of such issues. Assessment tools that provide
sufficient information on the accommodative function include monocular accommodative
amplitude (AA) [11,12] and monocular accommodative facility (AF) in both the phase with
negative lenses and the phase with positive lenses [13]. Indirectly, by assessing binocular
AA, negative and positive relative accommodation (NRA and PRA) and binocular AF are
shown in both phases [8].

Negative relative accommodation (NRA) and positive relative accommodation (PRA)
measure the maximum capacity to stimulate accommodation while maintaining unique
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binocular vision and indirectly provide information on fusional vergence [14,15]; therefore,
determining these values aids in the diagnosis of accommodative and vergence-related
problems. A low PRA value indicates accommodative insufficiency, and a low NRA
value reveals accommodative excess [13,16]. The amplitude of accommodation (AA) is the
maximum focusing power of the eye, measured in diopters [17]. There are different methods
to perform this measurement; however, we needed to determine the most reproducible
and reliable method that could detect statistically significant changes in the measured
values [18]. Antona et al. conducted a study comparing different measuring methods of
AA, concluding that the most repeatable method was that of negative lenses [19].

Monocular accommodative facility (MAF) measures the ability of the eye to vary its
accommodative state by changing focus for a certain time, accurately and repeatedly [20].
This test is performed as a measure of visual fatigue that can be caused by accommodative
dysfunctions [13]. Values outside the norm are indicative of accommodative alterations, and
some authors have linked these alterations with decreased academic performance [4,21].
Therefore, most studies have focused more on children rather than adults. In addition,
there are no unified criteria on clinical signs to diagnose these alterations [22]. Although
some studies have obtained data on visual symptomatology in university students [23],
there are a lack of studies analyzing the negative effects of excessive use of near vision.
Due to the high visual demand for several hours [24], it has been observed that near-point
measurements after near work are predictive of symptoms in students, which shows that a
responsible mechanism produces this symptomatology after a continuous effort in near
vision [25].

Visual discomfort was measured on a scale using a visual discomfort questionnaire
(VDQ). This scale was considered valid and reliable for assessing the symptomatology [26].

Consequently, the purpose of this study was to investigate accommodative changes in
a population of university students after an exam period, when there is a high demand for
near-vision activities.

2. Materials and Methods
2.1. Design

A total of 50 patients were recruited for the study. All participants were students aged
between 20 and 22 years who were given a two-stage accommodative test, the first part
just after a holiday period, in September 2019, and the second part after an exam period
in the first quarter, in January 2020. All tests were performed on the maximum positive
refraction to result in the best visual acuity (VA) of each patient.

2.2. Ethical Aspects

All patients included in this work were adequately informed verbally and in writing
of the tests to be performed on them. All patients signed an informed consent form prior
to the start of the study. This study was conducted in accordance with the Declaration of
Helsinki, and the Institutional Review Board of the University Hospital Virgen Macarena
of the University of Seville approved the research.

2.3. Subjects

The 50 patients voluntarily attended the University of Seville. The inclusion criteria
were as follows: (1) university students between the ages of 20 and 22 years, and (2) VA with
or without correction of 0.0 logMAR or higher. The exclusion criteria were: (1) subjects with
binocular dysfunctions, strabismus, nystagmus, or amblyopia; (2) persons with intellectual
disabilities; (3) subjects who did not sign the informed consent form; (4) subjects who did
not complete the survey; and (5) subjects who had undergone some type of ocular surgery.

Of the initial enrolled population, 13 students were excluded for having binocular
problems. Of the 37 remaining candidates who enrolled in the study, 4 were excluded for
not completing the tests. Therefore, a total of 33 students’ data were analyzed.
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2.4. Materials and Measurements

The measurements were carried out in the laboratory of the Faculty of Pharmacy
of the University of Seville. The variables with which the accommodative function was
measured were: accommodative amplitude (diopters, D); negative and positive relative
accommodation (D), evaluated with the ESSILOR MPH100E S/N 000104 phoropter (Essilor,
Paris, France); and accommodative facility (cycles per minute), quantified with 42 flipper
lenses (Optometric Promotion, Burgos, Spain).

Before starting each test, the procedure to be performed was explained to the patient.
Three measurements were made. The mean value of the three values obtained was calcu-
lated. As far as testing and regulatory values are concerned, we relied on the manual by
Scheiman and Wick [8].

For the measurement of PRA, the ability to stimulate accommodation was evaluated
by adding negative lenses; in the case of NRA, the ability to relax accommodation was
evaluated using positive lenses. For the measurements, we used a phoropter with a
correction in far vision for each patient. The optotype was located about 40 cm from the
eye, and IPD was near distance. The subject was instructed to look at a line lower than that
of their VA on the view card. Negative lenses were introduced for the measurement of PRA
and positive lenses for the measurement of NRA, binocularly in steps of 0.25 D until the
first point of blurriness occurred. The normal values set for NRA were +2 x 0.50 D and for
PRA, —2.37 x 0.50 D [8].

The AA test was performed using the negative lens method. The optotype was placed
in the phoropter at 40 cm with a near IPD. Negative lenses were inserted binocularly in
steps of —0.25 D until the patient noticed a sustained blur, i.e., a continuous blurring. The
value of AA corresponded to the power of the last lens with which the subject was able
to clarify the optotype, adding the necessary accommodations to see at a 40 cm distance,
i.e., 2.50 D. For the normal values, Hofstetter created three equations of AA that present its
variation with the progression of age [27]. These three involve the minimum, the mean,
and the maximum. In this study, the equation with the mean was used, which corresponds
to the formula AA media —18.5 — 0.3 x age (years) [8]. All optometry instruments were
from Optometric Promotion (Burgos, Spain)

With the MAF test, we evaluated the ability of the accommodative system to make
rapid and abrupt accommodative changes, thus checking the fatigue resistance in each
time and distance. During the measurements, we used a manual near card at a 40 cm
distance from the patient. For both monocular (MAF) and binocular (BAF) tests, the patient
was asked to look at a lower line than that of their maximum VA in the near-up optotype,
which must always remain clear. The flipper was introduced with the positive lens, and
we expected the participants to declare sharp vision before we turned the flipper to the
negative lens, as well as the same observation from the subjects. The same process was
followed for the other eye and, finally, binocularly. At the same time, we recorded the
cycles per minute (cpm). The normal values set were 11 & 5 cpm for MAF and 8 + 5 cpm
for BAF [8].

In addition, the variables that were measured to rule out binocular dysfunctions were:
the magnitude of the horizontal heterophoria (Prism Diopters, A) [28] and the amplitude
of both the positive (convergence) and negative fusional vergences (divergence) [29]. Ac-
cording to the value of these variables and Sheard’s criterion [30], subjects with binocular
dysfunctions were excluded. Sheard’s criterion was defined as follows: in order to have a
comfortable binocular vision, the value of the fusional vergence must be twice the value of
the phoria.

To evaluate visual discomfort, we used the scale of visual discomfort questionnaire
(VDQ), with questions regarding study time, study breaks, headache, eye pain, focus issues,
blurry vision, and double vision. The VDQ [31] consisted of 23 items with a four-point
scale: 0 = event never occurs; 1 = occasionally, a couple of times a year; 2 = often, every few
weeks; and 3 = almost always. The items proposed by Borsting et al. [31] were well within
the reading level of college students. The items of the VDQ are presented in Table 1.
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Table 1. Item list of the Visual Discomfort Questionnaire by Borsting et al. [31].

Question Item
When reading, do the words or letters in the words ever appear to spread apart? movement/fading
Do you ever have difficulty reading the words on a page because they begin to flicker or shimmer? movement/fading
Does the white background behind the text ever appear to move, flicker, or shimmer, making the letters hard .
to read? movement/fading
Do you ever have difficulty seeing more than one or two words on a line in focus? blur/diplopia
When reading, do the words on the page ever begin to move or float? movement/fading
When you are reading a page that consists of black print on white background, does the background ever movement/fadin
appear to overtake the letters, making them hard to read? &
When reading, do the words on a page of clear text ever appear to fade into the background, then reappear? = movement/fading
Do the letters on a page ever appear as a double image when you are reading? blur/diplopia
When reading black print on a white background, do you ever have to move the page around or continually movement/ fadin
blink to avoid glare that seems to come from the background? J
Do you ever get a headache from reading a newspaper or magazine with clear print? headache
Do you have to move your eyes around the page or continually blink or rub your eyes to keep the text easy blur/diplopia
to see when you are reading?
When reading, do you ever have to squint to keep the words on a page of clear text from going blurry or out blur/diplopia
of focus?
Do the letters on a page of clear text ever go blurry when you are reading? blur/diplopia
When reading, do you ever have difficulty keeping the words on the page of clear text in focus? blur/diplopia
Do your eyes ever feel watery, red, sore, strained, tired, dry, or gritty after you have been reading a sore
newspaper or magazine with clear print?
Do your eyes ever feel watery, red, sore, strained, tired, dry, or gritty, or do you rub them a lot, when viewing sore
a striped pattern?
Do you have to use a pencil or your finger to keep from losing your place when reading a page of text in a rereadin
novel or magazine? &
As a result of any of the above difficulties, do you find reading a slow task? rereading
How often do you get a headache when working under fluorescent lights? headache
Do your eyes ever feel watery, red, sore, strained, tired, dry, or gritty, when working under fluorescent lights? sore
When reading under fluorescent lights or in bright sunlight, does the glare from the bright white glossy lare
pages cause you to continually move the page around so that you can see the words clearly? &
When reading, do you ever unintentionally re-read the same words in a line of text? rereading
When reading, do you ever unintentionally re-read the same line? rereading

2.5. Data Analysis

Statistical analysis was carried out with SPSS statistics 25.0 (IBM Corporation, Armonk,
NY, USA). All visual acuity data were converted into Snellen formats. The Student’s f-test
was applied for parametric-dependent variables. Effect size calculation was assessed within
D of the Cohen test [32]. All statistical tests were performed with a 95% confidence interval
(p < 0.05).

3. Results
3.1. Relative Accommodation

The pre-exams score for NRA was +2.59 + 0.58 (+1.25 to +4.00) diopters, whereas
the post-exams NRA score was +1.69 £ 0.51 (+0.75 to +3.00) diopters. Therefore, NRA
was characterized by statistically significant differences between the two measurements
(mean difference, 0.89 £ 0.59 diopters; 95% confidence interval, 0.68 to 1.10; t = 8.64;

127



Life 2022, 12, 1837

P <0.01

p = 0.007) (Figure 1A). Cohen s D size was 1.64, which is considered a large effect size. The
normative values for NRA, as established by Scheiman and Wick [8], were +2.00 £ 0.50 D.
Our results indicated that before the exam period, 3% of the studied population were
under the norm, 42.5% were within the norm, and 54.5% ere above the norm. After the
exam period, 30.4% were under the norm, 63.6% were within the norm, and only 6%
were above the normative values. The PRA score obtained before the exam period was
—1.66 £ 1.00 (—0.50 to —5.00) diopters and reached —2.36 &= 1.01 (—0.25 to —4.50) diopters
after the exam period. Therefore, PRA exhibited statistically significant differences between
the two measurements (mean difference, 0.69 £ 1.10 diopters; 95% confidence interval,
0.30 to 1.08; t = 3.62, p = 0.009) (Figure 1B). Cohen 's D size was 0.69, which is considered
a medium effect size. The normative values for PRA, as established by Scheiman and
Wick [8], were —2.37 &= 1.00 D. Our results revealed that before the exam period, 48.5% of
the studied population were under the norm, 45.5% were within the norm, and 6% were
above the norm. Post-exams, 15.1% were under the norm, 72.8% were within the norm,
and only 12.1% were above the normative values.

IS

w

P <0.01

N

Previous NRA [D]

Post-Exam NRA [D] Previous PRA [D] Post-Exam PRA [D]

Figure 1. Negative Relative Accommodation (A) and Positive Relative Accommodation (B) compara-
tive boxplots between the first and second measurement, respectively.

3.2. Amplitude of Accommodation

The pre-exams score for AA was 6.70 &+ 1.34 (2.00 to 9.25) diopters and reached
7.24 + 1.53 (3.75 t0 9.75) diopters after the exam period. Therefore, AA exhibited statistically
significant differences between the two measurements (mean difference, 0.53 &+ 1.38 diopters;
95% confidence interval, 0.05 to 1.02; t = 2.23, p = 0.03) (Figure 2). Cohen’s D size was 0.37,
which is considered a medium effect size. The normative values for AA, as established by
Scheiman and Wick [8], were 16 — 1 /3 age + 2.00 D (mean age was used, 8.99 &+ 2.00 D).
Our results demonstrated that before the exam period, 60.5% of the studied population
were under the norm, and 39.5% were within the norm. Post-exams, 42.3% were under the
norm, and 57.7% were within the norm. We did not observe AA scores above the normative
values either pre- or post-exams.

3.3. Accommodative Facility

The right eye MAF score obtained before the exam period was 13.24 £ 5.36 (3.00 to
25.00) cpm and reached 11.30 =+ 4.44 (4.00 to 26.00) cpm after the exam period. Therefore, the
right eye MAF reported statistically significant differences between the two measurements
(mean difference, 1.93 £ 4.83 cpm; 95% confidence interval, 0.22 to 3.65; t = 2.23, p = 0.02)
(Figure 3A), with a Cohen ’s D size of 0.39, which is considered a medium effect size. The
right eye MAF normative values, as established by Scheiman and Wick [8], were 11 £ 5 cpm.
Our results reported that before the exam period, 6.1% of the studied population were
under the norm, 66.8% were within the norm, and 27.2% were above the norm. After
the exam period, 3% were under the norm, 88% were within the norm, and 9% were
above the normative values. The left eye MAF score obtained before the exam period
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was 14.27 4 4.95 (2.00 to 25.00) cpm and decreased to 11.42 4= 5.20 (1.00 to 28.00) cpm post-
exams. Therefore, the left eye MAF differences between the two measurements were
statistically significant (mean difference, 2.84 + 4.61 cpm; 95% confidence interval, 1.21 to
4.48; t = 3.54, p = 0.009) (Figure 3B), with a Cohen’s D size of 0.56, which is considered
a medium effect size. The left eye MAF normative values, as established by Scheiman
and Wick [8], were 11 £ 5 cpm. Our results revealed that before the exam period, 6% of
the studied population were under the norm, 63.7% were within the norm, and 30.3%
were above the norm. Post-exams, 6% were under the norm, 82% were within the norm,
and 12% were above the normative values. Additionally, the pre-exams BAF score was
13.51 £ 4.36 (4.00 to 20.00) cpm and decreased to 10.96 £ 4.53 (3.00 to 25.00) cpm after the
exam period. Therefore, BAF was also characterized by statistically significant differences
between the two measurements (mean difference, 2.54 £ 4.72 cpm; 95% confidence interval,
0.82 to 4.22; t = 3.09, p = 0.004) (Figure 3C), with a Cohen "s D size of 0.57, which is regarded
as a medium effect size. The BAF normative values, as established by Scheiman and
Wick [8], were 10 = 5 cpm. Our results demonstrated that before the exam period, 3% of
the studied population were under the norm, 57.6% were within the norm, and 39.4% were
above the norm. Post-exams, 9.1% were under the norm, 78.9% were within the norm, and
12% were above the normative values.

10
8
P <0.05
6
4
2 33
Previous AA [D] Post-Exam AA [D]

Figure 2. Accommodation Amplitude comparative boxplots between the first and second measurement.

3.4. Visual Discomfort

Finally, the visual discomfort questionnaire (VDQ) score obtained before the exam
period was 17.84 4= 1.08 (4.00 to 31.00) and 17.93 = 0.96 (6.00 to 28.00) post-exams. Therefore,
the VDQ score did not present statistically significant differences between the two mea-
surements (mean difference, —0.09 £ 3.80 points; 95% confidence interval, —1.43 to 1.25;
t=—0.13, p = 0.892), with a Cohen s D size of 0.08, which is regarded as a small effect size.
No further statistical analysis related to VDQ score was conducted.
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Figure 3. Right Eye Monocular Accommodative Facility (A), Left Eye Monocular Accommodative
Facility (B), and Binocular Accommodative Facility (C) comparative boxplots between the first and
second measurement, respectively.

4. Discussion

The results of our study on young university students indicated that all the accom-
modative variables measured underwent changes after the exam period. Measures of
relative accommodation, both positive and negative, accommodative facility, and ampli-
tude of accommodation were carried out. These tests have been used by several authors to
identify the type of disorder [33,34]. This system developed by Scheiman and Wick is com-
monly used as a reference for the classification, diagnosis, and treatment of accommodative
disorders [8].

The mean NRA was (+2.59 £ 0.58) D pre-exams and (+1.69 £ 0.51) D post-exams. In
addition, the measure PRA was (—1.66 + 1.00) D pre-exams and (—2.36 & 1.01) D post-
exams in our study, respectively. Negative relative accommodation (NRA) and positive
relative accommodation (PRA) are used as diagnostic tests of accommodative disorders.
Many authors establish a relationship between low NRA and PRA values and accommoda-
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tive excess and insufficiency, respectively [24]. Garcia et al. [35] determined that high PRA
values do relate to disorders associated with accommodative excess, and they considered
this alteration as a diagnostic measure of this anomaly. A low value of PRA indicates that
the patient does not admit the introduction of negative lenses. The subject is not able to
increase his/her accommodation to a situation that may be related to an accommodative
insufficiency. A low value NRA indicates that the subject does not admit the binocular in-
terposition of positive lenses, because he is not able to relax the accommodation; it probably
indicates accommodative excess.

Other studies [11,36] on university students in which measures of accommodative
parameters were taken have observed significant changes in PRA, which were associated
with accommodative dysfunctions. The same observation was made [37] in young workers
who perform daily near-vision work (high PRA values after increased near work). Thus,
the variation in PRA values coincides with the data in our study collected in the second
measurement. Although our values are lower, they could represent the beginning of an
accommodative excess in the study population.

Concerning AA, the results of the present work seem to be in the same line as those
obtained by different authors who concluded that AA increases after many hours of work
in near vision [22,38]. The mean AA was (6.70 £ 1.34) pre-exams and (7.24 &+ 1.53) D post-
exams. Considering different studies, we decided to use the low accommodative amplitude
and high accommodation amplitude as the clinical sign for diagnosing accommodative
insufficiency and excess [11]. Literature-reported prevalence of accommodative disorders
varies greatly due to the lack of standardization in the type of subjects enrolled and clinical
diagnostic tests employed. However, our results are in agreement with other studies that
state that increased near-visual activity increases AA and produces an accommodative
excess [39].

Further, to determine the state of the accommodative function, it is necessary to assess
the monocular accommodative facility (AF) both in the phase with positive lenses and in
the phase with negative lenses, as well as binocular AF in both phases. The fundamental
clinical sign for accommodative excess was failing monocular accommodative facility with
positive lenses.

MATF values were also modified, although to a lesser extent. MAF values were very
similar before and after the exam period, with 27.2% of the right eye (OD) and 30.3% of
the left eye (OI) above the norm before the exam period, 3% of the OD and 6% of the OI
below the norm, and 88% of the OD and 82% of the OI within the average after the exam
period. BAF results were 57.6% within the norm and 39.4% above the norm before the
exam period, and 78.9% within the norm, 12% above the norm, and 9.1% below the norm
after the exams. Porcar et al. [39] analyzed the accommodative and binocular dysfunctions
caused by the use of computers. They included 89 patients who underwent vergence and
accommodative tests; all had been using digital screens an average of 5 & 9 h/day, and
none was diagnosed with visual system disturbance. Regarding MAF, 24% of the patients
failed focusing positive lenses, 8% failed focusing negative lenses, and 3% with both. Based
on all the data obtained, they concluded that the patients analyzed were more prone to
accommodative excess, especially considering that, currently, students use computers for
longer durations. This observation confirms the result of our study.

Finally, the VDQ obtained 17.84 = 1.08 (4.00 to 31.00) points before the exam period and
17.93 £ 0.96 (6.00 to 28.00) post-exams. Therefore, the VDQ did not report statistically signif-
icant differences between the two measurements (t = —0.13, p = 0.892). Borsting et al. [23]
conducted a study in which they assessed symptoms of visual discomfort in 23 university
students for one year using the same scale, reporting no statistically significant differences
between the first and second measure of their survey. They concluded that the symptoma-
tology was stable in most patients, supporting the data of our study. On the one hand,
the significantly subjective measurements changes were connected with blurred vision,
headache, and accommodation problems. All accommodation variables became worse
after the period exam. However, on the other hand, the objective questionnaire was a
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self-patient sensation report. The patients do not perceive these accommodation alterations
when filling in the questionnaire; therefore, it supposes an element that increases severity.
This indicates that they do not notice symptoms, and it is necessary to carry out periodic
visual check-ups of the students during exam periods.

This study presents some limitations that should be considered. One of these is the
small sample size, as several patients were left out due to the exclusion criteria. Therefore,
studies with a larger sample size would be needed. On the other hand, at the second stage
of the study, some of the recruited patients did not show up for the second appointment,
thus further decreasing the total number of measures. Another limitation is that the studied
population included students of a certain age range; consequently, this study should be
performed in both adults over 25 years of age and in children.

5. Conclusions

Prolonged near-distance work, such as a university exams period, changes all accom-
modation systems (amplitude of accommodation, relative accommodation, and accommo-
dation facility). These changes could influence an accommodation excess that results in
blurred vision, headache, and problems with focusing.
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Simple Summary: In this research, we analyze the tear film layer portion that remains on top of
contact lenses. Through a non-invasive measurement technique, the volume of tear, the eye redness,
the tear film stability and lipid quality and quantity were assessed in a silicone contact lens that
has a variation of the percentage of hydration inside. A total of sixty-two contact lens fittings were
evaluated 30 min after placement. Among the results obtained, it was observed that the redness of
the eye did not display significant changes. The amount of lipids was slightly reduced. There were
no changes in tear volume. The first moment in which the tear broke due to desiccation was lower
with the use of the contact lens, and the average time of this tear breakup time increased considerably
with the use of this material. Finally, the time of the first eyelid was much higher with the use of the
contact lens. In summary, water gradient technology increased the contact lens’ previous tear film
stability and lengthened blinking time. Lehfilcon A suggests an improvement of tear film instability.

Abstract: To evaluate pre-lens tear film volume, stability and lipid interferometry patterns with a silicone
hydrogel water content contact lens, a novel, noninvasive, ocular-surface-analyzer technology was used. A
prospective, longitudinal, single-center, self-control study was performed in daily or monthly replacement
silicone hydrogel contact lens wearers. A tear film analysis was achieved with the Integrated Clinical Platform
(ICP) Ocular Surface Analyzer (OSA) from SBM System. The subjects were reassessed, with the contact lens,
after 30 min of wearing to quantify the volume, stability and lipid pattern of the short-term pre-lens tear
film. Lipid layer thickness decreased from 2.05 + 1.53 to 1.90 £ 1.73 Guillon patterns (p = 0.23). First pre-lens
NIBUT decreased from 5.03 & 1.04 to 4.63 + 0.89 s (p = 0.01). Mean pre-lens NIBUT significantly increased
from 15.19 £ 9.54 t0 21.27 £ 11.97 s (p < 0.01). Lid opening time significantly increased from 26.36 £ 19.72 to
38.58 + 21.78 s (p < 0.01). The silicone hydrogel contact lens with water gradient technology significantly
increased the mean pre-lens NIBUT and lid opening time. Lehfilcon A suggested an improvement in contact
lens wearers with tear film instability or decreased subjective symptoms of dry eye disease.

Keywords: pre-lens tear film; lipid pattern; non-invasive break-up time; contact lens

1. Introduction

In recent years, soft contact lenses (SCLs), and particularly silicone hydrogels (SHs),
have experienced constant changes by the specialized industry, promoting the development
of materials, designs and treatments with greater biocompatibility with human tissue,
which provide better properties for corneal physiology, eye comfort and wettability [1-4].
Despite the introduction of new materials and surfactants in contact lens design [5,6],
SH-SCL users continue to report dryness and eye discomfort at some time in the day [7],
representing one of the main causes of leaving CLs [8]. Crucial comfort factors could
be related to changes generated by interactions of the tear film within ocular tissues [9].
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Although the exact etiology remains unknown, there are numerous factors related to
discomfort in SH-SCL users. Some factors may be susceptible to their environment or due
to multifactorial circumstances, such as mode of use, materials, wettability, fitting, tear
film fluctuations, multipurpose solution composition, hygiene protocol, environmental
exposure or patient lifestyle [6,10,11]. Similarly, osmolarity, temperature and even digital
devices could impact certain CL parameters, such as thickness, diameter, optical zone and
wettability [10,12].

The increase in water content and the combination of surface treatments by the SCL
industry has led to an advance in wettability, fulfilling the purpose of reducing contact
angle hysteresis, generating greater comfort patterns in CL daily use [13]. The inclusion
of moisturizers in the CL matrix or surface suggests an increase in tear film volume and
stability [14-16], playing a vital role in comfort [11], which is not the only clinically signifi-
cant factor [17]. The lacrimal film promotes corneal function, lubricating and protecting
the ocular surface [18]. Inserting a contact lens causes an alteration in the tear film dynam-
ics and divides it into two interfaces, the outermost or pre-lens phase and the post-lens
internal phase [19]. The study of tear film with different noninvasive techniques, such as
tear rupture times (NIBUT) [20], dehydration of pre-SCL film directly carried in the eye
(NIDUT) [10], lipid layer interferometry color pattern [21] and tear meniscus height mea-
surement [22], supposes a useful guide to predict changes in tear stability and is a factor of
certainty about the success of the adaptation of CLs. Tear film stability is a good indicator of
healthy eye function [23]. The newest development thus far is the water gradient SH-SCL,
whose dual structure features a 33% water core and continues to progress to the outside
with more surface structure of approximately 80% water, presumably designed to improve
use tolerance and minimize the problems associated with SH-SCL [24].

The purpose of this study was to evaluate pre-lens tear film volume, stability and lipid
interferometry patterns with a silicone hydrogel water content contact lens through a novel,
noninvasive, ocular-surface-analyzer technology.

2. Materials and Methods
2.1. Design

This longitudinal, single-center prospective study was conducted at the optometry
cabinets in the Pharmacy School of the University of Seville. This research was performed
according to the Helsinki Declaration and the Ethical Committee Board of the University of
Seville (0384-N-22).

2.2. Subjects

All subjects included in the study read and signed the informed consent form. An
informative sheet was provided to all subjects with the detailed study procedure. The
inclusion criteria were as follows: (1) healthy subjects without any eye disease or eye
treatment, (2) age between 18 and 35 years old, (3) Contact Lens Dry Eye Questionnaire 8
(CLDEQS8) under 12 score points [25], (4) daily or monthly replacement silicone hydrogel
contact lens wearers, (5) manifest objective and subjective spherical equivalent refraction
< 4.50 diopters, and (6) manifest objective and subjective refractive astigmatism < 1.00
diopter. The exclusion criteria were as follows: (1) ocular infection or inflammation, with
no previous history of ocular surgery, (2) taking any ophthalmic or systemic medications
with tear film or ocular surface effects, and (3) pregnancy or breastfeeding.

2.3. Materials

Noninvasive analysis of the tear film was assessed with the Integrated Clinical Plat-
form (ICP) Ocular Surface Analyzer (OSA) from SBM System® (Orbassano, Torino, Italy).
Detailed information of the device was described in previous research [26]. Meibomian
gland evaluation was assessed with the nonmydriatic infrared meibography digital fundus
camera Cobra® HD (Construzione Strumenti Oftalmici CSO®, Firenze, Italy). The degree
of meibomian gland dysfunction (MGD) was measured by the Image] method defined by
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Pult and Nichols [27]. MGD was classified into one of four grades according to the severity
of the loss.

Tear volume was measured with Schirmer strips (Tear Flo, HUB Pharmaceutical,
Michigan, USA). Two subjective dry eye disease questionnaires were used: the Contact
Lens Dry Eye Questionnaire 8 (CLDEQ-8) [25] and the Standard Patient Evaluation of Eye
Dryness (SPEED) [28] test.

Regarding the contact lens studied, silicone hydrogel (TOTAL 30®, Alcon Inc., Fort
Worth, Texas, USA) was used. The Food and Drug Administration (FDA) material group has
a high water content and is nonionic (V-B). This contact lens has biomimetic CELLIGENT®
Technology that supports resistance to bacteria and lipid deposits. Furthermore, other
features were the water gradient technology within a high water content (>90%) at the
outermost surface. The technical parameters are presented in Table 1. The contact lens
care system solution was a multipurpose solution (MPS) containing 0.00015% polyhex-
amethylene biguanide (PHMB), 0.01% ethylenediaminetetraacetic acid (EDTA), sodium
hyaluronate and hydroxyethyl cellulose in an isotonic, buffered aqueous solution (Lens
55® Care Hyaluropolimer Plus 360 mL, Servilens Fit and Cover®, Granada, Spain) for all
subjects. Lehfilcon A silicone hydrogel technical parameters are presented in Table 1.

Table 1. Lehfilcon A silicone hydrogel technical parameters.

Material Lehfilcon A
Base Curve 8.4 mm
Diameter 14.2 mm
FDA Group V-B
Wetting Agent Phosphoryl Choline
Material/ Water (%) 45/55
Center Thickness 0.08 mm
Oxygen Transmission 154 Dk/t
Modulus 0.6 MPa
UV Blocking Class 1
UVA Blocking >90%
UVB Blocking >99%
Light Filter HEVL
Dynamic Light No absorption

HEVL: High Energy Visible Light.

2.4. Examination Procedure

In the first phase, subjects were classified according to inclusion and exclusion criteria.
The subject’s sample was obtained from the non-optometry academic community. Standard
contact lens protocol adaptation was performed according to the Graeme Young Soft
Lens Design and Fitting chapter in the Nathan Efron Contact Lens Practice book [29]. All
subjects were trained to prevent using any lubricants or contact lenses seven days prior
to the study. After this wash-out period was finished, subjective questionnaires and
noninvasive examination with OSA and meibography was performed [26]. Conjunctival
redness classification, lipid layer thickness (LLT), tear meniscus height (TMH), first NIBUT
(FNIBUT), mean NIBUT (MNIBUT) and lid opening time (LOT) were included in the
protocol.

In a second phase, the subjects were reassessed after 30 min of contact lens wearing to
quantify the volume, stability and lipid pattern of the short-term pre-lens tear film. The tem-
perature and humidity area assessment conditions were constant during all measurements.
Ocular surface tests were taken alternating between both eyes. Furthermore, between OSA
measurement steps, the subjects blinked normally within one minute, and prior to the next
measurement, the subject deliberately blinked three full times.
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2.5. Statistical Analysis

Statistical analysis was performed with SPSS statistical software (version 26.0, IBM
Corp, Armonk, NY, USA). Descriptive analysis was performed with the mean & SD (range
value). The normality distribution of the data was assessed with the Shapiro-Wilk test.
Differences in qualitative variables were assessed with the chi-squared test. The differences
between the previous and short-term pre-lens variables were performed with the Wilcoxon
test. The correlation study was evaluated with the Spearman’s rho test. For all tests, the
significance level was established at 95% (p value < 0.05). The sample size was evaluated
with the GRANMO® calculator (Institut Municipal d'Investigacié Médica, Barcelona, Spain.
Version 7.12). The two-sided test was used. The risk of alpha and beta was set at 5% and
20%, respectively. The estimated standard deviation (SD) of the differences was set at 0.45
(based on Marx et al. [30] SD main variable research), the expected minimum pre-lens
NIBUT difference was set at 0.30 s, and finally, the loss to follow-up rate was set at 0.00.
This achieved a recommended sample size of twenty subjects.

3. Results

Sixty-two silicone hydrogel contact fittings were performed in a sample of thirty-one
myopic with low astigmatism subjects. Descriptive analyses of sex, nationality, age, noncy-
cloplegic manifest refraction, LogMAR and decimal visual acuity, corneal meridian, contact
lens power, Schirmer test, CLDEQ-8 questionnaire, SPEED questionnaire, and superior and
inferior eyelid meibomian gland dysfunction are presented in Table 2. Longitudinal ocular
surface measurements are presented in Table 3.

Conjunctival redness classification achieved a non-statistically significant increase of
0.06 £ 0.30 grades on the Efron Scale (W = 17.50, p = 0.10). Conjunctival redness decreased,
increased and did not change in 5, 1 and 56 eyes, respectively. A trivial effect size of
0.11 was reported. The rho of Spearman between the previous and posterior conjunctival
redness classifications was 0.89 (p < 0.01). Lipid layer thickness interferometry decreased
0.14 £ 1.00 grades on the Guillon scale (W = 311.00, p = 0.23). Lipid thickness decreased,
increased and did not change in 22, 17 and 23 eyes, respectively. A trivial effect size of
0.09 was reported. The rho of Spearman between the previous and posterior conjunctival
redness classifications was 0.72 (p < 0.01). Lipid layer thickness interferometry decreased
from grade 2 to grade 0, as presented in Figure 1. The tear meniscus height remained
remarkably similar, with a change of 0.001 £ 0.03 mm (W = 695.00, p = 0.76). TMH
decreased, increased and did not change in 31, 20 and 11 eyes, respectively. A trivial effect
size of 0.01 was reported. The Spearman’s rho between the previous and posterior TMH
was 0.79 (p < 0.01).

Table 2. Descriptive analysis of the sample.

Variable Value
Gender (%)
Male 14 (22.6)
Female 48 (77.4)
Nationality (%)
Ttalian 21 (67.75)
Spanish 4 (12.90)
Mexican 2 (6.46)
Slovak 1(3.22)
Polish 1(3.22)
Germany 1(3.22)
Austrian 1(3.22)
22.23 +1.39
Age (Years) (19 to 25)

138



Life 2022, 12,1710

Table 2. Cont.

Variable Value
Sphere (Diopters) (:5.25'8% 561.30)
Cylinder (Diopters) (: (1);3 t:g 883)
i (Degrees, (500 t0 1000
Visual Acuity (Log MAR) (ig,‘%’ S 8:(1)8)
Visual Acuity (Decimal) ((1)2(7) ;E (1);8)
Flat Corneal Meridian (mm) (;zg i g;i)
Steep Corneal Meridian (mm) (;;; t:lc:) gé?)
Mean Corneal Meridian (mm) (;gg ;E 22(7))
Contact Lens Power (Diopters) (_gzogi;t _10155)
Schirmer Test (mm) (2.%3 1toi3§:33)
CLDEQS8 (Score Points) (i .l(igztoizg:gg)
SPEED Test (Score Points) (07‘65;)9:[;‘: 145.?090)
Superior Eyelid MGD (%) (fggg i ;2;(1))
Inferior Eyelid MGD (%) (113(6)3 :) é;gg)

CLDEQS8: Contact Lens Dry Eye Questionnaire, SPEED: Standard Patient Evaluation of Eye Dryness.

Table 3. Ocular surface longitudinal changes before and with silicone hydrogel wearing.

Variable Before Lehfilcon A 30-min with Lehfilcon A p Value
Conjunctival Redness Classification (Efron Scale) (38(8) ,i:) 2(6)8) ((1)(1)8 t:i:) ggg) 0.10
Lipid Layer Thickness Interferometry (Guillon Pattern) ((z)gg tj(:) égg) ((1)38 tj(:) égg) 0.23
Tear Meniscus Height (Millimeters) (8%1 ;lc:) 82;1) (85; tj; 8?; 0.76
First NIBUT (Seconds) (ggg ,i:) ;gé) égi t:i:) ggg) 0.01*

Mean NIBUT (Seconds) (155523:43;2) (251.4.1247;:5161.;1987) <0.01*

Lid Opening Time (Seconds) (256016;%139 6702) (?%Z%jlg;gi) <0.01*
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A - Before CL

Figure 1. Lipid layer thickness interferometry decreased from grade 2 to grade 0. (A): Grade 2 Guillon
pattern and (B): Grade 0 Guillon pattern.

FNIBUT reported a slight decrease of 0.40 & 1.40 s (W = 600.00, p = 0.01). FNIBUT
decreased, increased and did not change in 41, 20 and 41 eyes, respectively. A 0.41 moderate
effect size was reported. The rho of Spearman between the previous and posterior FNIBUT
was 0.00 (p = 0.95). A previous FNIBUT achieved a nonsignificant correlation of 0.008
(p = 0.95) with the 20-min FNIBUT. MNIBUT achieved a statistically and clinically signifi-
cant difference of 6.08 &= 10.40 s. (W =1156.50, p < 0.01). MNIBUT decreased and increased
in 17 and 45 eyes, respectively. A 0.56 large effect size was reported. The rho of Spearman
between the previous and posterior MNIBUT was 0.57 (p < 0.01). A previous MNIBUT
achieved a significant correlation of 0.57 (p < 0.01). Finally, LOT showed the largest increase
of 12.21 +£19.24 5. (W =1551.50, p < 0.01). LOT decreased, increased and did not change in
18, 43 and 1 eyes, respectively. A 0.58 large effect size was reported. The Spearman’s rho
between the previous and posterior LOTs was 0.55 (p < 0.01). Differences between baseline
and short-term results with Lehfilcon A is presented in Table 3. Sequentially captured
examples of the initial moment, FNIBUT, MNIBUT and LOT are presented in Figure 2.
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Figure 2. Sequentially captures examples of noninvasive break-up time. (A): initial moment, (B): first
noninvasive break-up time, (C): mean noninvasive break-up time and (D): last capture prior to lid
opening time.

4. Discussion

In this study, the tear film volume, stability and lipid pattern changes within the
pre-lens tear film were assessed in a Lehfilcon A silicone hydrogel contact lens with water
gradient technology. Moreover, a novel, noninvasive, ocular-surface-analyzer technology
was used. The conjunctival redness classification achieved a non-statistically significant
increased percentage. Lipid layer thickness interferometry decreased, and tear meniscus
height remained remarkably similar to baseline. However, significant statistical and clinical
changes were achieved in FNIBUT and MNIBUT that decreased and increased, respectively.
Finally, the LOT increased significantly with Lehfilcon A.

These results are similar to those found by Llorens-Quintana et al. [31], who describe
how the FNIBUT decreases with CL use time, without finding a relationship between it
and the precorneal NIBUT. It also concludes that the changes in the pre-lens NIBUT would
be related to the CL material and not only to the quality of the baseline chronic tear film. In
a similar line of research, Montani et al. [32] linked these changes to the CL material. The
lens with the highest water content and lowest DK (hydrogel) of those studied had less
impact on the tear film characteristics, with fewer changes in TMH and pre-lens NIBUT
than other lenses assessed with lower water content and higher DK. However, the high
water content suggested that the high water gradient contributes to a lower impact on
the wearer’s tear film, as do other surface treatments [33]. The increase in water content
and the combination of surface treatments by CL manufacturers has led to an advance in
wettability, generating greater comfort patterns in CL daily use [3,11]. The pre-lens tear
film stability could change depending on the wettability of the CL material [34].
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The decrease in FNIBUT would be related to the decrease in LLT, which, although it
does not present significant changes, has a value lower than that measured before putting
in the CL, and that would make the tear evaporate faster. However, the Lehfilcon A
aqueous gradient would explain the significant increase in MNIBUT and LOT. Fujimoto
et al. [24] reported that daily disposable Lehfilcon A contact lenses increase NIBUT and
reduce TMH. The results achieved in our study demonstrated that TMH remains stable
in a short-term period, so the integrity of ocular physiology could not vary [35]. Several
studies have described the reliability of the pre-lens NIBUT measurement [30,34,36] and the
importance of tear film stability to guarantee CL comfort, which, as described by Guillon
et al. [37], is lower in patients who present symptoms with CLs than in those who do
not. Furthermore, the use of interferometry would be more reliable when obtaining this
measurement compared to other methods [34]. Finally, Muhafiz and Demir [38] considered
that precorneal NIBUT measurements may be useful for diagnosing tear instability, but
that pre-lental NIBUT values are not yet capable of adequately defining tear film dynamics
in CL users. We consider that this measurement provides a great deal of information on
the relationship between the CL and the tear film and that it can help contrast signs and
symptoms.

With respect to limitations, more studies would be necessary to establish a relationship
between changes in the lipid layer thickness and the decrease in FNIBUT, as well as
the increase in the MNIBUT and LOT. Future research should include the influence of
unconventional materials and surface treatment on these parameters to help us choose
the appropriate CL for each case, especially in users who already have problems with the
tear film.

5. Conclusions

Silicone hydrogel contact lenses with water gradient technology significantly increased
the mean pre-lens NIBUT and lid opening time. Lehfilcon A suggested an improvement in
contact lens wearers with tear film instability or decreased subjective symptoms of dry eye
disease.
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Abbreviations

CL Contact Lens
CLDEQ8 Contact Lens Dry Eye Questionnaire 8
EDTA Ethylenediaminetetraacetic Acid

FDA Food and Drug Administration
FNIBUT First Non-Invasive Break-Up Time
ICP Integrated Clinical Platform

LLT Lipid Layer Thickness

LOT Lid Opening Time

MGD Meibomian Gland Dysfunction

MNIBUT Mean Non-Invasive Break-Up Time

NIBUT Non-Invasive Break-Up Time

NIDUT Non-Invasive Dehydration-Up Time

OSA Ocular Surface Analyzer

SCL Soft Contact Lens

SH-SCL Silicone Hydrogel Soft Contact Lens
SPEED Standard Patient Evaluation of Eye Dryness

TMH Tear Meniscus Height
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Simple Summary: The objective of this study is to determine the presence of ocular symptoms in soft-
contact-lens wearers that change according to refractive status. To do so, the CLDEQ-8 questionnaire
was administered during the months of January to March 2022. Significant differences have been
found based on the symptoms present with contact lenses and the degree of myopia. The intensity
of visual disturbances was higher in the participants with medium myopia compared to those with
low and high myopia. In conclusion, contact-lens users with hyperopia showed a higher rate of
ocular dryness than those with myopia. In turn, wearing daily-replacement lenses could be one of
the reasons for the lesser presence of ocular dryness when compared to monthly-replacement lenses.

Abstract: Background: Determine whether the presence of ocular symptoms in soft-contact-lens
wearers changes depending on the refractive status. Methods: During the months of January to
March 2022, the CLDEQ-8 questionnaire was administered to soft-contact-lens wearers. The statistical
analysis was carried out using the SPSS 27.0 computer program (SPSS Inc., Chicago, IL, USA). Results:
A total of 251 subjects participated in the study, with a higher percentage of myopes than hyperopes
(82.1% versus 16.7%; p < 0.001). Out of all total participants, 21.5% suffered from dry-eye symptoms. It
was noted that hyperopes presented a higher rate of dry-eye symptoms (p = 0.041). At the same time,
the spherical equivalent was more positive in the participants with dry-eye symptoms (p = 0.014).
Significant differences were found based on the symptoms present with contact lenses and the degree
of myopia. The intensity of visual disturbances was higher in the participants with medium myopia
(median [IQR]: 1/5 [2]) compared to those with low (median [IQR]: 0/5 [2]) and high myopia (median
[IQR]: 0/5 [1]) (p = 0.009). Conclusions: Contact-lens wearers with hyperopia showed a higher rate of
ocular dryness than those with myopia. In turn, wearing daily-replacement lenses could be one of
the reasons for the lesser presence of ocular dryness compared to monthly-replacement lenses.

Keywords: ocular discomfort; CLDEQ-8; dry eye; refractive errors

1. Introduction

Around 140 million people throughout the world wear contact lenses (CL) to correct
their refractive errors [1]. Despite the advances that have been made in terms of CL
technology, this number has remained stable over the last decade. The main reason for this
stability is that 10% to 50% of users stop wearing their CL after 3 years due to discomfort.
In fact, 70% of CL wearers report that they experience discomfort by the end of the day, and
40% of soft-CL wearers state that they experience dry eye, 25% of whom report moderate
to severe symptoms, resulting in a reduction in the time wearing CL [2-7].

In 2013, the Tear Film and Ocular Surface Society (TFOS) defined CL discomfort as
“a condition characterized by episodic or persistent adverse ocular sensations related contact lens
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wear”, which is caused by a “reduced compatibility between the contact lenses and the ocular
environment” [8].

Nowadays, soft CL. made from silicone hydrogel are used to correct different types
of ametropia. These CL boast a higher oxygen-transmission coefficient than conventional
soft CL. The hydrophilic material boasts a good surface-moisturizing capacity, which is
sufficient for both tearing and transporting fluids across the CL. Thanks to the specific
properties offered, silicone-hydrogel CL offer the best oxygen-transmission rate, therefore
making them the most adequate option from a physiological standpoint [9]. However,
silicone increases the elasticity of the CL, and some users struggle to tolerate this. In
addition, the high oxygen transmissibility activates the peroxidation of proteins in the
cornea. Dehydration is one of the main causes of dryness and discomfort. Considering
their structure, silicone-hydrogel CL have a high moisture content [9], and the higher
water content in the CL results in faster evaporation, with dehydrated conventional soft
CL becoming absorbent of the water contained in the tear film. Silicone-hydrogel CL are
related to those artificial factors, which lead to a decrease in the tear-film stability in the
presence of several factors [10].

Current research on new advances in silicone-hydrogel contact-lens polymers and
lens-care products focuses primarily on how to minimize the impact on eye health and
increase comfort. The goal is to improve the CL-wearing experience [11,12]. Thus, the new
products mainly consider the interaction of the lens with the ocular surface in order to
minimize the mechanical and physiological effects on the eye.

Nevertheless, despite all these advances, discomfort caused by dry eye remains the
main reason why people choose to discontinue CL wear, and it is the main cause of
frustration among both patients and doctors [8].

In 2002, the Contact Lens Dry Eye Questionnaire (CLDEQ) [3,13] was designed and
validated to assess dry-eye symptoms among CL wearers. The long version included
questions that covered the patient’s CL-wearing history, frequency, use, and presence
of ocular-surface symptoms, along with questions about treatments, computer use, and
environmental factors.

In the year 2009, an abbreviated version of this questionnaire was developed and
validated with eight questions (CLDEQ-8) designed to evaluate the severity of dry-eye
symptoms in soft-CL users in the past 2 weeks [14,15]. Each question was answered using
a Likert scale of 0 to 4, 0 to 5, or 1 to 6, and the total score was evaluated based on a scale
from 0 to 37. The cut-off score for dry-eye diagnosis was established at >12 points [15,16].

The objective of this study was to determine whether the presence of ocular symptoms
in soft-CL users varied depending on the refractive status.

2. Materials and Methods
2.1. Study Design and Data Gathering

A prospective, transversal, and observational study was carried out in soft-contact-
lens wearers. The CLDEQ-8 questionnaire validated by Chalmers et al. [15] was used as
well as questions about demographic, prescription, type, and CL replacement, with the aim
of evaluating the severity of dry-eye symptoms in soft-CL wearers in the previous 2 weeks.
The cutoff value for dry-eye disease was set to >12 points. The supplementary material
shows the CLDEQ-8 questionnaire that was used [15].

The data were collected from January to March 2022 throughout the entire region of
Lisbon, Portugal.

2.2. Statistical Analysis

The statistical analysis was carried out using the SPSS 27.0 computer software (SPSS
Inc., Chicago, IL, USA). The normal distribution of the variables was conducted using the
Kolmogorov-Smirnov test, establishing a significance level of 0.05. The Wilcoxon rank-sum
test was used because of nonparametric distribution. The chi-squared test or Fisher’s exact
test were used, as appropriate, to check the association between the categorical variables.
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Spearman’s correlation was used for analyzing the quantitative variables. A cutoff
point of p < 0.05 was considered to assess statistical significance.

To determine the refractive state, the spherical-equivalent formula (SE = SE = sphere +
cylinder/2) was used. A patient was considered myopic when the SE was more negative
than or equal to —0.50D, hyperopic when it was more positive or equal to +0.50D, and
emmetropic when it was between —0.25D and +0.25D [17,18].

The research was conducted in accordance with the principles of the Declaration of
Helsinki and with the approval of the ethics committee of the Institute of Education and
Science (ISEC Lisbon) on 5 November 2021 recorded under code CE/2022/03/01.

3. Results
3.1. Demographic Data

A total of 248 subjects participated in the study, with a higher percentage of myopes
than hyperopes (83.1% versus 16.9%; p < 0.001).

The ages of the participants were 35.22 4= 12.95 years and the median and interquartile
range was 34 [20]. With regards to gender, the percentage of women was similar to that of
men (56.2% versus 43.8%, respectively; p > 0.05). Table 1 shows the demographic data and
contact-lens information of the analyzed sample.

Table 1. Demographic data and contact-lens information of the study population.

Total Hyperopia Myopia p-Value
No. of participants
(% of the total) 248 42 (16.9%) 206 (83.1%) p <0.001
Gender
Women 139 (56.0%) 21 (50.0%) 118 (57.3%) 0.399
Men 109 (44.0%) 21 (50.0%) 88 (42.7%)
Age
Mean + SD 35.25 + 12.96 45.83 + 14.02 33.10 £ 11.64 p <0.001
Median [IQR] 34.00 [21] 48.50 [18] 32.00 [18]
SE
Mean + SD —2.65 + 342 2.71+243 —3.75+ 242 p <0.001
Median [IQR] —2.78 [3.15] 2.12[1.77] —3.37 [2.95]
CL Replacement
Daily 101 (40.7%) 19 (45.2%) 82 (39.8%)
Biweekly 22 (8.7%) 0 (0.0%) 22 (10.7%) 0.045
Monthly 117 (47.2%) 21 (50.0%) 96 (46.6%) p="
Quarterly 1 (0.4%) 1(2.4%) 0 (0.0%)
Annual 7 (2.8%) 1(2.4%) 6 (2.9%)

SD: standard deviation; IRQ: interquartile range; SE: spherical equivalent; CL: contact lens; NA: not available
(lack of adequate sample size for statistical analysis).

3.2. CLDEQ-8 Questionnaire

Out of all total participants, 21.4% suffered from dry eye. Thus, the median and
interquartile range of patients with healthy eyes was 4/37 [7.00] and that of patients with
dry eye was 17/37 [7.25]. Among the myopic patients, 81.6% had healthy eyes (median
[IQR]: 3.5/37 [7.00]) and 18.4% suffered from dry eye (median [IQR]: 17/37 [6.50]). Figure 1
shows the score of the myopes in each of the questions.
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Figure 1. Myopes score on each of the questions of the CLDEQ-8 questionnaire. Box = 1 SD,
line = median, whisker = confidence interval 95%, o = extreme values.

Among the hyperopic participants, 42.1% had healthy eyes (median [IQR]: 4/37 [6.00])
and 57.9% suffered from dry eye (median [IQR]: 17/37 [9.00]). Figure 2 shows the score of
the hyperopes in each of the questions.
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Figure 2. Hyperopes score in each of the questions of CLDEQ-8 questionnaire. Box = 1 SD,

line = median, whisker = confidence intervals 95%, o = extreme values.
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When analyzing the frequency of contact-lens replacement, it was found that those
who wear daily CL presented less sensation of ocular dryness than wearers of monthly
and biweekly CL (p = 0.008). In turn, the intensity of ocular discomfort was also lower in
daily-replacement CL wearers (p = 0.037).

When comparing the presence of dry eye based on the refractive state, it was noted
that hyperopes presented a higher rate of dry eye (p = 0.022). Regarding the presence of
other symptoms, no significant differences were found (p > 0.05) (Figure 3). Regarding the
need to remove the contact lenses, of the total number of participants, 67.7% never needed
to, 16.5% less than once a week, 10.1% weekly, 4.8% several times per week, and 0.8% daily.
No differences were found based on refractive status, either (p > 0.05).

70%

60%

50%

40%
30%
20%
10% I ‘
. I_ I I || I 4. M I |

Ocular Ocular Visual Need to close Ocular Ocular Visual Need to close Ocular Ocular Visual Need to close
discomfort dryness disturbances the eyes discomfort dryness disturbances the eyes discomfort dryness disturbances the eyes
Total Hypermetropia Myopia

m Never 49.60% 45.60% 49.60% 61.70% 38.10% 35.70% 40.50% 54.80% 51.90% 47.60% 51.50% 63.10%
W Rarely 35.90% 29.00% 33.10% 23.40% 42.90% 28.60% 31.00% 31.00% 34.50% 31.00% 33.50% 21.80%
m Sometimes 3.20% 7.30% 8.50% 5.60% 4.80% 9.50% 11.90% 7.10% 2.90% 6.80% 7.80% 5.30%
Frequently 10.50% 17.30% 8.90% 8.90% 14.30% 17.00% 16.70% 7.10% 9.70% 19.00% 7.30% 9.20%
u Constantly 0.80% 0.80% 0% 0.40% 0% 4.80% 0% 0% 1.00% 0% 0% 0.50%

Figure 3. Symptomatology presences in the total number of participants and according to the
refractive state. * Significant differences (p < 0.05).

At the same time, the spherical equivalent was more positive in the participants with
dry eye (p = 0.014). Nevertheless, no significant differences were found in the need to
remove CL based on the refractive error (p > 0.05).

Figure 3 shows the presence of ocular symptoms depending on the refractive state
(emmetropic participants were excluded due to the small sample size).

Among the participants with myopia, 43.7% (n = 90) had low myopia, 44.2% had
medium myopia (n = 91), and 12.1% had high myopia (n = 25). As shown in Figure 4,
significant differences were found based on the symptoms present with contact lenses and
the degree of myopia. Thus, the presence of symptoms of ocular discomfort (p = 0.019)
and symptoms of visual disturbances (0.027) were more frequent with moderate myopia.
No significant differences were found in the other symptoms (p > 0.05). At the same time,
the intensity of visual disturbances was higher in the participants with medium myopia
(median [IQR]: 1/5 [2]) compared to those with low (median [IQR]: 0/5 [2]) and high
myopia (median [IQR]: 0/5 [1]) (p = 0.009). Regarding the need to remove contact lenses,
there were no significant differences depending on the degree of myopia (p > 0.05).
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52.2% 58.0% 67.8% 44.0% 41.8% 40.7% 60.4% 56.0% 52.0% 64.0% 56.0%
21.1% 32.2% 17.8% 41.8% 35.2% 37.4% 24.2% 36.0% 32.0% 24.0% 28.0%
10.0% 5.6% 8.9% 0.0% 3.3% 8.8% 2.2% 0.0% 8.0% 12.0% 4.0%
16.7% 3.3% 5.6% 13.2% 19.8% 13.2% 12.1% 4.0% 8.0% 0.0% 12.0%
0.0% 0.0% 0.0% 1.1% 0.0% 0.0% 1.1% 4.0% 0.0% 0.0% 0.0%

Figure 4. Symptomatology presence according to the degree of myopia. Low: —0.5D < SE > —3D;
medium: —3D < SE > —6D; high: SE < —6D. * Significant differences (p < 0.05).

4. Discussion

This study showed that the prevalence of dry-eye symptoms in soft-contact-lens
wearers in Portugal was 21.4%. This percentage is similar to the results of the study carried
out by Vidotti et al. [19], which recorded a prevalence of 27.4% among medical students
in Brazil. The results in this study were much higher than those recorded in the study by
Abbouda et al. [20] in which a prevalence among Italian teenagers of 9% was recorded, and
much lower than those recorded in the studies conducted by Garcia Ledn et al. [21] and
Uchino et al. [22], which had a prevalence of 93.9% and 36.1% in university and high school
students, respectively. This difference could be explained by the prevalence of refractive
errors in the different populations [23,24] or the higher prevalence of high refractive errors
in East Asia [25].

Regarding the frequency with which CLs are replaced, in our study we found that
monthly and daily CL were the most used. This agrees with the studies by
Mohidin et al. [26] and Garcia Leon et al. [21] in which the most used type of LC was
monthly. The high percentage of wearers with daily CL could be due to the great improve-
ments that have been introduced in recent years in terms of materials to ensure better visual
quality and improve well-being [27].

In this study, 49.6% of LC wearers declared that they did not experience symptoms
of ocular discomfort and 35.9% rarely experienced them. This is in line with the results
of the study by Papas et al. [28], in which participants stated that they did not experience
symptoms of discomfort within the first 8 h of CL usage. One of the reasons why in
our study there were hardly any symptoms of ocular discomfort may be associated with
the fact that the levels of discomfort increase when the CL is in contact with the eye for
a prolonged period, as the eye seems to “get tired” of wearing the CL, with increased
discomfort reported after a prolonged period of use. Given that 40.7% of the participants in
our study worn daily CL and that the amount of lens care required was minimal, this could
explain why few participants reported symptoms of eye discomfort.

It is worth noting that in our study, as with the symptoms of ocular discomfort, 72%
of participants stated that they did not experience, or “rarely” experienced, symptoms of
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ocular dryness. This, contrasted with the results of the study by Alamri et al. [29], in which
62.2% of participants claimed that they suffered from symptoms of ocular dryness, is in line
with the results of the study by Rahmawaty Lubis et al. [30], in which 64.1% of participants
stated that they did not experience or “rarely” experienced symptoms of ocular dryness.
As previously mentioned, the absence of symptoms of ocular discomfort may be because
daily CL replacement could help reduce the symptoms of dry eyes.

At the same time, in our study it was found that 5.6% and 3.3% of the subjects
presented occasional and frequent symptoms of visual disturbances, respectively. These
results are similar to those of the study by Rahmawaty Lubis et al. [30] and far lower than
those recorded in the studies by Mohamad Daud et al. [31] and Sapkota et al. [32]. However,
both studies found that these symptoms increased with the use of digital devices; therefore,
it could be interesting to consider this point in future studies involving daily-CL wearers to
determine the reason for the difference in the symptoms of blurry vision.

On the other hand, 67.8% of the participants in our study did not need to close
their eyes or remove the LC. Similar rates were recorded in the study by Mohamad
Daud et al. [31]. This could be because our study recorded good compliance in terms
of the duration of CL wear. In addition, most participants were aged between 30 and
50 years, which is an age range with a lower rate of corneal infiltrates. It is worth noting
that in the study carried out by Rahmawaty Lubis et al. [30], the need to close the eyes or
remove the CL was higher. This difference could be explained by the fact that this study
was conducted in a location in which it rained almost every day of the month, with fresh
and moist conditions.

With regards to the difference between the ocular symptoms based on the refractive
state, our study observed a higher prevalence of ocular dryness among hyperopic partici-
pants. This went against the results recorded in the study by Alamri et al. [29], in which a
higher rate of dryness was recorded amongst myopic patients, and our results agree with
the study by Fahmy et al. [33], in which hyperopes presented severe dry eye. Until now,
the cause of the presence of dry eye according to the refractive state has not been studied.
As for myopia, it is suspected that they may have a drier eye, since the lengthened eye
can lead to changes in the ocular surface. However, to compare these results accurately, it
would be necessary to know the degree of myopia analyzed in both studies to determine
the reason for these discrepancies.

One of the limitations of this study was that the wearing time and the number of
years wearing CL were not considered, since the CLDEQ-8 questionnaire does not include
those questions. On the other hand, our results are based on a validated questionnaire
that measure dry-eye symptomatology, and we did not include any clinical measure-
ment to evaluate dry-eye signs. In future studies, it would be interesting to include
these measurements.

5. Conclusions

In conclusion, this study found that hyperopic CL wearers experienced a higher level
of ocular dryness than myopia participants. In turn, daily-replacement CL wearers had a
lower presence of ocular dryness than those with monthly replacement.
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