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Abstract: Over the past decade, global screening time has increased, a trend intensified by the
COVID-19 pandemic, leading to the integration of screens into daily life. Studies have documented
the adverse effects of prolonged screening on ocular health and binocular vision, such as dry eye
syndrome, blurry vision, headaches, myopia, and visual fatigue. However, it remains unclear if pro-
longed screening affects the development of colour vision defects. Objectives: This study aimed to
determine the relationship between (a) prolonged screening and acquired colour vision deficiencies
and (b) COVID-19 infection and acquired colour vision deficiencies. Methods: A population of 50
individuals with normal trichromatic vision, aged 20 to 30 years, with an average daily screening
time of 516.7 min, was evaluated. Participants were initially screened using the Ishihara 32-plate
Test to exclude those with congenital colour vision deficiencies. The Farnsworth-Munsell 100 Hue
Test (FM100H) and Square Root Total Error Score (VTES) were used to evaluate acquired colour
vision deficiencies under standardized conditions. The dataset underwent dual analysis: (1) detailed
statistical scrutiny and (2) comparison of \TES values with historical data from 1982, 1991, 2001, and
2002. Results: The global group had a VTES (Mean = SD) of 5.40 + 1.58, the COVID-19 subgroup 5.46
+1.62, and the non-COVID-19 subgroup 5.32 + 1.51. No significant differences were found between
the VTES values from this population and those reported in previous studies. Statistical analysis
showed no significant correlation between gender and COVID-19 infection with VTES values. Con-
clusions: Neither screening time nor COVID-19 infection appears to significantly impact the occur-
rence of permanently acquired colour vision deficiencies in individuals aged 20 to 30 years.

Keywords: acquired colour vision deficiencies; prolonged screening; COVID-19 infection;
Farnsworth-Munsell 100 Hue test

1. Introduction

It is logical to consider the 21st century as the cradle of the digital era. Over the last
decade, the proliferation of data display screens has significantly transformed our pat-
terns of work, study, consumption, leisure, and entertainment. The frequency and dura-
tion of screen use have escalated considerably over the years. The COVID-19 pandemic
has further intensified the global reliance on digital screens across virtually all social sec-
tors. This shift in behaviour and lifestyle habits has led to a substantial increase in daily
screen time.

Numerous studies have quantified and characterised this rise in screen usage. For
instance, Serra et al. [1] found that during the confinement period, 145 adolescents from
an Italian region increased their smartphone use by 55%, exceeding four hours daily. In
India, Priya et al. [2] observed that the average smartphone usage jumped from 2.4 h pre-
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pandemic to 6.9 h post-pandemic. Similarly, Safiudo et al. [3] noted a daily increase of
over 120 min in smartphone usage among 22 students in Seville, aged 20 to 36, both before
and after the pandemic. On a global scale, Olson et al. [4] highlighted a problematic and
exponential increase in mobile device addiction across 24 countries.

With the surge in digital screen use, researchers and experts have explored whether
prolonged screen time compromises ocular health and vision. Wang et al. [5], in their
study of 27,000 individuals under 26, reported that excessive screen use could lead to in-
creased myopia and blurry vision in children. Chidi-Egboka et al. [6] found a direct link
between smartphone gaming and dry eye. Numerous other studies have reinforced the
idea that excessive screen use can affect binocular vision, increase myopia, cause tear film
instability, and induce ocular fatigue, among other issues [7-11].

Despite the substantial body of research linking screen time to ocular health, there
have been no studies directly examining the impact of prolonged screen use on colour
vision or the potential increase in acquired colour vision deficiencies. Additionally, the
effects of COVID-19 infection on colour vision have not been a primary focus of research.
While most studies on ocular manifestations of COVID-19 [12] do not address colour dis-
crimination, Paramei et al. [13] noted a potential short-term effect on colour vision, which
was transient and reversible.

There is a significant gap in the literature concerning the relationship between pro-
longed screen use and colour vision capacity, as well as the impact of COVID-19 infection
on colour vision alterations. Therefore, this study aims to contribute to and expand the
knowledge in these under-researched areas.

According to De Valois and Webster [14], colour vision is the ability to distinguish
objects based on the wavelengths they emit or reflect. For colour vision to occur, interac-
tions between several elements are essential: an object, a light source, and an observer (eye
and brain) [15,16]. Understanding the anatomical, physiological, and functional aspects of
normal human colour vision is particularly relevant to this study.

Normal human colour vision is trichromatic [17], meaning all colours can be created
by mixing three primary colours. The photoreceptor cells responsible for trichromatic vi-
sion are cones [18]. The human eye has three types of cones: short-wavelength (S-), me-
dium-wavelength (M-), and long-wavelength (L-) sensitive cones [19]. These cones have
distinct spectral sensitivities, with peak sensitivities around 419 nm, 531 nm, and 558 nm
for S, M, and L cones, respectively [20]. S-cones represent 7-10% of the total, while M and
L cones vary widely, with M:L ratios ranging from 1:1 to 1:18 [21,22].

Each cone contains a type of photopigment that determines its spectral sensitivity.
The proportions and types of photopigments are genetically encoded. M and L photopig-
ments are encoded on the X chromosome, while S photopigments are encoded on chro-
mosome 7 [23]. Alterations in the genetic coding of these photopigments result in colour
vision deficiencies.

Colour vision defects are generally classified as congenital or acquired [19,24]. Con-
genital disabilities arise from genetic alterations of photopigments and are present from
birth, remaining stable throughout life. These defects are binocular and predominantly
affect M and L mechanisms, leading to red and green deficiencies [25]. Due to their X-
linked inheritance, congenital disabilities are more common in males (8%) than in females
(0.5%) [26].

Acquired colour vision defects typically affect the S mechanism, leading to blue-yel-
low deficiencies [27]. These defects can develop due to external factors and are not sex-
dependent. They can vary over time and manifest monocularly or binocularly. Factors
causing acquired colour vision deficiencies include diseases like Parkinson’s [28-30], Alz-
heimer’s [31], diabetes [32], immune system infections [33], retinal damage, antibiotic use,
hypertension medications, optic neuropathies [34], exposure to industrial chemicals [35],
and hypoxic environments [36].
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Given the diverse aetiology of acquired colour vision deficiencies, it is plausible that
COVID-19 infection and prolonged exposure to digital screens could increase their occur-
rence.

To identify and classify congenital and acquired vision deficiencies, various colour
vision tests are available. These tests can be categorised into three groups: discrimination
tests, matching tests, and detection tests [19].

Discrimination tests include:

Pseudoisochromatic Plates Tests: These use sets of plates with coloured figures that
are perceived differently depending on the colour vision defect. They detect and differen-
tiate various congenital colour vision deficiencies.

Arrangement or Hue Discrimination Tests: These involve arranging colours in a
gradual progression, detecting both congenital and acquired colour vision defects, and
assessing a subject’s ability to discriminate tones across different spectral ranges.

To assess congenital disabilities, the most commonly used test is the Ishihara-32
Plates Test [37-39]. This test accurately identifies congenital colour vision deficiencies, de-
tecting total weakness and red-green deficiencies. Normal subjects see the indicated fig-
ure, while colour-deficient individuals see a different figure, identifying Protan (red defi-
ciency) and Deutran (green deficiency) subjects.

For detecting acquired colour vision deficiencies and assessing chromatic discrimi-
nation ability, the Farnsworth-Munsell 100 Hue Test is highly recommended [19,40]. This
test consists of 93 Munsell colour samples arranged in a sequence. Subjects arrange the
caps by hue between fixed reference samples. The Total Error Score (TES) and its deriva-
tives are used to evaluate outcomes [41]. The Square Root of the Total Error Score (VTES)
provides a normal distribution of errors. A radial diagram chart represents individual cap
scores [42]. VTES values categorise colour discrimination ability as Superior (0-16), Aver-
age (20-100), and Low (>100) [43]. The orientation of axes in the radial diagram determines
the type (Protan, Deutran, or Tritan) and severity of the deficiency.

This study focused on analysing acquired colour vision deficiencies caused by pro-
longed screen use or COVID-19 infection, selecting only normal trichromats (without con-
genital disabilities). The Ishihara-32 Plates Test was used to exclude subjects with congen-
ital colour vision defects, and the Farnsworth-Munsell 100 Hue Test was employed to
detect acquired deficiencies.

A literature review of previous scientific studies on colour vision and international
standards for colour vision assessment informed the selection of these tests. ASTM Stand-
ard E1499-16 provides robust procedures for selecting and evaluating observers, recom-
mending the Ishihara Test for detecting congenital vision defects and the Farnsworth—
Munsell 100 Hue Test for detailed colour discrimination measurement.

Both tests are widely used to assess colour vision abilities in various occupational
groups [44] and to study the relationship between colour vision alterations and diseases
such as hypothyroidism [45], pituitary adenoma [46], and prosopagnosia [47]. Data from
previous studies [43,48-50] conducted before the rise of digital screens and the onset of
COVID-19 will serve as control and comparison data for this research.

2. Materials and Methods
2.1. Participants

The study was conducted based on data collected through an anonymised question-
naire administered to final-year university students. A total of 50 subjects were recruited,
comprising 29 males and 21 females, with 31 subjects reporting a history of COVID-19
infection and 19 reporting no history of COVID-19 infection.

Considering an infinite population (over 100,000 subjects), a risk level of 0.05 (Z =
1.645) is accepted, and a power of 90% (Z = 1.282) is established. The expected standard
deviation, derived from previously published studies, is defined as 1.58. The event mag-
nitude is set at 1.5. The minimum sample size obtained is 19 individuals.
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None of the individuals tested had previously been examined using the Farnsworth-
Munsell Test or the Ishihara Test.

In the questionnaire, participants provided their age and biological sex (XX, XY) at
birth. The ages of the participants ranged from 21 to 30 years, with an average age of 22.12
years. Each participant also indicated whether they had any known congenital vision
anomalies and if they had been infected with COVID-19. Additionally, participants rec-
orded their average daily smartphone screen time, average daily laptop screen time, and
estimated average daily screen time from other sources (e.g., TV). They also reported the
number of hours slept on the day of the test.

The average daily smartphone screen time was found to be 276.7 min, while the av-
erage daily laptop screen time was 202.4 min. The average daily screen time from other
sources was negligible, at 0.63 min. Consequently, the average total screening time per
day across all devices was calculated to be 516.7 min.

No subject reported congenital colour vision anomalies, mostly because they were
unaware if they had any. To further characterise and identify possible congenital anoma-
lies, all participants underwent Ishihara’s Test 32 Plates Edition, but no congenital anom-
alies were detected. However, it should be noted that Ishihara’s Test may introduce a bias
due to its limitations in detecting yellow-blue congenital deficiencies. Nevertheless, the
introduced bias can be considered null since the incidence of congenital disabilities affect-
ing blue-yellow vision is virtually nonexistent. Additionally, participants provided infor-
mation regarding their myopia, astigmatism, or hyperopia status and if corrective glasses
were used while being tested.

All participants were informed about the potential use of their data in the study. Be-
fore beginning the testing, all students provided written informed consent.

2.2. Tools for Testing
2.2.1. Ishihara 32 Plates Edition

For the detection and exclusion of subjects with congenital colour vision deficiencies,
the Ishihara 32 Plates Edition was used.

It was administered to all subjects in both physical and digital formats. Data obtained
from the physical format testing was used to decide subject inclusion or exclusion.

Data obtained from the digital format was used to validate the Online Ishihara Test’s
usefulness as a tool for detecting congenital disabilities.

Physical format support: Ishihara Test for Colour Deficiency 32 Plates Edition, man-
ufactured by Kanehara Trading Inc. (Tokyo, Japan), was employed in this study. Each
plate measured 196 mm x 150 mm in dimensions.

Digital format support: The Ishihara’s 32 Plates CVD Test [51] (online), developed by
Colblindor, featuring 32 plates, was used. Clear instructions for its administration were
provided prior start of testing, and the results were duly recorded and made accessible
for consultation. All subjects performed the test on an Apple iPad Mini 4 (Apple Inc., Cu-
pertino, CA, USA) with the iOS 12 operating system. The device orientation was vertical,
and it did not have any screen protector. Battery-saving mode was disabled. The screen
was a 7.9-inch backlit LED LCD with a resolution of 324 pixels per inch. The screen settings
and brightness were set to a clear appearance, maximum brightness, no increased con-
trast, no colour filters, no reduction of bright colour intensity, and no automatic brightness
adjustment. The colour depth was 24 bits. The device was connected to a power source
throughout the entire test. As described by Almustanyir et al. [52], iPad devices could be
used to evaluate Colour Vision Tests.

2.2.2. Farnsworth—-Munsell 100 Hue Test

The Farnsworth-Munsell 100-Hue Test, developed by Munsell Colour Inc. (Boston,
MA, USA), was utilised in this study. It comprises four boxes with a matte black back-
ground, each corresponding to four ranges of cap arrangement.
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2.3. Environment Conditions and Testing Procedures

Both the Ishihara Test and the Farnsworth-Munsell 100-Hue Test were evaluated un-
der controlled lighting and geometric conditions. The instructions outlined in the Farns-
worth-Munsell 100-Hue Test manual [40] and the recommendations specified in ISO
23603 [53] were strictly followed in all testing procedures.

The laboratory setting featured a windowless environment devoid of uncontrolled
light sources. A VeriVide VL120 lighting screen (VeriVide Limited, Leicester, UK) served
as the illuminant for conducting the tests. This screen was equipped with D65 light
sources, boasting a colour temperature of 6500 K and a Colour Rendering Index > 95. D65
lighting mimics the spectral energy distribution of average daylight.

The lighting screen measured 1335 mm x 740 mm, covering the entirety of the work-
ing field. Photometric conditions, specifically illuminance, were meticulously measured,
recorded, and adjusted in accordance with the technical usage guide of the Illuminometer
Model 5200 (Kyoritsu Electrical Instruments Works, Ltd., Tokyo, Japan). The lighting level
remained consistently between 1250 Ix and 1320 Ix across the working area throughout
the testing process. Surrounding and ambient conditions were meticulously maintained
to meet specifications, with all adjacent walls painted in a neutral grey equivalent to Mun-
sell N5-N7.

To ensure optimal standardisation, the lighting screen was positioned 80 cm (32")
above the viewing surface, parallel to it (creating an illumination angle of 90°). The work-
ing area was centrally located on the lighting screen and covered with a matte black sur-
face to eliminate any reflections.

For test execution, subjects were seated on a rigid grey chair that provided an optimal
distance of approximately 50 cm between their eyes and the Farnsworth-Munsell Test.
This setup ensured an ideal viewing angle of the colour samples.

All subjects underwent testing on the same date in March, within the time interval of
15:00-18:00, in Spain (Europe). An anonymised questionnaire was simultaneously distrib-
uted to collect the required data and test results.

In order to minimise performance bias, the same testing protocol described in the
studies with which the obtained results will be compared has been followed, along with
the recommendations specified in international standards.

The testing sequence commenced with the administration of Ishihara’s Tests for Col-
our Deficiency 32 Plates Edition. Subjects were seated in a chair and positioned the book
approximately 80 cm from their eyes. They verbally communicated the result for each
plate, which was then recorded by an assistant. Following this, subjects proceeded to un-
dertake the online Ishihara Test, with self-recording of results in the questionnaire.

A 10-min interval, during which subjects refrained from viewing screens or coloured
surfaces, was observed after the completion of the online test. Subsequently, subjects were
prepared for the Farnsworth—-Munsell 100 Hue Test. The four boxes containing unordered
chips on the top and fixed samples on the bottom were opened. Subjects arranged the
chips without a time constraint and recorded the result for each box in the questionnaire.

The data (caps order) recorded for each test were input into the Farnsworth-Munsell
100 Hue Test Scoring Software (unique version) developed by Munsell Colour Services
Laboratory (Greatmacbeth, New York, NY, USA). Data entry included cap order, subject
gender, illumination type (D65), location (Europe), job function, and industry (unspeci-
fied). The software provided results such as Total Error Score (TES), Square Root of Total
Error Score (\/TES), classification as Low, Average, or Superior discriminators, and a scor-
ing plot available in polar and linear styles. All results could be exported as .pdf or .csv
files.

2.4. Data Analysis

All data recorded and obtained in the study underwent both internal and external
validation to ensure the quality and validity of the study’s final results. In the internal



Appl. Sci. 2024, 14, 5563

6 of 12

validation process, the data underwent thorough statistical analysis. External validation
was performed by comparing the values of certain parameters with those reported in sev-
eral studies.

2.4.1. Internal Statistical Analysis of the Data Obtained in the Study

A comprehensive statistical analysis will be conducted for the complete dataset ob-
tained in the study, enabling the determination of possible relationships among the rec-
orded variables. Various methodologies for statistical analysis of data are being applied.

1. Correlation Matrix: A correlation matrix has been generated to examine pairwise re-
lationships between variables.

The correlation values are interpreted using the following criteria:

0:0.4—No significant relationship exists between the variable pair.

0.4.0.7— A moderate relationship is observed between the variables.

0.7:1— A strong relationship exists between the variables.

Positive correlation values indicate a direct relationship, while negative values indi-
cate an indirect relationship.

2. A qualitative analysis using ANOVA (Analysis of Variance) was performed to exam-
ine the relationships between test results and gender (male or female), as well as be-
tween test results and COVID-19 infection status. Fisher’s LSD intervals at the 95%
confidence level were calculated and presented to ensure that the analysed factors
did not affect the mean values. It is essential to note that the LSD interval is employed
exclusively for the comparison of means. A significant difference between the means
of the two groups is indicated if their LSD intervals do not overlap.

The VTES is being used as the outcome measure for the FM100H test, while the num-
ber of errors is being utilised for both the online and physical Ishihara Tests.

For the statistical analysis of the data, Statgraphics Centurion 18 software (Stat-
graphics Technologies Inc., The Plains, VA, USA) has been employed.

2.4.2. Analysis through Comparison with Previous Studies

The results obtained from processing the Farnsworth-Munsell Test data with the
above-mentioned software (TES and VTES) are being compared to those of the Farns-
worth-Munsell Test published before 2003, when neither screening nor COVID-19 had
influenced the studied subjects. These data are being compared to those published for
population groups comprising healthy individuals aged between 20 and 30 years. Four
studies [43,48-50] were used to compare data and values obtained.

3. Results
3.1. Results Obtained from Statistical Data Analysis
3.1.1. Correlation Matrix

The correlation matrix presented in Table 1 elucidates several variables exhibiting
moderate correlation coefficients. This observation suggests that there is no exigency to
eliminate any variables owing to multicollinearity in subsequent regression analyses, nor
does it necessitate the implementation of a principal component analysis.

Table 1. Correlation Matrix.

SMD PCMD OMD SHT TES THD IPT 10T OLD

SMD a 1.00 -0.27 0.11 0.00 0.26 0.49 -0.06 -021 -0.22
PCMD b -0.27 1.00 -0.18 -0.27  0.09 0.54 0.46 0.22 0.34
OMD ¢ 0.11 -0.18 1.00 0.06 0.40 0.45 -024 0.26 0.02
SHT d 0.00 -0.27 0.06 1.00 -022 -0.19 0.00 -012 -0.23
TES e 0.26 0.09 0.40 -0.22 1.00 0.46 0.05 0.27 0.12

THD f 0.49 0.54 0.45 -0.19 0.46 1.00 0.21 0.18 0.14
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IPT g -0.06 0.46 -0.24 0.00 0.05 0.21 1.00 0.44 0.20
IOT h -0.21 0.22 0.26 -0.12 0.27 0.18 0.44 1.00 0.14
OLD i —0.22 0.34 0.02 -0.23 0.12 0.14 0.20 0.14 1.00

SMD a: Smartphone Minutes per Day, PCMD b: PC Minutes per Day, OMD c: Other Minutes per
Day, SHT d: Sleep Hours per Day, TES e: Total Error Score, THD f: Total screening Hours per Day,
IPT g: Ishihara Physical Test, IOT h: Ishihara Online Test, OLD i: years Old.

Specifically, a moderate positive correlation coefficient of +0.44 is discerned between
the number of errors in the Ishihara Test conducted on the iPad (IOT) and the Ishihara
Test administered via physical media (IPT). This moderate positive correlation, in con-
junction with corroborating evidence from pertinent literature [8,9], bolsters the validity
of utilising the Ishihara Test on digital devices for the detection of congenital colour vision
anomalies.

3.1.2. ANOVA Analysis

As demonstrated in Figure 1, the LSD intervals for gender and COVID-19 status for
each type of error overlap, indicating no significant differences between the analysed var-
iables for each type of error. This suggests that neither gender nor COVID-19 infection
status has an impact on the test results. Overall, the analysis reveals no statistically signif-
icant differences in test results when considering either gender or COVID-19 infection sta-
tus, as illustrated in Figure 1.

Mean & 95% Fisher LSD Mean & 95% Fisher LSD
6 ~ 6F 3
58 E 58 4
@ 56 — 7 56 4
£ u
] 54 - — =54 .
] &
@52 1 P52 -}
5 e 5 .
48 e 48 i
NO YES FEMALE MALE
CoviD19 Gender
Mean & 95% Fisher LSD Mean & 95% Fisher LSD
147+ - 15F -
131 -
127 -
11 -1
- =
0 1.07 ¢ - o
09 m
0.87 - - o7l 1
0.67 — - 05 m
NO YES FEMALE MALE
covip19 Gender
Mean & 95% Fisher LSD Mean & 95% Fisher LSD
18 - 2F =
16 - 16F 1
14 3
121 4
'~ L i -
a 12 ¢ [
08 -
1+ -
08| i 041 e
0.6 — - ok -
NO YES FEMALE MALE
COovID19 Gender

Figure 1. ANOVA and LSD Intervals for FM100-H Test, Ishihara Physical Test, and Ishihara Online
Test.
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Therefore, the comprehensive statistical analysis solidifies the conclusion that the
FM100-H Test, Online Ishihara Test, and Physical Ishihara Test remain resilient to the in-
fluences of gender and COVID-19 infection. These findings contribute to a deeper under-
standing of the robustness and reliability of these screening tools, emphasising their utility
across diverse demographic and health contexts.

3.2. Obtained by Analysis through Comparison with Previous Studies

All the subjects included in the study identified more than 16 plates when performing
the Ishihara test. It was thus determined that no subject had any deficiencies in colour
vision (congenital in the red—green range). As a result, it was included the data obtained
by the 50 subjects in the Farnsworth—-Munsell 100-Hue Test.

For the total results obtained in the Farnsworth-Munsell 100-Hue Test, the following
has been calculated and shown in Table 2:

e  The average value of VTES and its standard deviation (SD) for the entire set of all 50
subjects;

e The average value of +/TES and its SD for the subset of 31 subjects who had previ-
ously experienced a COVID-19 infection;

e The average value of YTES and its SD for the subset of 19 subjects who had not ex-
perienced a COVID-19 infection.

Table 2. Values of VTES (Mean = SD) obtained for the complete group of subjects, for those who had
contracted COVID-19, and for those who had not been infected by COVID-19.

All Subjects Subjects with COVID-19 Subjects No COVID-19
5.40 +1.58 5.46 +1.62 5.32 +1.51

Comparing the above-described values, no significant differences were observed be-
tween the values obtained for the group of subjects who had COVID-19 and the group of
subjects who had not been infected. This result is an initial indication that being infected
with COVID-19 does not cause alterations in colour discrimination ability. As explained,
four previous studies’ data (shown in Table 3) were used for comparing results.

Table 3. Results obtained for VTES in previous works are to be compared with those obtained in
previous works.

Study Year of Publication Subl;lelzltzl;;z;;f ded VTES (Mean t SD)
[50] 1982 29 5.69 +2.07
[48] 1991 25 6.0+24
[43] 2001 30 7.50+2.41
[49] 2002 35 6.73 +1.58

We found a concordance between the value of the VTES obtained in the study, and
the value of the VTES reported in four studies for the same age range (20-30 years) in
health viewers. The four above-described studies were performed in 1982, 1991, 2001 and
2002. For those years, it could be considered insignificant screening habits in the popula-
tion, and these were also pre-pandemic ages.

Thus, it can be stated that in subjects without congenital visual defects, based on the
results of the VTES of the Farnsworth-Munsell 100-Hue Test, the ability of colour vision
and discrimination is not affected by having had the disease or by prolonged use of digital
screens.
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4. Discussion

The aim of this study was to analyse whether excessive screen usage and COVID-19
infection correlate or influence the occurrence of acquired colour vision deficiencies in
individuals with normal trichromatic vision. The Farnsworth-Munsell 100 Hue Test was
employed to assess the colour vision capacity of the individuals. Furthermore, to ensure
that the analysed population consisted solely of subjects without congenital colour vision
deficiencies, the entire group was pre-evaluated with the Ishihara 32 Plates Test, which
detects congenital colour vision defects. No subjects were excluded from the study as no
congenital disabilities were detected in the group. The screening conducted using the Ishi-
hara Test ensures that the data obtained and analysed solely represent potential acquired
colour vision defects.

Moreover, the screening patterns exhibited by the analysed subjects (average daily
screen usage time) are consistent with the patterns of digital device usage reported in pre-
vious literature and are, therefore, representative and comparable.

To ensure the robustness of the presented results and to assert robust conclusions, all
data obtained in the study have been doubly validated. This dual approach to result com-
parison ensures the reliability of the study and its conclusions.

Firstly, a comparison was made between the obtained data and external data from
other studies. The data were compared with data obtained in previous studies for popu-
lations of subjects within the same age range and with a very similar population size
(around 50 subjects). The mean value of VTES obtained was compared with the mean value
of VTES from subjects within the same age range in four previously published works. It is
crucial to note that the comparison was conducted with studies from years (before 2003)
in which the subjects were not affected by COVID-19 and did not undergo regular screen-
ing. Therefore, the comparison data can be considered as an optimal reference group.

Secondly, an exhaustive internal analysis of the collected dataset was performed. On
the one hand, the mean value of VTES was calculated for the analysed subjects, distin-
guishing between those who had experienced COVID-19 and those who had not. Both
values showed no significant differences. On the other hand, a comprehensive statistical
analysis of the dataset was conducted, examining both quantitative and qualitative as-
pects. This analysis of the relationships between the variables studied reveals that neither
gender, COVID-19 infection, nor digital screen usage time are related to the occurrence of
acquired colour vision defects. From the statistical analysis, we also addressed the effect
of conducting the Ishihara Test on physical and digital supports, thus validating the use
of digital support for administering the Ishihara Test.

It is worth noting and emphasising the novelty of the study conducted as it is the first
to comprehensively analyse whether excessive screen usage can be related to the increase
in acquired colour vision deficiencies.

Furthermore, in line with the only pre-published study on the relationship between
colour vision and COVID-19 [13], it can be affirmed that COVID-19 infection is not related
to the acquisition and development of defects in colour vision. This conclusion is of great
significance because if there had been a relationship, the colour vision of the global pop-
ulation could have been affected.

It is important to consider that the current study has several limitations that warrant
further examination. Although the sample size appears to be sufficient, continuous and
additional testing of new subjects is necessary to strengthen the obtained results. The test-
ing was conducted on Western individuals, making it essential to analyse similar popula-
tions from other geographical regions. The study did not record or analyse the time
elapsed between COVID-19 infection and the testing. Additional studies are needed to
investigate the potential influence of COVID-19 on colour vision at various stages of re-
covery from the disease.
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5. Conclusions

Our study has provided comprehensive insights into various facets of colour vision
and its association with digital device usage and COVID-19 infection. Here, we present a
detailed summary of our key findings and their implications:

Absence of Relationship with COVID-19: Our investigation revealed no discernible
link between COVID-19 infection status and the development of acquired colour vision
deficiencies. This finding contributes to the growing body of knowledge regarding the
diverse manifestations and sequelae of COVID-19.

Digital Device Screening and Colour Vision Deficiencies: Contrary to concerns re-
garding prolonged screen exposure, our study found no significant relationship between
the duration of digital device screening and the incidence of acquired colour vision defi-
ciencies. This finding allays concerns regarding the potential adverse effects of excessive
screen time on colour vision health. This study marks a pioneering effort in investigating
the relationship between screening time and colour vision capacity. While our initial find-
ings suggest no detrimental effects of prolonged digital device usage on colour percep-
tion, further research is warranted to validate and elucidate these preliminary observa-
tions.

Gender Neutrality in Acquired Colour Vision Deficiencies: Gender-based differences
in the colour vision capacity of normal trichromats were not observed in our study, high-
lighting the uniformity of colour perception abilities across genders.

Validation of Digital Ishihara Test: The comparable performance of the Ishihara Test
administered on physical and digital platforms validates the utility of online Ishihara test-
ing, particularly on devices such as the iPad 12 mini, for detecting congenital colour vision
defects. This validation expands the accessibility and convenience of colour vision screen-
ing methods.

Confirmation of Smartphone Usage Patrons: Our study corroborates existing litera-
ture documenting the exponential increase in smartphone usage among young adults. By
quantifying the average smartphone usage time within our study cohort, we provide em-
pirical evidence of this prevailing trend, emphasising the need for continued research into
the potential implications of extensive digital device use on various aspects of health and
well-being.

Population Representation and Generalizability: The studied population, comprising
healthy individuals aged 20 to 30 years, offers a representative sample for examining col-
our vision phenomena within this demographic segment. The inclusion of both the Ishi-
hara Test and the Farnsworth-Munsell 100-Hue Test enhances the robustness and applica-
bility of our findings within this population subset.

In summary, the study contributes valuable insights into the multifaceted interplay
between digital device usage, COVID-19 infection, and colour vision health. These find-
ings hold implications for public health initiatives, clinical practice, and future research
endeavours aimed at elucidating the complex mechanisms underlying colour vision ac-
quired deficiencies and its modulation by mentioned environmental factors.
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