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Abstract: The authors of this study evaluated the potential benefit on visual performance of a novel
3 week visual rehabilitation program based on the use of Gabor patches in patients undergoing
bilateral cataract surgery with the implantation of two models of trifocal diffractive intraocular lens
(IOL). A total of 30 patients were randomly assigned to two groups: a study group (15 patients) that
used a videogame based on Gabor patches and a placebo group (15 patients) that used a videogame
without specific stimuli for improving visual performance. No statistically significant differences
between groups were found in distance, intermediate, and near post-training visual acuity (p 20.15).
Significantly better distance contrast sensitivity (CS) was found for the spatial frequencies of 6 (p =
0.02) and 12 cpd (p = 0.01) in the study group. Likewise, significantly better values of near CS were
found in the study group compared to the placebo group for the spatial frequency of 1.5 cpd (p =
0.02). In conclusion, a 3 week visual rehabilitation program based on the use of Gabor patches in
the immediate postoperative period after the bilateral implantation of trifocal diffractive IOLs seems
to be beneficial for improving both distance and near visual performance achieved with the implant.

Keywords: multifocal IOL; contrast sensitivity; visual rehabilitation; Gabor patches; trifocal diffrac-
tive IOL; visual training

1. Introduction

The implantation of multifocal intraocular lenses (IOLs) after cataract surgery has
become a common routine in many ophthalmological centers because this type of implant
allows for successful visual restoration at all distances [1]. Indeed, multifocal IOLs are
superior to conventional monofocal IOLs in terms of spectacle independence [1]. Among
multifocal implants, trifocal diffractive IOLs have been shown to provide a wide range of
focus, with good levels of distance, intermediate visual acuity, and near visual acuity, thus
making them one of the most effective options for presbyopia correction [2-4]. However,
multifocal IOLs are associated with a higher prevalence of visual disturbances, including
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suboptimal visual acuity, decreased contrast sensitivity [5,6], and haloes or glare [7], thus
leading to patient dissatisfaction [8] and in the most severe cases to IOL explantation [9].

Several modifiable factors can lead to visual disturbances after cataract surgery with
multifocal IOL implantation, such as tear film instability, IOL decentration, and the gen-
eration of some level of posterior capsular opacification [10,11]. All these conditions can
be solved or treated. However, the problems of visual quality and patient satisfaction are
sometimes related to neuroadaptation [12], with the activation of certain brain areas play-
ing a role in adaptation to multifocal IOLs [13,14]. Previous research has shown an asso-
ciation of the activation of cortical areas dedicated to attention (frontoparietal circuits),
learning and cognitive control (cingulate), and task goals (caudate) with the visual diffi-
culties reported by patients implanted with multifocal IOLs [13]. For this reason, it has
been suggested that the improvement of visual attention and procedural learning net-
works may be an essential part of the initial process of neuroadaptation to multifocal IOLs,
promoting improvements in visual acuity, contrast sensitivity, and patient satisfaction in-
dependently of optical factors [14]. In this context, the development of training programs
facilitating these neural changes that lead to neuroadaptation has been proposed as a po-
tentially useful option to avoid patient dissatisfaction after multifocal IOL implantation
[12].

Visual training using videogames and specific types of stimuli have been shown to
be effective for improving visual function in different conditions [12,15-18], even in adult
patients [19-25]. Specifically, the use of sinusoidal gratings with a neutral background can
cause selective cortical responses for orientation and contrast [26]. Likewise, gaming can
promote brain adaptations and improve functional connectivity, with significant benefi-
cial effects in a great variety of brain functions, including attention, cognitive control, and
visuospatial skills [27,28]. Therefore, a combination of videogames with the stimulation
of sinusoidal gratings seems to be a potentially effective tool for improving visual function
in adult patients [12]. Kaymak et al. [15] reported the use of this type of visual training in
patients implanted with multifocal IOLs for the first time, performing a computer-based
visual training in only one eye and serving the untrained fellow eye as a control. However,
the visual training program was not gamified and the used sinusoidal gratings did not
have a smooth transition in their edges (as recommended to evaluate and stimulate a spe-
cific channel [29]) and stimuli to promote the activation of cortical areas related to neu-
roadaptation to multifocality [13]. Recently, a new computerized game was developed to
train the visual function of patients implanted with multifocal IOLs while considering all
of these aspects in an attempt to optimizing the visual response to multifocality. In the
current clinical trial, the efficacy of this new training program was investigated and com-
pared with that of a placebo software that did not have the following peculiarities to pro-
mote neuroadaptation: use of Gabor patches that are Gaussian-windowed sinewave grat-
ings, a game environment and activities and exercises promoting the activation of the cor-
tical areas related to attention, learning, and cognitive control; and task goals with the
difficulties reported [13]. Specifically, the aim of the current clinical trial was to evaluate
the real clinical benefit on visual performance of a novel visual training program based
on the use of Gabor patches in patients undergoing bilateral cataract surgery with the
implantation of a trifocal diffractive IOL.

2. Materials and Methods
2.1. Patients

This blinded randomized placebo-controlled clinical trial included 30 subjects who
underwent uneventful bilateral cataract surgery with the implantation of trifocal diffrac-
tive IOLs at the Department of Ophthalmology of the Vithas Medimar International Hos-
pital (Alicante, Spain) between September 2020 and May 2021 and were willing to perform
a visual training program in the immediate postoperative period. Subjects were randomly
assigned to use the visual training program after surgery or a placebo program using a
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random number sequence. Written informed consent was obtained from all participants
before their enrollment in the study following the tenets of the Declaration of Helsinki.
This clinical trial protocol was approved by the ethics committee of the University of Ali-
cante (UA-2019-02-20), as well as by the Medical Ethics Committee of the University Clinic
Hospital of Valladolid (CASVE-NM-20-437). This clinical trial was also registered in
https://clinicaltrials.gov/(NCT04985097) (Accessed 8 September 2021).

The following inclusion criteria were established for the study:

a) Patients who had undergone refractive lens exchange surgery for the correction of
presbyopia at least 1 week before the evaluation visit.

b) Patients implanted with trifocal diffractive IOLs.

c) Availability and motivation to perform the assigned visual training.

d) Availability to attend all follow-up visits.

Exclusion criteria included:

a) Patients implanted with monofocal, extended depth of focus (EDOF), or refractive
multifocal IOLs.

b) Intraoperative complications leading to significant visual sequelae.

c¢) Neurological disorders.

d) Any active ocular disease.

e)  Other previous ocular surgeries, including laser corneal refractive surgery.

f)  Irregular cornea.

g) Illiteracy.

h) Any type of psychological disorder.

2.2. Surgical Intervention

All surgical interventions were performed by three experienced ophthalmologists
(M.LR,, JL.R. and C.F.) under topical anesthesia. The self-sealing incision, injection of
ophthalmic viscosurgical device (OVD), capsulorrhexis, phacoemulsification, irriga-
tion/aspiration of cortical material, and IOL implantation in the capsular bag were per-
formed as standard procedures. IOL power calculations were performed using the SRK-
T formula. A total of two different types of trifocal diffractive IOL were implanted de-
pending on clinical characteristics and surgeon preference: Finevision POD F (PhysIOL,
Liége, Belgium) and RayOne (Rayner Intraocular Lenses, Ltd., Worthing, UK). Accord-
ingly, two subgroups of patients were created in both the placebo and study groups: pa-
tients implanted with the Finevision trifocal diffractive IOL (placebo 6 vs. study 7) and
those implanted with the RayOne IOL (placebo 9 vs. study 8).

Subjects were asked to participate in the clinical trial after the intervention and were
included as participants within seven postoperative days.

2.3. Clinical Protocol
2.3.1. Clinical Examination

The baseline examination, which was performed after surgery and before initiating
the visual training, consisted of a complete visual examination including corneal topog-
raphy, pupillometry, slit lamp biomicroscopy, manifest refraction, measurement of mo-
nocular and binocular uncorrected (UDVA) and corrected distance visual acuity (CDVA),
measurement of monocular and binocular uncorrected (UIVA) and distance-corrected in-
termediate (DCIVA) visual acuity measured at 1 m, measurement of monocular and bin-
ocular uncorrected (UNVA) and distance-corrected near visual acuity (DCNVA) meas-
ured at 40 cm, measurement of monocular and binocular mesopic distance (4 m) contrast
sensitivity (CSV-1000E, VectorVision, Greenville, SC, USA), near mesopic contrast sensi-
tivity measured with the Optictrain-CS (Proconsi SL, Leon, Spain) and Optopad-CSF sys-
tems (University of Alicante and Valencia, Alicante and Valencia, Spain) at 40 cm, meas-
urement of monocular and binocular near photopic contrast sensitivity with the Pelli—
Robson test at 40 cm, and measurement of the binocular defocus curve considering a range
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of vergence demands from +1.00 to =3.50 D. This same examination was also performed
after finishing the visual training program. All these clinical measures, except those ob-
tained with the Optopad-CSF and Optictrain-CS tests, were performed by the same expe-
rienced optometrist (D.P.L.), who was unaware of the specific group in which the subject
had been included.

Near contrast sensitivity measurements with the Optopad-CSF and Optictrain-CS
tests were conducted by another experienced examiner (A.M.M.) at an observation dis-
tance of 40 cm, with the device used for the presentation of stimuli being plugged into the
electric power supply and its screen set to the maximum brightness. All measurements
were conducted in a dark room after an adaptation period of 5 min. Results were meas-
ured in contrast threshold values and were transformed to logCS for statistical purposes.

The Optopad test allowed for the measurement of the chromatic discrimination
thresholds (Optopad-Color) and the contrast sensitivity function (Optopad-CSF) of a vis-
ual system by using an iPad as a display screen. To ensure the device’s correct reproduc-
tion of the spatial and colorimetric characteristics of the designed stimuli, they were col-
orimetrically characterized using the 3DLUT method [30]. Specifically, for the measure-
ment of the achromatic CSF, the Optopad-CSF test allowed for the detection of contrast
thresholds for the spatial frequencies of 1.5, 3, 6, 12, and 24 cpd using 5 different plates.
Each plate contained a decreasing contrast series of sinusoidal gratings in 2 degree circular
windows and was arranged in a 4 x 4 grid against an achromatic background with the
device’s maximum generable luminance. The patient’s task was to indicate the direction
of the sinusoidal grating in the different rows of each plate. On the other hand, the Optic-
train-CS contrast sensitivity test was based on the consecutive presentation of Gabor si-
nusoidal grating stimuli in a 5 degree circular window with the aim of detecting the con-
trast threshold for the spatial frequencies of 0.5, 1.0, 1.5, 3.0, 4.5, and 6.0 cpd. A portable
computer (Vostrol5, Dell) was used for the presentation of the stimuli, with a screen that
was also colorimetrically characterized using the Gain-offset-gamma method [31]. The pa-
tient’s task was to indicate the direction of the Gabor stimulus in a forced choice task to
assess whether the contrast was detected. Changes in the contrast of the stimuli were gen-
erated following the rules of the Best PEST psychophysical method [32].

2.3.2. Visual Training Programs

Subjects were implanted with trifocal IOLs to free them of spectacles after the inter-
vention, so the visual acuity achieved at distance and near was assumed to be acceptable
enough to satisfy the subjects’ needs. For this reason, the training was planned to be per-
formed without any optical correction. Indeed, no patient referred to the need to use
glasses to see properly during the period of visual training after surgery.

Study Software

Patients that participated in the study were randomly assigned to one of two groups:
15 patients were included in the study group and performed visual training with a specific
software developed to improve the visual resolution and to facilitate the neuroadaptation
(Optictrain, Proconsi SL, Le6n, Spain), and the other 15 patients were included in the pla-
cebo group that performed training with a video game not specifically developed for vis-
ual training and not containing sinusoidal gratings or specific exercises to activate the cir-
cuits of attention, learning, and cognitive control. In the current study, all participants
finished the experiment and attended all visits, although compliance with the training
was not 100% in all cases (see Section 3.2 and Figure 1).

The Optictrain software was designed with the specific purpose of training contrast
sensitivity using Gabor stimuli of different spatial frequencies that are introduced each 1-
1.5 min during a driving task game. This game was developed for the study’s purposes,
with the objective of combining specific visual stimuli with an attractive task for the sub-
ject. The story, scene characteristics, and performance of the game are illustrated in Figure
1. The game consists of driving a car in the first person, with the controls and the road
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displayed. During the journey, obstacles, such as animals, cones, barriers, and boxes, ap-
pear every 2-3 s and have to be avoided by using the arrow keys. In addition, other objects
have to be collected by the player by pressing them to get points. The Gabor stimuli were
included in the traffic signs that remained static for a period until the player provided a
response. Specifically, the subject has to detect the orientation of the fringes of the pre-
sented Gabor gratings: vertical, horizontal, 45° inclined to the right, or 45° inclined to the
left. For this purpose, four orientations are presented on the screen, and the subject has to
mark which of them represent the orientation of the fringes. Not providing a response
during this period is counted as a failure.

Figure 1. Summary of different screens used during training with the Optictrain software.

Gabor Stimuli

The Optictrain software uses Gabor patches, which are sinusoidal gratings with a
Gaussian envelope that have been previously used in visual training studies (especially
in amblyopia) as stimuli [24-26]. It should be considered that experimental research has
previously demonstrated that gratings with a neutral background can cause selective cor-
tical responses for orientation and contrast, which additionally correlates with functional
resonance magnetic imaging findings [33,34]. In our study, the training always began
close to the threshold limit measured for each patient with the Optictrain-CS test (basal
level). Specifically, the training began with a contrast value that was 10% over the thresh-
old value measured for the spatial frequencies of 0.5, 1.0, 1.5, 3.0, 4.5, and 6.0 cpd. Accord-
ing to the subject’s responses, the contrast of the stimuli was varied following the rules of
the Best PEST method [32]. In each session, 5 presentations of each of the evaluated spatial
frequencies with their corresponding contrasts were performed. Each of these presenta-
tions had a maximum duration of 5 s. If the subject detected contrasts below the threshold
during the training, these new values were used as the threshold of reference for the next
session to be performed with the game. Otherwise, the next session started with the last
threshold used. The same number of presentations of Gabor stimuli for the same spatial
frequencies was used in all sessions.

Placebo Software

The placebo software was of a free game from PlayStore (Fun Kid Racing 3.53 for
Android) based on a driving game experience in which the subject must move right or left
to avoid crashes with other vehicles and obstacles on the road. The two pieces of software
have similar game execution and trainee goals, with the main difference being the specific
visual stimulation by Gabor stimuli of the study group during the driving experience with
Optictrain software.
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Installation an Indications

Each subject remotely performed the visual training program at home with a previ-
ously colorimetrically characterized handheld device model, the Samsung Galaxy Tab A
(Samsung, Suwon, South Korea), in which the Optictrain or the placebo software was pre-
viously installed. Ten tablets were acquired and used for the training, and consequently
only ten subjects could be simultaneously recruited for the trial. Subjects were trained in
the use of the software, encouraging them to keep the visualization distance constant at
40 cm. Specifically, a specific position of the arms that allowed for 40 cm of distance be-
tween the eyes and the screen was defined for each participant.

2.3.3. Compliance

Subjects were instructed to perform the training task (both Optictrain and placebo)
30 min per day for 20 consecutive days (600 min of training in total). Compliance was
checked at the last visit in both groups in the compliance section of the Optictrain software
in the study group and with an app usage application (previously downloaded in the
placebo tablets) in the placebo group. Participants were informed about this monitoriza-
tion (included in the informed consent) and gave approval for this issue before participat-
ing in this study. Furthermore, participants were not contacted during the training to en-
courage its participation because we also wanted to test the level of engagement with the
software.

2.3.4. Statistical Analysis

The software SPSS v. 22.0 for Windows (IBM, Armonk, NY, USA) was used to per-
form the statistical analysis of the obtained data. First, a Kolmogorov-Smirnov test was
used to confirm whether the data samples were normally distributed. Student’s t-test for
unpaired data or a Mann-Whitney test was used to analyze the significance of differences
between groups depending on whether the normality condition could be assumed. All
statistical tests were 2-tailed, and p-values of less than 0.05 were considered statistically
significant.

The independent variables of the current clinical trial were the following: spatial fre-
quency, contrast of the presented stimuli, type of trifocal intraocular lens, and viewing
distance. The following dependent variables were defined: compliance with the visual
training, visual acuity, manifest refraction (sphere, cylinder, and spherical equivalent),
contrast sensitivity, and defocus curve. Uncorrected monocular and binocular visual acu-
ities were measured at far (4 m), intermediate (1 m), and near (40 cm) distances. Contrast
sensitivity was only measured at far and near distances. All contrast sensitivity measure-
ments obtained in the current study were transformed to the decimal logarithmic scale.

3. Results
3.1. General Description of the Samples and Groups

A total of 30 subjects (23 women and 7 men) were enrolled in this study: 15 subjects
were in the placebo group (12 women and 3 men) and 15 were in the study group (11
women and 4 men). The mean patient age was 63.9 + 6.6 years (range: 50-73 years) in the
placebo group and 60.6 + 6.1 years (range: 47-70 years) in the study group, with no statis-
tically significant differences between them (p = 0.22). The visual acuity characteristics of
both groups at the baseline visit (before the training) are summarized in Table 1. Mean
axial length values for right and left eyes were, respectively, 22.95+ 0.99 mm (range: 21.30—
23.75 mm) and 23.77 + 0.69 mm (range: 22.91-24.94 mm) in the placebo group, and they
were, respectively, 23.34 + 0.64 mm (range: 22.27-24.22 mm) and 23.44 + 1.23 mm (range:
21.23-24.76 mm) in the study group, with no significant differences between them (p =
0.17 and 0.71, respectively). Concerning the IOL power implanted, the mean values for
right and left eyes were, respectively, 22.71 +2.44 D (range: 18.00-27.50 D) and 22.75 + 2.47
D (range: 18.50-28.00 D) in the placebo group, and they were, respectively, 20.57 + 3.92 D
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(range: 12.50-26.00 D) and 21.04 + 3.89 D (range: 12.50-26.00 D) in the study group, with
no statistically significant differences between groups (p = 0.16 and 0.31, respectively).
Likewise, no statistically significant differences between placebo and study groups were
found at baseline in photopic pupil size for right (2.78 + 0.69 vs. 2.86 + 0.48 mm; p = 0.99)
and left eyes (3.10 + 0.58 vs. 2.98 + 0.51 mm; p = 0.68) as well as in scotopic pupil size for
right (4.50 + 0.71 vs. 4.28 + 0.74 mm; p = 0.37) and left eyes (4.43 + 0.52 vs. 4.32 + 0.81 mm;
p=0.35).

Table 1. Monocular VA characteristics of both groups before the training. Mean + standard devia-
tion (minimum and maximum) values for distance, intermediate, and near vision are represented
by groups for right and left eyes. Differences between groups were assessed by a Mann-Whitney
test, and statistically significant differences (p < 0.05) are marked with an asterisk (*). Distance, in-
termediate, and near vision were assessed at 4 m, 1 m, and 40 cm, respectively.

Placebo Group Study Group p-Value
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L a (~0.08-0.40) (~0.08-0.22) :
> 1
L 0.04 £ 0.05 0.10+0.13
ol ol 1
g 2 £ Right (0.00-0.15) (0.00-0.40) 035
[ =
g 5z 0.06 £ 0.10 0.11£0.12
g R Left (0.00-0.30) (0.00-0.40) 0.17
=) 0.10£0.10 0.10+0.11
- .
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> § o 0.15+0.13 0.09+0.11
d Lef o= e 24
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o] | —
3 e Lot 0.01+0.05 0.00 = 0.04 082
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o ko] 1
< ‘? 2 E Right (0.00-0.15) (0.00-0.40) 065
O O =
cZ 53 0.05+0.07 0.13+0.15
g £ Left (0.00-0.22) (0.00-0.54) 015
A 0.08 +0.09 0.08 +0.08
2 Right A A .
% T 7 ' (0.00-0.30) (0.00-0.30) 068
z 35 L 0.09 £ 0.09 0.09+0.12 03
S (0.00-0.22) (0.00-0.30) '

3.2. Compliance

The mean visual training compliance time in minutes was 468.9 + 214.0 (range: 30-
720 min) in the placebo group and 555.0 + 67.3 (range: 390-600 min) in the study group,
with no statistically significant differences between groups (p = 0.64). Figure 2 shows the
distribution of the compliance time of the two groups of subjects evaluated in the current
study. As is shown, two patients in the placebo group had limited compliance due to the
low engagement with the game according to patient feedback. However, no significant
correlation was found between the compliance time and the changes achieved in visual
acuity and contrast sensitivity parameters in the placebo group (-0.322 <r < 0.181, p >
0.263) and the study group (-0.227 <r<0.471, p =2 0.104).
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Total compliance time (minutes)
I

Placebo group Study group
[ ]

L ]

L L ] L] L] L] L] L L ] L ] L] L ]
L] L ] L ] [ ]
L ] L ]
L ] . .
L] L ]
L ]

8 10 12 14 5 0 2 4 6 8 10 12 14 16

Patients Patients

Figure 2. Total compliance time for all the patients included in the two evaluated sample groups.

3.3. Refractive Changes

The mean spherical equivalents in right and left eyes, respectively, before the training
were 0.04 £ 0.32 D (range: from -0.50 to +1.00 D) and 0.27 + 0.42 D (range: from 0.00 to
+1.25 D) in the placebo group, and they were, respectively, 0.00 + 0.39 D (range: from —0.75
to +0.50 D) and 0.20 + 0.49 D (range: from —0.50 to +1.25 D) in the study group, with no
statistically significant differences between groups (p = 0.83 and 0.48, respectively). After
finishing the visual training, mean spherical equivalents in right and left eyes, respec-
tively, after the training were 0.09 + 0.31 D (range: from —-0.50 to +0.62 D) and 0.02 + 0.35 D
(range: from -0.50 to +0.50 D) in the placebo group, and they were, respectively, -0.07 +
0.34 D (range: from —0.75 to +0.50 D) and 0.03 + 0.44 D (range: from —0.88 to +1.00 D) in the
study group, with no statistically significant differences between groups (p =0.26 and 0.94,
respectively).

3.4. Visual Acuity Changes

Tables 1 and 2 summarize the monocular and binocular visual acuity data, respec-
tively, obtained before and after training. The tables show no statistically significant dif-
ferences between placebo and study groups were obtained in any evaluated visual acuity
parameter (p = 0.15). The mean defocus curves obtained before and after the training in
the study and placebo groups are displayed in Figure 3. No statistically significant differ-
ences were found between groups in the visual acuity measured for any vergence demand
before the training (p > 0.56 in all cases), except for the defocus level of -0.50 D (p = 0.02).
After the training, no statistically significant differences were found between groups for
any vergence (p > 0.27 in all cases).

Table 2. Binocular VA characteristics of both groups before the training. Mean + standard deviation
(minimum and maximum) values for distance, intermediate, and near vision are represented by
groups. Differences between groups were assessed by the Mann—-Whitney test, and statistically sig-
nificant differences (p < 0.05) are marked with an asterisk (*). Distance, intermediate, and near vision
were assessed at 4 m, 1 m, and 40 cm, respectively.

Placebo Group Study Group p-Value

o0 . -0.01 £0.04 -0.01 £0.07

D 4 .64
= istance (4 m) (~0.08-0.05) (~0.08-0.10) 06
= . 0.00 +0.03 0.03 +0.08
Z Intermediate (1 m) (~0.08-0.05) (~0.08-0.15) 0.25
o
3 Near (40 cm) 0.05 £ 0.09 0.05 £ 0.08 0.92

(0.00-0.30) (0.00-0.22)
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Placebo Study group
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Figure 3. Mean defocus curves obtained before (continuous lines) and after (discontinuous lines)
the training, considering the defocus levels from -3.00 to +1.50 D (with a 0.50 D step size) for the
placebo (green) and study groups (purple).

3.5. Contrast Sensitivity Changes

At baseline, the mean near (40 cm) logCS obtained with the Pelli-Robson test was
1.69 +0.09 (from 1.65 to 1.95 1ogCS) and 1.78 + 0.13 (from 1.65 to 1.95 logCS) in the placebo
and study groups, respectively. This difference was close to the limit considered for reach-
ing statistical significance (p = 0.051). After the training, the mean near logCS was 1.68 +
0.10 (from 1.50 to 1.95 1ogCS) and 1.77 + 0.12 (from 1.65 to 1.95 logCS) in the placebo and
study groups, respectively, thus reaching a statistically significant difference (p = 0.047).

Distance (4 m) contrast sensitivity data obtained with the CSV1000 test before and
after the training are summarized in Figure 4. No statistically significant differences were
found between groups in contrast sensitivity for any spatial frequency before the training
(p = 0.74). After the training, statistically significant differences were found between
groups for the spatial frequencies of 6 and 12 cpd (p = 0.02 and 0.01, respectively), thus
showing the best outcome in the study group.

The near contrast sensitivity data measured with the Optopad test before and after
the training are summarized in Table 3. No statistically significant differences were found
between groups for any frequency before the training (p > 0.51). After the training, the
values of contrast sensitivity obtained in the study group for the spatial frequencies of 1.5,
3, and 6 cpd were higher for most of subjects than those obtained in the placebo group,
but differences between groups did not reach statistical significance (p = 0.08). When sep-
arately analyzing changes in contrast sensitivity measured with the Optopad test in each
group, a statistically significant improvement was found in the contrast sensitivity value
corresponding to the spatial frequency of 1.5 (p = 0.026) in the study group, whereas no
significant changes were detected in the contrast sensitivity measured for any of the spa-
tial frequencies evaluated in the placebo group (p > 0.283).
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Figure 4. Distance contrast sensitivity values obtained with the CSV1000 test before (continuous
lines) and after (discontinuous lines) the training in the placebo (green) and study groups (purple).

Table 3. Near contrast sensitivity results obtained before and after the training with the Optopad
test. Statistically significant differences (p < 0.05) are marked with an asterisk (*).

Optopad Contrast Sensitivity Test

Placebo Group Study Group p-Value
1.5 cpd 53435;306151) (33i>67f305089) o0
%D 3.0 cpd éélsiflg) 33.7540:9.9193) 01
24.0 cpd (21‘_271;29'7381) (21'_173;295117) il
1.5 cpd (33%75f307126) (33632;401234) -
%o 3.0 cpd é;?ojflo) (3?;.932819.217) -
;f 6.0 cpd 33;24;3?'9298) (33.50313f39§295) il
]
z 120 cpd R P "
240 cpd (21 171;205213; (21 -1736?20-'3179) o

The near contrast sensitivity data measured with the Optictrain-CS test are summa-
rized in Table 4. As is shown, no statistically significant differences between groups were
found before the training in terms of contrast sensitivity values for any of the evaluated
spatial frequencies (p 2 0.13). After the training, significantly better values of near contrast
sensitivity were only found in the study group compared to the placebo group for the
spatial frequency of 1.5 cpd (p = 0.02).
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Table 4. Near contrast sensitivity results obtained before and after the training with the Optictrain-
CS test. Mean + standard deviation (minimum and maximum) of contrast sensitivity values are rep-
resented in logarithmic units (logCS). Differences between groups were assessed with the Mann—
Whitney test, and statistically significant differences (p < 0.05) are marked with an asterisk (*).

Optictrain-CS Contrast Sensitivity Test

Placebo Group Study Group p-Value
0.5 cpd (1185%1103204) (210728J:r203200) -
RTINS0 S S
Ef 1.5 cpd (222001103105) (21. 189;203107) o
é 3.0 cpd (21 170;203109) (21 1606J:r203203; 050
= 4.5 cpd (21 130;203209) (11939;203208) 018
6.0 cpd (11'.912;;;02) (11'.915919;01) 078
0.5 cpd (11"958210.5202; (11'.956529;01) oo
. 1.0 cpd (21 _155;20_;5203) (21 .1718J:r20..3108) i
jé 1.5 cpd (22_1031f2951()5) (22.~2061f29.3101) o
=
g 3.0 cpd (21055;203200) (2115220931(; 020
4.5 cpd 31852f2032()5) (11954;203208) 0
6.0 cpd (11756;203204) (11%160103300) 02

3.6. Evaluation of the Effect for Both Types of IOLs

In addition to this analysis, an additional comparative evaluation was performed be-
tween placebo and study groups in the two subgroups of patients implanted with the two
types of trifocal diffractive IOL, Finevision (placebo 6 vs. study 7) and RayOne (placebo 9
vs. study 8). A trend towards better contrast sensitivity values was found in both study
subgroups (the Finevision and RayOne study subgroups) compared to the placebo sub-
groups. Specifically, no significant differences were found in any visual and contrast sen-
sitivity parameters between the Finevision study and placebo subgroups after training (p
>0.078). However, a difference in the limit of statistical significance (p = 0.055) was found
between the RayOne study and placebo subgroups after training in near (40 cm) contrast
sensitivity for 3 cpd measured with the Optictrain-CS test.

3.7. Data Re-Analysis with Those Cases with Compliance Time of 300 Min or More

A re-analysis was conducted for those participants with a compliance time of 300 min
or more (12 patients in the placebo group and 15 patients in the study group). No signifi-
cant differences were found between groups in binocular distance (p = 0.936), intermediate
(p = 0.687), and near visual acuity (p = 0.609). Concerning distance (4 m) contrast sensitiv-
ity, significantly better values were found in the study group compared to the placebo
group for the spatial frequencies of 6 (1.86 + 0.23 vs. 2.05 + 0.15, respectively; p = 0.029) and
12 cycles/degree (1.48 + 0.16 vs. 1.72 + 0.21, respectively; p = 0.009). In contrast, as in the
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analysis of the whole sample, no statistically significant differences were found between
groups in near contrast sensitivity values for any of the evaluated spatial frequencies (p =
0.107).

Regarding the significant longitudinal changes in contrast sensitivity values in each
group, only a significant decrease in near contrast sensitivity measured with the Optic-
train-CS test was found for the spatial frequency of 4.5 cycle/degree (pre-training 2.14 +
0.20 vs. post-training 1.82 + 0.23; p = 0.009). In contrast, in the study group, significant
increases in distance contrast sensitivity were found for the spatial frequencies of 6 (pre-
training 1.87 +0.21 vs. post-training 2.05 + 0.15; p = 0.014) and 12 cycle/degree (pre-training
1.50 + 0.31 vs. post-training 1.72 + 0.21; p = 0.016), as well as in near contrast sensitivity
measured with the Optopad-CSF test for the spatial frequencies of 1.5 (pre-training 3.46 +
0.09 vs. post-training 3.62 + 0.24; p = 0.026) and 3.0 cycles/degree (pre-training 3.74 + 0.14
vs. post-training 3.92 + 0.27; p = 0.048).

4. Discussion

Concerning visual acuity data at4 m, 1 m, and 40 cm, no significant differences were
found between patients from the placebo and study groups, which confirms that the im-
pact of the visual training program was minimal. It should be considered that the visual
acuity outcomes obtained with the two types of trifocal IOLs included in the current series
were already good in the initial postoperative period, as has been reported in several pre-
vious investigations [35-37]. Tan and Fong [25] evaluated the efficacy and safety of a Ga-
bor gratings-based visual training to improve visual acuity and contrast sensitivity in low
myopic eyes, and they obtained a significant improvement in uncorrected visual acuity.
However, in the current trial, the residual refraction was minimal because the high level
of predictability achieved with the refractive correction of the IOL made the adaptation to
a specific level of residual refraction unnecessary.

The superiority of the impact on contrast sensitivity at 4 m of the use of the visual
training program evaluated over the placebo was evident, with significantly better post-
training contrast sensitivity values for the spatial frequencies of 6 and 12 cpd in the study
group. This result is consistent with the outcome obtained in the clinical study of Kaymak
et al. [15]. In this study, these authors trained one eye of 16 participants that had under-
gone bilateral cataract surgery with the implantation of multifocal IOLs in six sessions
over 2 weeks, with the untrained fellow eye serving as the control. The training was con-
ducted using a computerized system based on the concept of the perceptual learning of
discrimination line orientations, with training sessions of a mean duration of 30 + 5 min.
These authors found significant improvements in orientation visual acuity and contrast
sensitivity compared to control eyes. Specifically, these authors evaluated the area under
the contrast sensitivity curve under photopic, mesopic, and mesopic with glare condi-
tions, obtaining significant changes after visual training in all of them. Likewise, Tan and
Fong [25] reported significant improvements in uncorrected contrast sensitivity for low,
medium, and high spatial frequencies measured using a wall-mounted sine-wave contrast
test (SWCT) chart (Stereo Optical Co., Chicago, IL, USA) at 3 m in low myopic eyes trained
with Gabor gratings. Caution should be taken when comparing these previous investiga-
tions that evaluated the impact of Gabor grating-based visual trainings with the outcomes
of the current trial, as significant differences among studies are present in terms of illumi-
nation conditions, the pupil characteristics of the enrolled patients, the level of the gami-
fication of the visual training, the psychophysical method used for stimulating and eval-
uating the contrast sensitivity, and the resolution and calibration of the screen in which
the stimuli were presented.

Concerning near contrast sensitivity (40 cm), three different tests were used to inves-
tigate the potential benefit of the evaluated visual training program: Pelli-Robson (based
on the use of letters and one main spatial frequency), Optopad (several spatial frequencies
and sinusoidal gratings), and Optictrain-CS (several spatial frequencies and the use of
Gabor patches). With the Optopad and Optictrain-CS tests, better values of near contrast
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sensitivity were measured for low and medium spatial frequencies in the study group,
although only the difference between study and placebo groups for the spatial frequency
of 1.5 cpd measured with the Optictrain-CS test reached statistical significance. With the
Pelli-Robson test, the significant difference found among groups postoperatively should
be considered with care because, preoperatively, there was a difference close to the limit
of statistical significance among groups in the measures obtained with this test. Kaymak
et al. [15] reported significant improvements in low-contrast (12.5%) near visual acuity in
a group of eyes implanted with multifocal IOLs and trained with the sinusoidal grating
for 6 weeks.

It should be considered that high spatial frequencies represent abrupt spatial changes
in an image, and their detection corresponds to the detection of fine details of the config-
uration [38]. Therefore, there is a relationship between visual acuity and contrast sensitiv-
ity threshold for high spatial frequencies [39]. In our trial, no significant improvement in
visual acuity or contrast sensitivity for high spatial frequencies were found, which seems
to be consistent with this relationship among these two parameters. On the other hand,
low spatial frequencies represent global information about shape, such as general orien-
tation and proportions [39]. This suggests an improvement in the ability to detect and
process local and global aspects of real-world scenes, as well as a potential better control
of the selection of the focused image generated by the implant on the retina. In any case,
the effect of selective changes of the global function of contrast sensitivity with frequency
should be analyzed with caution in a real-world space, as it will depend on the frequency
content of the original image [40]. Luque et al. [41] simulated global and selective losses
of achromatic contrast sensitivity in low (1 cpd), medium (4 cpd), and high frequency (16
cpd) areas using colored images. As overall losses in achromatic sensitivity increased, the
scene became quasi-isoluminant, causing image segmentation and pattern recognition
tasks to become increasingly difficult. These authors showed the effects of losses in three
different frequency ranges (1, 4, and 16 cpd) that may correspond with the loss of a set of
specific frequency-selective sensors (due the bandpass characteristics of the striate cortex
cell-mediating pattern detection). Losses in the high frequency range result in defocus,
whereas losses in the low and medium frequency ranges create haloes in an image (dark
and bright bands around luminance contours, respectively). This should be further inves-
tigated to understand the meaning of this improvement in terms of daily activities.

This clinical trial had some limitations that should be acknowledged. First, the sam-
ple size was limited, though some significant changes could still be detected. As this clin-
ical trial is still ongoing and more patients are being recruited and evaluated, future anal-
ysis of the real efficacy of this visual training program, including a follow-up in the long
term, will be provided. The inclusion of two different types of multifocal IOLs may be
considered another limitation, but it should be considered that the two types of trifocal
IOLs have a diffractive profile. In any case, the sample was subdivided according to the
implanted IOL, and a comparison between study and placebo subgroups was performed
for each type of IOL: Finevision (placebo 6 vs. study 7) and RayOne (placebo 9 vs. study
8). For eyes implanted with the Finevision IOL, this analysis showed no significant differ-
ences in any visual and contrast sensitivity parameters between study and placebo sub-
groups after training. However, a difference close to the limit of statistical significance
was found between RayOne study and placebo subgroups after training in near contrast
sensitivity for 3 cpd (Optictrain-CS). It is difficult to extract consistent conclusions regard-
ing the potential different response of the visual training as a function of the implanted
multifocal IOL due to the limitation of the subgroups (all subgroups included 9 or less
subjects). Future analyses with larger samples that evaluate the impact of the visual train-
ing program on eyes implanted with different types of multifocal IOLs should be per-
formed. In addition, future studies are also needed to investigate the impact of photic
phenomena on perception, as well as patient satisfaction with this type of visual training.

Another potential limitation of the current trial was the control of the distance of vis-
ualization during the training. Though subjects were trained to keep a constant distance
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of 40 cm during the training, it was not monitored with an eye-tracking system. Future
studies that combine this training software with an eye tracker to show the potential im-
pact of this issue should be conducted. Finally, this trial only evaluated the immediate
impact of the visual training program on the patient’s visual function; the maintenance of
the improvement achieved in the medium and long term must be also investigated. In
their clinical study with 16 patients implanted with multifocal IOLs, Kaymak et al. [15]
confirmed that the effect of the visual training program based on the concept of perceptual
learning of discrimination line orientations applied was sustained over a 6 month period.

5. Conclusions

In conclusion, the results of this preliminary study suggest that a 3 week visual train-
ing program based on the use of Gabor patches in the immediate postoperative period
after the bilateral implantation of trifocal diffractive IOLs may be beneficial for improving
the visual performance achieved with the implant in both distance and near. These pre-
liminary outcomes should be confirmed in future studies with larger sample sizes and
long-term follow-up.
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