Journal of Optometry 18 (2025) 100544

Journzl Qptometry

www.journalofoptometry.org

ORIGINAL ARTICLE

Real-time assessment of eye movements during reading M

Check for

in individuals with central vision loss using eye-tracking
technology: A pilot study

Leonela Gonzalez-Vides®" *, Pilar Canadas”, José Antonio Gomez-Pedrero°©,
Jose Luis Hernandez-Verdejo®

3 Optics and Optometry Faculty, Complutense University of Madrid, Madrid, Spain / Education Faculty, University of Costa Rica, San
José, Costa Rica

b Optometry and Vision Department, Complutense University of Madrid, Madrid, Spain

€ Optics Department, Complutense University of Madrid, Madrid, Spain

Received 18 December 2024; accepted 24 February 2025
Available online xxx

KEYWORDS Abstract

low vision; Purpose: To assess eye movements during reading in individuals with central vision loss using
central vision loss; eye-tracking technology and an ad-hoc calibration method.

reading; Materials and methods: This pilot case control study included 17 participants (61.7 & 8.8 years),
vision rehabilitation; 12 women and 5 men) and 17 controls, matched for age and sex. Two ad hoc computer-based
eye-tracking; tests were administered to analyze eye movements during a single-letter reading task and con-
eye movements tinuous reading task, measured using a 60 Hz eye-tracking device.

Results: Individuals with central vision loss showed differences from the control group, with an
increase in the number of fixations, saccadic movements, and regressions, whereas the ampli-
tude and speed of saccades were lower. This resulted in longer reading times in the study group.
Conclusion: The results revealed lower performance in eye movements skills during reading
tasks in patients with central vision loss. Eye-tracking devices allow the objective binocular
assessment of eye movements during reading tasks. Our ad-hoc calibration method ensured mini-
mal data loss and high validity, enhancing the reliability of the assessments. This information can
be used to develop optimal and personalized functional and visual rehabilitation programs.

© 2025 The Authors. Published by Elsevier Espaia, S.L.U. on behalf of Spanish General Council of
Optometry. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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related macular degeneration (AMD). This condition mainly
affects tasks that require near vision, such as reading,’ a
fundamental activity in daily life that significantly affects
the autonomy and quality of life of affected individuals.?

It is estimated that between 60% and 86% of patients
attending vision rehabilitation services have reading
difficulties,® > making reading one of the main objectives of
these services and one of the most demanding tasks for this
population group.®

Reading is a complex process requiring precise coordina-
tion between visual processing and eye movements. Fixa-
tion, saccadic movements, regression, and visual search
skills are key components of the reading process, and a dis-
turbance in central vision can affect the coordination and
planning of eye movements.”

Generally, the assessment of reading in individuals with
low vision is performed using psychometric tests, which con-
sist of reading single letters or continuous texts. The most
common tests were the Radner Vissum, MnRead,
Colenbrander, and IReST. Studies using these tests in individ-
uals with central vision loss have found lower reading speed
performance in this population, mainly in those who experi-
ence binocular inhibition. %8 10

While these tests are widely used and provide informa-
tion on fluency and reading speed, they generally do not
allow for the objective handling of other parameters, such
as oculomotor metrics, nor do they provide a detailed under-
standing of eye movements during reading.

Previous studies have found that in patients with central
vision loss, there is a clear association between reading
speed and oculomotor parameters,’’ and that a greater
number of eye movements are necessary to localize visual
stimuli.'? Consequently, compensatory oculomotor strate-
gies are often developed to adapt to the vision loss.'*

In a previous study, we designed specific tasks to assess
essential eye movements skills required for reading, includ-
ing fixations, saccades, and visual search skills. The results
showed that individuals with central vision loss had lower
yields in these areas, highlighting the importance of includ-
ing these skills in visual rehabilitation training.*

In recent years, the importance of oculomotor training in
visual rehabilitation programs has been highlighted, along
with strategies for selecting optimal reading materials and
assessing eccentric vision." Nevertheless, rehabilitation pro-
fessionals face significant barriers, such as limited access to
devices that assess eye movements objectively and binocu-
larly due to high costs and the need for specialized
training.'”

Traditional eye movements assessment techniques, such
as microperimetry or scanning laser ophthalmoscopy, are
considered the gold standard methods, although the results
they provide are mainly monocular, and the metrics they
offer are limited. Currently, there is a lack of uniformity in
the application of protocols to assess eye movements during
reading, as well as a clear difficulty in obtaining binocular
information on eye movements in real tasks.

Within this framework, eye-tracking technology has
emerged, utilizing devices equipped with cameras or infra-
red sensors to track the gaze position. These advanced tools
allow precise binocular recording and analysis of eye move-
ment patterns, enabling the assessment of visual behavior
across various tasks.'""®

Although there have been studies describing some
aspects of eye movements in simulations of central vision
loss using devices incorporating eye tracking, the use of eye
tracking technology as a complementary tool to existing
clinical tests that assess aspects of the functional use of
vision has not been widely investigated. However, it has
been shown to be a useful discipline for obtaining objective
information.

This study aimed to assess eye movements during reading
tasks in individuals with central vision loss using eye-tracking
technology and applying an ad-hoc calibration method and a
simple protocol for reading single letters and continuous
text.

Our results support the implementation of eye-tracking
technology in vision rehabilitation services to improve the
monitoring and assessment of this type of patient.

Materials and methods

This pilot case-control study was conducted at the Faculty of
Optics and Optometry of Complutense University of Madrid,
Spain.

Individuals with central vision loss were recruited by the
Macula-Retina Association, a patient association with repre-
sentation throughout Spain. The inclusion criteria were as
follows: age > 18 years, diagnosis of ocular pathology caus-
ing bilateral central vision loss, a visual acuity between 0.5
and 1.3 LogMAR, and the inclusion criterion required that
participants had not received treatment for any ophthalmo-
logic pathology within the three months preceding enroll-
ment in the study and that their condition remained stable
with respect to visual acuity levels. For both groups the
exclusion criteria were presence of another ocular pathology
affecting peripheral vision, recent surgery, cognitive
impairment, or general difficulty in performing the tests.
The control group was match for age and sex.

Initial assessment of patients

Initially, a total of 34 individuals completed a form showing
interest. Following an initial screening through informal
interviews, 13 individuals were excluded based on the fol-
lowing criteria: loss of peripheral vision (n = 3), inability to
travel to the Faculty of Optics and Optometry (n = 6), resi-
dence outside of Spain (n = 1), and visual acuity less than 0.5
LogMAR (n = 3). The remaining 21 participants were then
invited to attend the evaluation and application stages of
the study

Each participant was required to provide the researcher
with their relevant medical history. Visual acuity and refrac-
tion were assessed in each patient.

Eye-tracking device and settings

The Minimal Reporting Guidelines for Eye-tracking Research
were followed,'” to achieve construct validity. The reading
paradigm of the eye-tracking methodology was chosen to
characterize eye movements during reading in individuals
with specific clinical conditions.'®

The stimuli were presented on a 23-inch external display
using a screen-based Tobii Pro Lab Edition.'® A Tobii X2-60
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(60 Hz) device (Tobii AB, Sweden) with a Full HD or 1080p
was used. This eye-tracker is able to record with a precision
of 0.4° and an accuracy of 0.34° under good light and tem-
perature conditions. All stimuli were presented in white
(RGB 240 240 240) on a black background (RGB 25 25 25) to
ensure a contrast greater than 70% according to Weber’s
contrast measurement formula.

Ls—Lb
Lb

Where Ls is the stimulus luminance and Lb is the back-
ground luminance. In addition, because the tests in the
study were applied to a computer, the Contrast Finder appli-
cation (https://app. contrast-finder. org/lang=es) was used,
which was designed to evaluate the contrast between two
colors and to determine if it complied with the Accessibility
Guidelines for Digital Content (WCAG 2.2.)?° indicating that
the contrast between the chosen colors was valid and did
not require any changes.

Webers Constrast =

Calibration of eye-tracking device

The normal calibration consists of a single small dot that moves
rapidly at different positions on the screen and the person
must follow it with his or her gaze. Owing to the fixation diffi-
culties faced by individuals with central vision loss, an ad hoc
calibration strategy was designed. There is evidence that geo-
metric shapes facilitate calibration by generating fewer micro-
saccadic intrusions and less dispersion of fixations.”'

A stimulus consisting of a flashing black circle with two
diagonal lines intersecting in the center and a white circle in
the center of the entire stimulus was created (Fig. 1a). This
configuration is similar to the adapted Amsler grid and was
considered appropriate, as it is familiar to patients with
vision loss and meets the characteristics recommended by
previous studies.”’

A resizing format was used, in which the flashing circle
initially covered the entire screen for 5 s. Each person
was asked to follow the diagonal lines to try to find the
center of the circle, allowing sufficient time for the sub-
ject to locate the center. The dot was then moved to
one of nine calibration positions, reaching a minimum
size of 6° before changing position. At this point, the dot
was returned to the center to facilitate fixation. Calibra-
tion using nine stimuli was considered appropriate to
ensure that the apparatus would fit the eyes of an
individual.®

Prior to the eye-tracking tests, a pilot calibration test was
conducted on six individuals with central vision loss. First,
the default calibration of the program was performed, fol-
lowed by the calibration adapted for this study. Table 1
shows a comparison of the results obtained in both tests,
showing that in the adapted test the accuracy (<1°) and
precision (<0.8) improved and the percentage of lost data
also decreased, being within the range of 0%-20% which is
accepted in eye-tracking studies.??

Single-letter reading task

The single-letter test was carried out with the aim of
determining oculomotor behavior when only five separate
letters on the same line were required to be identified,

which is similar to the traditional optotypes used to mea-
sure visual acuity, although in this case the contrast was
different.

The test was performed using the Opticians’ Sans font,
which is used for optometric optotypes. The test started
with a fixation cross in the central part of the screen, fol-
lowed by a screen with five single letters arranged in a row;
four screens were presented with four different letter sizes,
and between each screen, a central fixation cross. The pre-
sented stimuli corresponded to the following angular sizes:
stimulus 1, 0.4°; stimulus 2, 0.28°; stimulus 3, 0.19°; stimu-
lus 4, 0.09° (Fig. 1b).

Continuous-text reading task

The continuous text test was used to determine in detail the
behavior and possible patterns of eye movements during
reading, as well as to find similarities or differences between
tests.

This test was applied using the Times New Roman font, a
common typeface in continuously reading optotypes for indi-
viduals with low vision. Spanish sentences from the Radner
Vissum test were used as references.?® Four different font
sizes were presented, corresponding to angular size of the
following data: Stimulus 1, 0.4°; Stimulus 2, 0.28°; Stimulus
3, 0.19°; Stimulus 4, 0.09° (Fig. 1c).

Two sentences were presented for each font size to avoid
drawing conclusions from a single dataset. The test started
with a central fixation cross, followed by continuous text
displays; between each task, a central fixation cross
appeared again.

To ensure content validity, the tests were evaluated by 5
professionals with knowledge in eye-tracking, optometry
and visual rehabilitation.

Procedure for the application of eye-tracking tests

The eye-tracking test was conducted in a closed laboratory,
under controlled conditions of ambient lighting (70-100 [x)
(MAVO Monitor, Gossen, Germany) and temperature (24°C)
(TFA, Dostmann Wertheim, China). The test was performed
in a space free of distractions, ensuring that no light source
was directed at the person’s face or the eye-tracking
device.

Each participant sat 60 cm from the screen. A forehead
rest was used to maintain the distance and to reduce sudden
head movements, and each person used their best possible
optical correction, as long as the lenses used did not inter-
fere with the device’s capture of the eyes. The tests were
applied in order of least to most visually complex.

The procedure applied was as follows

1. Calibration modelling using printed stimuli. The designed
stimulus was printed on paper, and before starting the
calibration, an explanation of the procedure was pro-
vided to each participant to allow them to anticipate the
task.

2. Calibration of the device for each individual. The maxi-
mum deviation was limited to <1°. If the deviation was
high, the calibration test was repeated, and participants
were excluded if the calibration was still deficient. Cali-
bration was performed at the beginning of each test such
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C
— director esta oyendo

todos los problemas

El director esta hablando

con sus discipulos.

El director sabe donde

estaba la icicleta \

El deacior esla revisando

lodos os planes

Mi hermana Ana, esta

Mi hermana esta enfadada

con las enfermeras.

Mi hermana Ana esla

preparando la cena.

A hectnans sabe donde

walaba ol secwdle

Fig. 1  a. Stimulus designed for ad-hoc calibration. b. single-letter. c. continuous-reading task.

that if a person became fatigued at the end of the test,
he or she could withdraw and take a short break. Three
individuals were excluded from the study because of dif-
ficulty in performing the calibration.

. In the single-letter reading test, each participant was
asked to read a line of letters that appeared on the
screen as fast as possible, and at the end of the line, the
researcher had to press the space bar to move to the
next screen.

4. Continuous text reading test. Each participant read the
sentences presented on the screen, and at the end of
each sentence, the tester pressed the space bar to move
to the next screen.

Data extraction

Tobii Pro Lab software (version 1.232.52758 (x64)) was used
for the test presentation and data extraction. First,
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Table 1  Results obtained in the default calibration and in the adapted calibration.
Participant Default calibration Ad-hoc calibration
Accuracy Precision Lost data Accuracy Precision Lost data
01 1.38° 0.75° 29% 0.85° 0.61° 6%
01 1.84° 1.39° 40% 0.9° 0.62° 10%
03 1.55° 0.72° 43% 0.98° 0.42° 10%
04 2.93° 0.52° 35% 0.75° 0.35° 15%
05 3.16° 0.61° 47% 1.03° 0.47° 11%
06 1.39° 0.80° 36% 0.69° 0.38° 4%

recordings of each participant were reviewed to detect pos-
sible recording errors. The metrics analyzed for each task
and stimulus size were as follows:

1. Single-letter reading: Total reading time, average dura-
tion of fixations, total number of fixations, time to make
the first fixation, and number, speed, and amplitude of
saccadic movements.

2. Continuous text reading: Reading time, number of words
per minute (wpm), number of errors, mean duration of
fixations, number of fixations, time to make the first fixa-
tion, number of fixations and time to find the second
line, number, speed, and amplitude of saccadic move-
ments, number of regressions, and the existence of a pat-
tern of line change were determined by classifying them
into oblique change, return along the same line to go
down, or no pattern of change.

Statistical analysis

Data were analyzed using the SPSS 21 statistical package
(IBM Corporation, New York, United States). To assess the
reliability or internal consistency of the eye-tracking test,
we used Cronbach’s alpha,?* obtaining an alpha of 0.7 in the
single-letter reading test and 0.9 in the continuous text
reading test, which is within the ranges that consider the
test to have good/high reliability.

The Shapiro-Wilk test was used to assess the normality of
the data, where necessary, and the data were normalized by
calculating the decimal logarithm of each value. The Student’s
t-test was used to compare the means of the metrics of the
control and study groups. The ANOVA test was also applied for
multiple comparisons between the metrics for each of the dif-
ferent sizes of stimuli presented to determine if there was a
different behavior in eye movements in the subjects in the
study group when the size of the stimulus changed; in this
case, Bonferroni adjustment was used when necessary. Differ-
ences were considered statistically significant at the 95% confi-
dence level when the P-value was < 0.05.

Results

Four individuals were excluded from the data analysis, three
of them due to inability to calibrate the eye-tracking device,
and one more person was excluded because after testing,
the program did not make a complete record of the individu-
al’s data.

Finally, seventeen patients with central vision loss (12
females, 5 males; 61.7 + 8.8 years) and seventeen individu-
als participated as part of the control group (12 females, 5
males; 61.82 £+ 9.8 years). All individuals in the control
group had a visual acuity of 0.0 LogMAR or better. None of
them had any diagnosed ocular pathology or other health
conditions that could potentially influence the study results,
all of them had completed compulsory secondary education
or higher. Additionally, all participants reported being habit-
ual readers. The characteristics of the patients are shown in
Table 2.

The metrics collected for the reading tasks are expressed
as means and standard deviations (Tables 3 and 4).

Single-letter reading task

Individuals in the study group required more time to com-
plete the reading, and the duration, number of fixations,
and number and speed of saccadic movements were also
higher, with a lower saccade amplitude in relation to the
control group (Table 2).

Statistically significant differences (P < 0.05) between
the two groups were found for all four stimulus sizes in the
metrics of total reading time and number of fixations.

For the total reading time, the study group showed a vari-
ation in time with a change in stimulus size of up to 6 s, with
the reading time being longer for the larger stimuli (0.47°)
and the smaller one (0.0095°). The control group main-
tained a short and stable time throughout the test (Fig. 2).

In comparison with the number of fixations in the study group,
a pattern of an increasing number of fixations was observed as
the size of the stimulus decreased, reaching a difference of up
to eight fixations between the largest and smallest stimuli.

Continuous reading task

Statistically significant differences were found between the
two groups in most of the metrics analyzed and for the four
stimulus sizes presented.

The participants in the study group did not have a specific
pattern for making the line change, whereas those in the
control group made an oblique line change.

Patients in the study group made a greater number of
errors during reading, which increased as the font size
decreased, and took longer to complete the reading task
(Fig. 2). This resulted in the study group reading between
60-92 words per minute, which was less than the control
group. Although stable behavior was observed in the number



Table 2 Characteristics of the study group.

Patient Sex Age Education Employment Diagnostic® AV RE AV LE Avbin Treatment Reading
code status (LogMar) (LogMar) (LogMar) habits
CVLOO01 w 66 University Retired Dry AMD 0.5 0.5 0.5 - Daily
CVL 002 w 58 University Active Wet AMD 0.5 0.5 0.5 ANTI-VEGF Daily
CVL 003 W 50 University Retired Inverse Retinitis Pigmentosa 0.9 1.2 0.9 - Usually
CVL 004 w 56 University Retired Stargardt 1.3 1.0 1.0 - Usually
CVL 005 w 67 University Retired Myopic Maculopathy 1.3 0.8 0.8 Photobiomodulation Daily
incomplete 2 cycles 9 sessions
CVL 006 M 66 University Retired Non-filiated Retinal Dystrophy 0.6 0.5 0.6 - Daily
CVL 007 w 73 High School Retired Wet AMD 0.5 0.6 0.6 ANTI-VEGF Usually
CVL 008 M 69 University Active Macular Dystrophy 0.5 0.5 0.5 - Daily
CVL 009 w 54 University Active Vitelliform dystrophy of the adult 0.7 0.7 0.7 Daily
CvVL 010 M 54 Vocational Active Vitelliform dystrophy of the adult 0.8 0.6 0.6 Daily
Training
CVL 011 M 76 High School Retired Dry AMD 0.5 1.6 0.9 Nutritional supplements Usually
CVL 012 w 65 University Retired Retinal detachment with macular 0.6 0.7 0.6 Vitrectomy Usually
involvement
CVLO013 M 73 High School Retired Dry AMD 0.5 0.6 0.5 Cataract Cx Sometimes
CVL 014 w 57 University Retired Dry AMD 0.5 0.9 0.7 Daily
CVL 015 w 45 University Active Myopic Maculopathy 1 1.1 1.0 - Daily
CVLO016 w 55 University Retired Macular atrophy due to elastic 0.9 0.7 0.7 ANTI-VEGF Daily
pseudoxanthoma
CVL 017 w 65 University Retired macular atrophy due to elastic 0.7 1.3 0.7 Daily
pseudoxanthoma

@ All pathologies were inactive at the time of testing and stable with respect to visual acuity.
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Table 3

Results in single-letter reading task.

Stimulus size Group t-test Time (s) X = SD DF (ms) X & SD Nfix (n) X & SD Tfirstfix (ms) X = SD Nsac (n) X = SD Velsac (ms) X & SD Ampsac (°) X = SD
Stimulus 1 Study 9.5 +21.33P 255.3 +111.9 10.1 £5.1f 569.5 + 1230.1 7.2+2.2 139.3 +39.3 3.14+1.1
0,477° Control 2.9+0.3 222.6 + 64.7 9.2+3.5 141.9 + 152.6 6.5+2.8 175.2 + 25.6 3.9+0.8
P-value 0.0168 0.4762 0.7269 0.0489 0.7819 0.0018 0.0235
Stimulus 2 Study 3.9 +1.43¢ 249.3 +132.3 11.5 £ 5.08 279.5 + 211.2 6.7+2.8 116.4 + 32.8 2.7+0.9
0,286° Control 2.8+0.7 227.9 £55.9 8.6+ 3.2 202-2 + 140.1 5.6 +2.9 99.6 + 41.8 2.2+0.9
P-value 0.0028 0.9691 0.0476 0.4986 0.2646 0.1812 0.1505
Stimulus 3 Study 4.3 +2.9>¢ 243.6 £+ 95.5 12.8 +£8.3%" 377.4 +£299.0 6.4+ 4.0 99.9 4+ 23.5 2.2+0.7
0,190° Control 2.4+0.3 236 £+ 75.2 6.6 +1.9 292.6 + 220.7 4.4+23 137.3 + 56.6 3.01£1.5
P-value 0.0017 0.8091 0.0004 0.2526 0.0851 0.0772 0.2979
Stimulus 4 Study 6.9 + 8.0°¢ 268.9 £+ 96.7 17.7 £10.85"  427.0 + 346.6 9.3+4.7 90.9 +29.0 1.9+0.6
0,095° Control 2.6 +0.5 273.4 £+ 127.0 7.2+2.7 194.3 + 168.9 48+2.2 90.3 &+ 25.6 1.9 £ 05
P-value 0.0010 0.8143 <.0001 0.0223 0.0416 0.8808 0.9489

Time, Time to complete the task; DF, Duration of fixations; Nfix, Number of fixations; Tfirstfix, Time to first fixation in the area of interest; Nsac, Number of saccades; Velsac, Velocity of sac-
cades; Ampsac, Amplitude of saccades. P < 0.05.
P-value =Student’s t-test.

ANOVA test:

3P =0.0110; °P = 0.0108; °P = 0.012; 9P = 0.015; °P = 0.0054; ‘P = 0.0040; °P = 0.006; "P = 0.0050.

Table 4 Results in continuous reading task.

Stimulus size Group WPM (n) DF (ms) Nfix (n) Tfirstfix (ms) Nfix2line (n) T2line (ms) Nsac (n) Velsac (ms) Ampsac (°) Regres (n)
t-test X 4+ SD X + SD X + SD X 4+ SD X + SD X 4+ SD X+ SD X + SD X + SD X 4+ SD
Stimulus 1 Study 79.9 + 38.6 189.6 + 39.8* 24.7 £11.4 240.5 + 219 2.2+1.0 1030.2 + 330.590 16.2 £9.0 167.0 + 50 4.4+1.6 4.5+ 3.8"%
0,477° Control 139.0 +23.3 167.3 +£35.9 9.3+3.9 46.7 +£39.4 1.1+0.2 488.6 + 206.7 6.3+2.6 209.8 + 83.6 5.5+2.5 0.2 +0.5
P-value <0.0001 0.0907 <0.0001 0.0020 <0.0001 <0.0001 <0.0001 0.1610 0.2546 <0.0001
Stimulus 2 Study 79.9 +£42.0 207.2 £ 41.1 23.5+15.6 270.2 + 249.6%¢ 2.4+1.3 1751.1 & 1250.2f 12.2 +8.2 153.4 + 48.0j 3.9+1.5 4.44 3m
0,286° Control 156.2 + 20.6 179.8 £35.4 12.8 £11.9 55.2 +32.6 1.0+£0.0 595.6 + 229.7 5.5+1.2 229.8 + 62.6 5.5+1.7 0.1+0.2
P-value 0.0400 0.0020 <0.0001 <0.0001 <0.0001 <0.0001 0.0007 0.0008 0.0126 <0.0001
Stimulus 3 Study 78.3 +£41.9 208.5 +59.5 23.7 +£20.9 442.8 + 435 1.9+1.1 1781.4 + 983.19 11.7 £9.1 139.9 +48.8 3.3+1.4 0.7 £ 0.4
0,190° Control 156.0 + 19.9 195.1 £ 33.2 9.6 +£2.2 49.2 +22.6 1.0+£0.0 568.0 & 333.4 5.4+1.3 159.4 + 54.6 39+1.4 0.1+0.2
P-value 0.0003 0.5823 0.0016 <0.0001 0.0006 <0.0001 0.0253 0.4589 0.2509 <0.0001
Stimulus 4 Study 73.6 +44.2 239.8 +76.7° 24.4 +20.4 624.9 + 507.2¢¢° 1.9+0.7 1959.3 + 1099.6" 12.9+9.4 115.3 + 37.5¢ 2.6 +1.1 7.3 +£5.8%m
0,095° Control 166.1 £ 15.2 201.5 + 34.8 8.7+3.0 39.84+22.3 1.0£0.0 478.8 +395.4 4.6 +1.7 125.1 £ 35.5 2.9+0.8 0.0+ 0.0
P-value 0.0002 0.1999 0.0001 <0.0001 <0.0001 <0.0001 0.0018 0.5080 0.1957 <0.0001

Obliqg, Oblique pattern; NP, No pattern; WPM, Words per minute; DF, Fixation duration; Nfix, Number of fixations; Tfirstfix, Time to first fixation; Nfix2line, Number of fixations to find second
line; T2line, Time to find second line; Nsac, Number of saccades; Velsac, Velocity of saccades; Ampsac, Amplitude of saccades; Regres, Number of regressions.
P-value =Student’s t-test.

ANOVA test:

ap = 0.05; PP = 0.04; °P = 0.039; P = 0.045; °P = 0.04; P = 0.05; 9P = 0.014; "P = 0.015; iP = 0.0030; /P < 0.0001; P < 0.0001; 'P = 0.0078; ™P = 0.012.

#5001 (5Z07) 81 AawoidQ Jo jeunor



L. Gonzalez-Vides, P. Canadas, J.A. Gomez-Pedrero et al.

Single letter reading task
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of words read across all four stimulus sizes, the number of
words read tended to decrease when the font size of the
presented text also decreased.

Patients with central vision loss made between 15 and 18
more fixations than the control group, and the same behav-
ior was observed in the number of saccadic movements and
regressions.

Study group had a stable behavior in terms of the number
of fixations without this being altered by the change in stim-
ulus size, the number of saccadic movements showed a small
decline in stimulus sizes 2 (0.286°) and 3 (0.190°), being
higher in the largest and smallest stimulus sizes. An increase
in regression was evident in the control group when the let-
ter size decreased (Fig. 2).

Regarding the ability to find the reading lines, differences
between the groups were found in the time taken to find the
first line, where the study group required between 173 and
585 ms more time than the control group. The same behavior
was observed in the time taken to find the second line. How-
ever, in this case, the study group required 200—1000 ms
more time to shift their gaze to the next line, and they
made an average of two more fixations during this move-
ment.

The time to find the first and second lines showed stable
behavior in the control group, while in the study group,
there was an increase in time as the stimulus size
decreased.

The correlations between the metrics obtained in both
tests and visual acuity were not statistically significant (P >
0.05).

Discussion

This study aimed to assess eye movements during reading in
individuals with central vision loss, using eye-tracking tech-
nology. Furthermore, we analyzed the contribution of eye
tracking technology to visual rehabilitation services. For this
purpose, an ad hoc protocol was created to assess eye move-
ments during two reading tests using four different stimulus
sizes.

Both tests showed statistically significant differences
(P < 0.05) between the groups in the metrics of reading
time, number of fixations, time to first fixation in the area of
interest, and number of saccadic movements. The continu-
ous text test also revealed differences in the pattern of line
change, number of errors, number of words per minute,
number of fixations, time to find the second line, and num-
ber of regressions.

Reading speed is one of the main aspects of reading per-
formance. In relation to this metric, in the single-letter
test, the study group showed greater variability in time for
the four stimulus sizes. For continuous texts, there was a
small increase in reading time as the font size decreased.

Reading speed was measured as the number of words per
minute (wpm). In this study, patients with central vision loss
read significantly fewer words than healthy individuals,
ranging from 73-79 wpm. Similar results have been reported
in previous studies, such as that of Prahalad et al., who
found that, for similar letter sizes, individuals with central
scotoma read an average of 79.8 wpm.?® Scherlen et al.
reported a range of 65-80 wpm in this population.?®

When analyzing behavior as a function of stimulus size, no
significant variability was observed in the number of words
read by the study group. Chung and Calabrese et al. showed
that for different font sizes, the average number of words
per minute remained constant in patients with central vision
loss, unlike in healthy individuals. This confirms that vision
restriction is an impairment in reading speed, and not neces-
sarily in the spatial resolution of the stimulus.**’

Reading speed is closely linked to eye motility patterns,
such as the duration and number of fixations and amplitude
of saccadic movements.”® A slower reading time is associ-
ated with fixation stability and a high number of saccadic
movements. "%’

In a study by Yu and Kwon, they applied a reading test on
24 individuals with a simulated central scotoma and found a
mean saccadic amplitude of 3.19 + 0.09° and a fixation
duration of 217.33 + 6.41 ms,”® although these results are
similar to those of this study, in our case the duration of fixa-
tions of the study group was longer than that of the control
group, results that differ from previous studies that show
that the duration of fixations is reduced in reading tasks in
individuals with macular degeneration,>° in addition, no sig-
nificant difference was found between groups in the dura-
tion of fixations.

Yu and Kwon recorded a saccade velocity of 107.3 +
2.57° /sec, which is similar to that of the study group. It
should be noted that the saccade velocity decreased only in
relation to the control group in the continuous text test.

In this regard, Chung supported the idea that the slowed
speed of saccadic movement results in the detection of a
reduced number of letters in each movement.'" This could
be caused by the difficulty of the task, which, unlike single-
letter reading, exposes the person to more stimuli with less
separation between them, and requires the person to try to
move through the words in more detail to identify and recog-
nize the letters or words where the crowding effect also
interferes.>!

The number of errors and regressions are other factors
that are often compromised in the reading of patients with
central vision loss.” In this study, it was evident that
patients in the study group made a higher number of errors
and more regressions compared to the control group, which
was confirmed by previous studies. >’

Yu et al. found that regression increased by up to 86%
between individuals with no visual impairment and those
with central scotoma; even when reading a set of five letters
from left to right, individuals with macular degeneration
tended to regress by up to two times more than those in the
control group.?®

Line changes during reading can be a challenge for indi-
viduals with central vision loss; in this case, there were
more fixations and more time to move from the end of one
line to the start of the next, even though most did not show
an orderly line change pattern. When executing line
changes, factors such as line spacing may play a role® in
visual search skills. Training in scanning and finding strate-
gies should be considered to encourage fluent reading or
alternative text presentations, such as scrolling text, should
be considered.*

The results obtained reflect that central vision loss may
alter some features of eye movements and lead to lower
reading performance compared to healthy individuals;
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therefore, training in these skills should be considered in
visual rehabilitation.

Reading when vision is not compromised can be under-
stood as a seemingly automatic process, but its effective
execution involves a complex interplay of eye movements,
visual search skills, perceptual ability, low crowding effects,
and adequate visual span, which are largely dependent on
foveal function,® so when there is a macular problem, these
factors can be affected, resulting in poor reading perfor-
mance that can lead to frustration, and many individuals
may even decide to give up reading tasks.

These statements suggest that beyond visual acuity, con-
sideration should be given to controlling some elements of
text presentation to improve access to reading for individu-
als with central vision loss. Indeed, in this study, there was
no correlation between the metrics analyzed and visual acu-
ity (P > 0.05), but there were significant differences
between the groups in eye movements metrics and variable
behavior in the study group when faced with different stimu-
lus sizes.

In this sense, Latham et al., in a study carried out on
patients with low vision, highlighted the importance of con-
sidering the most comfortable font size as an appropriate
clinical measure as an alternative to critical font size,>* an
idea supported by Xiong et al.*, who stated that reading acu-
ity provides real information about a person’s reading per-
formance beyond his or her acuity to distinguish single
letters.

Understanding the characteristics of eye movements dur-
ing reading tasks may be fundamental for identifying specific
skills that should be included in visual rehabilitation pro-
grams, thus allowing for the design of more personalized
and timely training. Evidence suggests that oculomotor
training is key to improving visual skills and reading perfor-
mance in individuals with central field involvement.*>*°

The main limitations of our study were the variability
in the etiology of central vision loss and the small sample
size. It is challenging to find participants with comparable
visual functioning, even among individuals with the same
diagnosis, which complicates the recruitment of large
sample sizes for studies and prevented the generalization
of the results, although the data found were similar to
those of previous studies. Another limitation is that we
only analyzed the differences in eye movements at differ-
ent letter sizes and did not consider other variables, as
contrast or illumination.

These limitations open the door for future studies on
visual rehabilitation in individuals with central vision loss.
Expanding sample sizes and developing assessment protocols
to explore oculomotor behavior under varying text charac-
teristics could help identify optimal typography for
improved reading performance.

Additionally, applying eye-tracking to everyday tasks,
such as reading labels or using mobile devices, may enhance
understanding of functional autonomy. Investigating oculo-
motor patterns as potential biomarkers for cognitive decline
and designing personalized interventions that integrate eye
movements training with cognitive or physical therapies are
promising directions. Longitudinal studies and research on
the psychosocial impacts of improved eye movements could
further illuminate its influence on quality of life and emo-
tional well-being

10

Conclusions

Central vision loss alters eye movements during reading in
individuals with central vision loss, increasing the number of
fixations, saccadic movements, regressions, and errors, and
decreasing the amplitude and speed of saccadic movements.
This results in decreased reading performance, particularly
in terms of reading speed.

The identification of affected patterns in eye movements
has important implications for visual rehabilitation, as it
allows a better understanding of the specific difficulties that
should be addressed in visual rehabilitation services. The
results of the study lead to the conclusion that the main
skills to be worked on are fixation stability, saccadic move-
ments, visual search patterns and line changes.

Eye-tracking technology is a valuable and accurate tool
for assessing binocular ocular motility in people with central
vision loss, providing objective data on oculomotor behavior
during real-life tasks such as reading. Our ad-hoc calibration
method ensured minimal data loss and high validity, enhanc-
ing the reliability of assessments and enabling insights into
the key skills that need to be trained, as well as recommen-
dations for optimizing text features to improve reading per-
formance. This technology holds significant potential as a
complement to clinical evaluations, facilitating clinical
decision-making, guiding personalized visual rehabilitation
strategies, and supporting pre- and post-intervention assess-
ments to evaluate effectiveness.
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