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Eye tracking-based analysis of eye micromovements during a static
fixation task in 6- to 13-year-old children who have undergone laser
photocoagulation for retinopathy of prematurity

Artamonov 0. O., Katsan S. V.

S| «The Filatov Institute of Eye Diseases and Tissue Therapy of the National Academy of Medical Sciences of Ukraine»

Odesa (Ukraine)

AHani3 mikpopyxiB o4eW nig Yac TecTy Ha yTpUMMaHHA nornsaay y Aaiten Bikom 6-13
POKIB 3 peTMHONaTiEo HeAOHOLWEeHUX Nicns fasepHol Koarynsuii 3 BUKOPUCTAaHHAM

TEeXHONOril auTpeKiHry
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Y «IHCTUTYT 04HMX xBOPOO Ta TkaHWHHOI Tepanii im. B.MM.®inatoBa HAMH Ykpainny, Ogeca (Ykpaina)

Abstract

Purpose: To use eye tracking to determine the features of

eye micromovements in a gaze fixation test in 6- to 13-year-
old children who have undergone retinal laser photocoagula-
tion (LPC) for retinopathy of prematurity (ROP).

Methods: A total of 125 children were included. Eye
movements were recorded using the EyeLink 1000 Plus® (SR
Research Ltd., Ottawa, Canada) eye tracker at a 2000-Hz
sampling rate. The participant was asked to fixate gaze on
the immovable central stimulus (a round dot-shaped target)
for 10 seconds. The eye-tracking experiment was built in SR
Research Experiment Builder, and Data Viewer® was used for
data processing.

Results: In a static fixation test, statistically significant
between-groups differences were found only for two charac-
teristics. There was a significant difference between children
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that had undergone LPC for ROP and full-term emmetropic
controls in average saccade amplitude (2.72 + 1.63° versus
4.61 £2.20° p < 0.05) and median pupil size (1269 (inter-
quartile range, 1009-1443) versus 1987 (interquartile range,
1713-2325), p < 0.05).

Conclusion: In a static fixation test, average saccade am-
plitude was 1.7 times smaller (which corresponds to a reduc-
tion by 41.0%, p < 0.05) in the group of children that had
undergone LPC for ROP compared to full-term emmetropic
controls. Additionally, the median pupil size was 1.6 times
smaller (which corresponds to a reduction by 36.1%, p <
0.05) in that group compared to controls. These findings indi-
cate long-term changes in the visual system, which may affect
fixation control and autonomic regulation.

Keywords: retinopathy of prematurity, retina, eye tracking
technology, eye movements, saccades, children, laser
photocoagulation, myopia.

Pesome

Mema. Busgumu ocobaugocmi mMikpopyxie ouetl nio yac
mecmy Ha YympumManHs no2nady y dimet gikom 6—13 pokis
3 PEMUHONAMIEI0 HEOOHOULEHUX NIC/IA 1A3ePHOT Koa2yaayii
3 BUKOPUCIMAHHAM TMEXHOLO02I] atimpeKiney.

Memoou. /locniooceno 125 dimeii. YV docniodcenni 6u-
kopucmano avimpexep EyeLink 1000 Plus® (SR Research
Ltd. ®, Kanaoa) 3 uacmomoro sanucy 2000 I'y. Yuacnuxu
suxonysanu ¢hixcayivine 3aeoanus: npomsazom 10 cekyno
nompibHo 6y10 Ympumysamu no2iid HA YeHMpPaibHOMY
30posomy cmuMyni y euensoi Kpyenoi Kpanku 6Oe3 3miHu
nonooceHHs miuteni. Jlocnioxcentns 6y10 3anpocpamosano
v npoepami Experiment Builder, a 06pobxy ompumarux
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OaHUX NPoBOOUNU 3 OONOMO20K0 NPOSPAMHO20 3abesne-
uenns Data Viewer®.

Pesynomamu. Y mecmi na ympumanus ixcayii eu-
SA6/IEHO 3HAYYWI MIdHC2SPYNOGI 8IOMIHHOCMI 3a 08oma no-
kasHuxamu. CepeOHs amniimyoa cakao 0yna HUX*CYow y
dimeil 3 peMUHONAMIEI0 HEOOHOUWEHUX NIC/IA 1A3ePHOT KO-
azynayii (2,72+1,63°) nopieHaHO 3 KOHMPOILHOW 2PYNOI0
OoHoutenux Oimeti 3 ememponieto (4,61+2,20°; p<0,05).
Cepeouniii diamemp 3iHuyi maxoxc 6y8 meHwum y Oimetl
nicna naszepuoi koacyasayii — 1269 ym. 00., midxckeapmuio-
Hutl inmepsan (1009—1443 ym. 00.) 8iOHOCHO KOHMPOTb-
Hoi epynu — 1987 ym. 00., midckeapmuabHuii iHmepsan
(1713-2325 ym. 00.); p<0,05.

Introduction

Retinopathy of prematurity (ROP) is a vasoprolifera-
tive retinal disorder affecting premature infants due to ab-
normal vascular development. Abnormal vascular growth
begins due to an immature retinal vasculature and effects
of exogenic factors (hyperoxia, mechanical ventilation
and unstable systemic hemodynamics), posing a risk of
fibrosis, retinal tractional detachment and blindness, if not
treated timely [1].

Prematurity, especially in children born at a weight
<1500 g and/or before 32 weeks gestation, is a serious so-
cial and medical problem, as it is associated with the func-
tional immaturity of multiple organ systems, including the
visual system. These children frequently exhibit abnormal
central nervous system (CNS) maturation, especially at the
CNS sites responsible for visual integration, eye move-
ment control, fixation and tracking [2].

Video-oculography systems (eye trackers) enable pre-
cise measurements of rapid gaze shifts (saccades) and
phases of stable gaze fixation in children, and have been
increasingly used in current eye movement studies [3].
Oculomotor patterns represent sensitive indicators of the
functional status of the visual and cognitive systems, and
can change due to neuropsychological or sensory abnor-
malities typical for preterm children or those with ROP
[4, 5, 6]. In children with cerebral visual impairment, eye
tracking studies can identify oculomotor dysfunction (ab-
normal fixation, smooth pursuit and saccadic movements),
which is believed to be a key symptom of abnormal vision
and may be associated with the features of the cognitive
visual and learning functions [7]. An opportunity for in-
vestigation of oculomotor parameters in gaze fixation and
prosaccade tasks and further analysis of these parameters
enables assessing the latency, accuracy and stability of vi-
sual response and visual perception, which characterize
the development of the prefrontal and subcortical oculo-
motor systems [8]. Eye tracking offers new opportunities
for investigating the late sequelae of perinatal damage,
particularly, visual control in infants with ROP. Addition-
ally, it may become an objective tool for early diagnosis
and neurovisual development monitoring.

Bucnoexu. Bcmanogneno, wo y oimeil i3 pemunonami-
€10 HeOOHOWIeHUX NIC/IA IA3ePHOI Koazynayii npu 6UKOHAH-
HI 3a80aHHs HA YMPUMAHHA QiKcayii UABNEHO 3MEHULEHHS
cepeonboi amnaimyou cakao y 1,7 paza nopisHaHo 3 00HO-
wieHuMU OimbMU 3 eMeMmpPoni€ro, Wo BiON0BIOAE 3HUNCEH-
Hio npubnusno na 41,0% (p<0,05). Cepeoniti diamemp 3i-
Huyi 8 yit epyni 06ye menwum y 1,6 paza, abo npubnusno
Ha 36, 1% nopisnsano 3 konmpoasbroio epynoio (p<0,05). Lfi
pe3yabmamu ceiouams npo 006820CMPOKOGI 3MIHU 30P060T
cucmemu, wjo MOJICYMb GNIUCAMU HA KOHMPONb hikcayii
ma e2emamusHy pezynsayiio.

Knrwowuogi cnosa: pemunonamis HeOOHOUIeHUX, CIMKIGKA,
atimpexep mexHono2is, pyxu ouell, cakaou, Oimu, 1a3epHa Ko-
az2ynayis, mionis.

It is reasonable to single out children with ROP (they
have numerous neurological and ophthalmological issues)
from all other preterm children. Although a vast number
of studies have investigated retinal structural changes in
ROP, the functional characteristics (particularly, oculomo-
tor control) have not been sufficiently studied. Children
with ROP are at an increased risk of developing ophthal-
mological abnormalities like strabismus [9], amblyopia,
refractive errors [10, 11], contrast sensitivity abnormalities
[9], etc. Functional effects of ROP on oculomotor control
(including visual fixation and saccadic eye movements),
however, have barely been studied.

The absence of data on the status of the oculomotor
system in preterm children impairs our understanding of
the mechanisms of oculomotor abnormalities and effects
on the quality of life. Oculomotor abnormalities signifi-
cantly affect child’s cognitive development, learning and
social integration [12].

The purpose of the study was to use eye tracking to
determine the features of eye micromovements in a gaze
fixation test in 6 to 13-year-old children who have under-
gone retinal laser photocoagulation (LPC) for ROP.

Material and Methods

This single-center open-label, non-interventional pro-
spective study was conducted at State Institution “The
Filatov Institute of Eye Diseases and Tissue Therapy of
the National Academy of Medical Sciences of Ukraine”.
One hundred and twenty-five 6- to 13-year-old children
were included in the study and divided into five clinical
groups of 19 to 34 individuals: group 1 (EMMET group;
full-term emmetropic children without ophthalmological
abnormalities); group 2 (MYOP group; full-term mildly to
moderately myopic children without ocular comorbidity);
group 3 (NROPP group; preterm children without signs
of ROP); group 4 (ROPLC group; preterm children that
have undergone LPC of the avascular retina) and group 5
(ROPRG group; children with spontaneous ROP regres-
sion).
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Subjects underwent an ophthalmological and opto-
metric examination (including clinical refraction, conver-
gence, oculomotor balance and binocular vision status)
before taking part in the study.

Baseline clinical details are shown in Table 1.

Median binocular best-corrected visual acuity (BCVA)
(interquartile range (IQR)) was 1.0 (1.0-1.0) in most
groups, but was lower in the ROPLC group. In groups 4
(ROPLC group) and 5 (ROPRG), median BCVA (IQR)
was 0.95 (0.8-1.0) and 1.0 (1.0-1.0), respectively. Median
uncorrected visual acuity (IQR) was the highest in the EM-
MET group, 1.0 (0.875-1.0), and low in the MYOP group,
0.3 (0.11-0.425), ROPLC group, (0.14-0.9), and ROPRG
group, 0.6 (0.2-0.813). Refractive status in groups was in
agreement with the grouping. Spherical equivalent refrac-
tion (SER) was myopic in group 2 (median SER [IQR] in
the right eye and left eye was —1.875 D [-3.25 to —1.375]
and —1.75 D [-3.125 to —1.125], respectively) and close to
emmetropic in group 1 (=0.25 D [-0.25 to 0.5] and —0.125
D [-0.25 to 0.375], respectively). Additionally, median
SER (IQR) in the right eye and left eye was —0.125 D
(-0.75 t0 0.5) and —0.25 D (-0.75 to 0.75), respectively, for
group 3,-0.375 D (-3.5 to 0.5) and —0.625 D (4.0 to 0.5),
respectively, for group 4, and —1.125 D (-2.5 to —0.25) and
—1.0 D (2.0 to 0.125), respectively, for group 5.

This study was approved by the Bioethics Committee
of SI “The Filatov Institute of Eye Diseases and Tissue
Therapy of the National Academy of Medical Sciences of
Ukraine” (Meeting Minutes No.1 dated October 18, 2023),

and followed ethical standards as outlined in the Decla-
ration of Helsinki of the World Medical Association and
relevant laws of Ukraine.

Before children were included in the study, their par-
ents or legal guardians underwent a standardized ques-
tionnaire and provided children’s clinical and history data
required to determine whether the children met inclusion
and exclusion criteria. Written informed consent was ob-
tained from parents or legal guardians after provision of
detailed information about aims, methods, risks and per-
sonal data processing.

Privacy was safeguarded through anonymization of
data: each study subject was assigned a unique code to
protect his or her identity. The storage, processing and
analysis of the data obtained were done in compliance with
the European Union General Data Protection Regulation
(GDPR) and the Law of Ukraine “On the Protection of
Personal Data”.

Within the framework of this study, all subjects per-
formed a single standardized eye tracking test. The test
aimed to examine the features of eye micromovements
in a gaze fixation test. Before beginning the experiment,
the participants followed a standard eye-tracking calibra-
tion procedure, which consisted of fixating their gaze on
nine points presented at random on the computer screen.
The head was stabilized in a chin/head support. Figures
1 to 5 show the calibration and validation procedures and
the procedure of eye tracker-assisted gaze fixation study.
The participant was asked to fixate gaze on the immovable

Table 1. Clinical characteristics (age, refractive errors and visual acuity) of children in groups

N EMMET MYOP NROPP ROPLC ROPRG
(n=19) (n = 24) (n=37) (n =23) (n = 26) P

Age, years 8.5(6.5-12.5) | 13(10.0-135) | 8(6.0-9.0) |10.5(8.5-13.0)| 12(8.0-13.0) | <0.001
1 0.3 0.65 0.6

UCVAOD (0.875- 10245 | (0.11-0425y | 020810 1 544 09y | (02-0813 | <0001

1 0.8

BCVA OD 1(1.0- 1.0) (1.0- 1.0 1010-10) | (675 1.0y 1(1.0-1.0) | <0.001
1 0.3 0.9 0.6

UCVAOS (0.9-1.0p5 | (0.185-045)¢ | 09Q@7=10) | 5574 oy (0.3-0.850y | <0001

BCVA OS 1(1.0- 1.0) 1(1.0- 1.0) 1(1.0-1.0) | 0.95(0.8-1.0) | 1(1.0-1.0) 0.149

Refractive error (SE) -0.25 -1.875 -0.125 -0.375 -1.125 <0.001

oD, diopters (-0.25- 0.52 | (-3.25--1.375)" | (-0.75-0.5) (-3.5- 0.5)2 (-2.5- -0.25) :

Refractive error (SE) -0.125 -1.75 -0.25 -0.625 -1 <0.001

0S, diopters (-0.25- 0.375)% | (-3.125--1.125)' | (-0.75-0.75) | (-4.0-0.5) (-2.0- -0.125) :

Note. Data are presented as median (interquartille range). BCVA, best corrected visual acuity; EMMET, group of emmetropic
children; MYOP, group of myopic children; NROPP, group of non-retinopathy of prematurity preterm children; OD, right eye;
0OS, left eye; ROP, retinopathy of prematurity; ROPLC, group of preterm children that have undergone laser photocoagula-
tion; ROPRG, group of children with spontaneous ROP regression; SE, spherical equivalent. A one-way analysis of variance
was used to compare normally distributed data among groups, followed by pairwise post hoc analysis with the Tukey-Cramer
test. The Kruskal-Wallis test, followed by post hoc pairwise comparisons using Dunn’s multiple comparison tests was used
to compare data that were not normally distributed among groups. The superscript numbers indicate a significant difference,
shown by post-hoc comparisons, versus EMMET ('), MYOP (2), NROPP (), ROPLC (*), or ROPRG (%).
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central stimulus (a 30-mm diameter round target placed
against a neutral background) for 10 seconds. Eye move-
ments were recorded using the EyeLink 1000 Plus® (SR
Research Ltd., Ottawa, Canada) eye tracker at a 2000-Hz
sampling rate. It has several mount combinations (e.g.,
Desktop Mount, Tower Mount and Long Range Mount),
allowing experimenters to adapt it to specific requirements
of a pediatric patient. The eye tracker provides spatial
resolution of 0.01° of visual angle and average accuracy
of 0.25°-0.50° of visual angle, which is important for the
microdynamics of fixations and saccades.

The eye-tracking experiment was built in SR Research
Experiment Builder (SR Research Ltd). This software has

Puc. 1. MNMpoBeaeHHs y4acHUKOM JOCHiIKEHHS npolecy kanibpy-

BaHHA anTpekepy B 9 Toukax.

numerous preference settings to modify the parameters
of stimulus presentation and data synchronization and re-
cording. Stimulus material consisted of fixation dots that
appeared in the center of the screen.

The following oculomotor parameters were assessed:
average and median fixation durations, fixation counts, av-
erage and median saccade amplitudes, and saccade counts.
Standard deviations of fixation duration and saccade am-
plitude and average pupil size were also analyzed.

Data analyses were performed using the EZR software
(v. 1.68, Saitama Medical Center, Jichi Medical Univer-
sity, Saitama, Japan), a graphical user interface for R sta-

Puc. 3. [leMOHCTpaLisa MNOMOXEHHA YyyacHWKa Aocni-
[KEHHS Mif Yac kanibpyBaHHS 3 BUKOpUCTaHHAM nigbo-
pigHuKka Ta noboBoro gikcaTtopa.

Puc. 4. dikcauinHa miweHb nig Yyac NnpoBeAeHHs TecTy
Ha yTPUMaHHSI Mornsiay.

Puc. 2. MNpouec Banigauii gaHWx nicnsi NPOXO4XeHHS NepLIoro

eTany KaniGpyBaHHsi.

Puc. 5. Bizyanisauia ¢gikcauin nig yac npoBeaeHHs TeCTy Ha yTpu-
MaHHS nornsay (giametp rpadiyHOro Mapkepa Bignosigae TpuBa-

nocTi ¢pikcauin), Ha poto AaHi nauieHTa 3 rpynu 4 (PHJIK).

84



ISSN 3083-7197 (Print) ISSN 3083-7200 (Online) | Ukrainian Journal of Ophthalmology | 2026 | May-June | Number 3 (530)

tistics (v. 4.3.1, R Foundation for Statistical Computing,
Vienna, Austria) [13]. Mean and standard deviation (SD)
were used to report normally distributed variables; median
and IQR were used for non-normally distributed variables.
A one-way analysis of variance was used to compare nor-
mally distributed data among groups, followed by pair-
wise post hoc analysis with the Tukey-Cramer test. The
Kruskal-Wallis test, followed by post hoc pairwise com-
parisons using Dunn’s multiple comparison tests was used
to compare data that were not normally distributed among
groups [14]. Spearman rank correlation analysis was per-
formed to explore the association between quantitative
variables. Evidence of a difference between the groups
was determined via a two-sided critical region. Statistical
significance was set at P < 0.05 for all analyses.

Results

The results and between-group comparisons are pre-
sented in Table 2.

Figures 6 and 7 show the distributions of average sac-
cade amplitudes and mean pupil size, respectively, across
study groups. Box plots show median values (middle
bars), IQRs (boxes), and outliers, and dots are data points
from individual participants.

Correlations between parameters

A correlation matrix was built, with correlation coef-
ficients being calculated using Spearman’s rank correla-
tion test (Table 3). The table includes only the associations
significantly different from zero (p < 0.05).

The correlation matrix (Table 3) analysis demonstrated
that the closest associations were observed between the
parameters structurally reflecting the same characteristic
of eye-tracking data. Particularly, the fixation count was
very strongly positively correlated with the saccade count
(r=0.999), and the minimum fixation duration was very
strongly positively correlated with the fixation time (r =
0.999). There was also a strong correlation between the

Puc. 6. 3HayeHHA NokasHWKa cepedHbOI aMnniTyau cakag B
n'atu rpynax. BkasaHo megiaHy, MbXKBapTUNbHWUIA iHTepBan,
MiHiManbHe Ta MakCMMarnbHe 3HaYEHHS.

maximum fixation duration and the total number of regis-
tered samples (r = 0.971), as well as between the average
saccade amplitude and the median saccade amplitude (r =
0.799).

Strong negative associations, however, point to the
compensatory nature of the relationships among key pa-
rameters. Thus, the average fixation duration was negative-
ly correlated with the saccade count (r =—0.951), which re-
flects the balance between the stability of gaze and the gaze
shift frequency. A similar effect was observed between the
total number of registered samples and the saccade count (r
=-0.864), and between the fixation count and the standard
deviation of fixation duration (r =—0.857).

Discussion

ROP is a serious vasoproliferative retinal disorder that
may have late functional sequelae, even if treated early.
LPC is an established treatment for severe ROP; it enables
preserving the anatomy of the retina and preventing reti-
nal detachment. Numerous studies, however, have demon-
strated that children with ROP frequently develop visual
and neurodevelopmental abnormalities, including oculo-
motor disorders and low fixation stability, irrespective of
the treatment used [1, 15, 16, 17, 18, 19].

In the present study, eye tracking was used to examine
eye micromovements during a static fixation task in 6 to
13-year-old children. This approach allows an objective
assessment of fixation and saccade parameters which re-
flect the functional status of sensory motor vision control.
Statistically significant between-groups differences were
found only for two characteristics. There was a significant
difference between children that had undergone LPC for
ROP and full-term emmetropic controls in saccade am-
plitude (2.72 £ 1.63° versus 4.61 + 2.20°, p < 0.05) and
average pupil size (1269 (1009-1443) versus 1987 (1713-
2325), p <0.05).

Puc. 7. 3HayeHHs nokasHWKa MefiaHHOro Aiamertpa 3iHuLi y
n'sTv rpynax. BkasaHo megiaHy, MiXKKBapTUIbHWIA iHTEpBan,
MiHiManbHe Ta MakcManbHe 3HaYEeHHS.
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Table 2. Characteristics and comparative analysis of eye micromovements for groups

Parameter EMMET MYOP NROPP ROPLC ROPRG
(n=19) (n=24) (n=37) (n=23) (n=26) P
Average fixation 624.67 916.59 784.71 789.54 804.43 0687
duration (ms) (525.18-885.29) | (647.05-1157.71) | (545.47-1249.44) | (573.10-1053.87) | (571.11-1216.22) | -
Average saccade 46144220 3.57 +2.54 3.80 £2.20 2.72'+1.63 2.84+212  [0.030
amplitude (°)
. 3 2 2 2 3

Blink counts (1.25-5.50) (1-3.50) (1-5) (2-5) (1-4) 0.804
Fixation counts 15.53 £ 6.19 11.88 + 5.68 14.89 £ 6.99 14.52 £ 5.78 1438714 | 0.362
Maximum fixation 3028 3688 3144 2882 3106 0.670
duration (ms) (1838-4742.50) (2667-5143) (1686-4197) | (1759.50-4472.50)|  (1746-5028) :
Time point of 188877 290545 324051
maximum fixation 357642§;2§§f6'25‘ (140724~ (177868- (199857.75- | 100 128979_5;0573092) 0.539
duration (ms) 534825.50) 445975.75) 404830.25)
Minimum fixation 72 136 104 96 97 0.331
duration (ms) (30.50-117) (47-205) (67-134.50) (62-174.50) (46-162) :
Time point of 348325 183667 289651 322149 296656
minimum fixation (183797.75- (139682— (175313.50— (198064.25— (182605— 0.536
duration (ms) 642527.50) 534758.50) 441759.50) 401139.25) 447170)
Median fixation 366 426.50 372 518 386.50 0471
duration (ms) (271-509) (278-636.50) | (302.50-490.25) | (338.50-668.75) (302-645) :
Median saccade 1.49 1.04 1.27 0.87 0.97 0.146
amplitude (°) (0.98-3.08) (0.61-2.27) (0.86-2.50) (0.64-1.62) (0.59-1.56) :
g;zr‘(’cgoensgm'ional 1987.29¢ 1576.23¢ 1594.76 1268.55'2 1838.87 <0.001
i) (1712.90-2325.07) | (1396.76-1992.59) | (1294.37-2139.71) | (1008.98-1442.87) | (1343.62-2537.41) | =
Saccade count 14.68 £ 6.33 11.04 £ 5.71 14.19+7.16 13.65 £ 5.80 13.46 £7.25 0.363
Standard deviation 781.06 987.28 904.79 790.17 867.23 0.740
of fixation duration | (560.27-1034.16) | (788.01-1623.63) | (529.39-1345.65) | (546.62-1290.04) | (63.73-1403.07) | °
f}fig‘ii;%:ev'a“o” 4.88 3.73 3.89 3.12 3.34 0.089

. (3.81-6.03) (1.85-5.85) (2.50-5.80) (1.62-4.15) (0.57-6.59) :
amplitude

Note: Normally distributed variables are presented as mean + standard deviation, whereas non-normally distributed variables
are reported as median (interquartile range). EMMET, group of emmetropic children; MYOP, group of myopic children; ms,
milliseconds; n, number of patients; NROPP, group of non-retinopathy of prematurity preterm children; p, P-value; ROPLC,
group of preterm children that have undergone laser photocoagulation; ROPRG, group of children with spontaneous ROP
regression. A one-way analysis of variance was used to compare normally distributed data among groups, followed by
pairwise post hoc analysis with the Tukey-Cramer test. The Kruskal-Wallis test, followed by post hoc pairwise comparisons
using Dunn’s multiple comparison test was used to compare data that were not normally distributed among groups. The
superscript numbers indicate a significant difference, shown by post-hoc comparisons, versus EMMET ('), MYOP (2), NROPP
(%), ROPLC (*), or ROPRG (%).

The most substantial changes in oculomotor parame-
ters during a static fixation task were found in children that
had undergone LPC for ROP. We, however, found no sta-
tistically significant differences compared to emmetropic
controls in full-term myopic children, preterm children
with no ROP or children with spontaneous ROP regres-
sion. This indicates that neither prematurity proper nor the

found.

presence of myopic refraction is definitely accompanied

by abnormalities in the ocular motor parameters examined
under conditions of a simple vision task. Taken together,
these findings suggest that it is not myopia proper, but a
combination of factors associated with unfavorable peri-
natal history, a severe ROP and the need for LPC has a key
value in the development of the functional abnormalities
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Small saccade amplitude found in children that had un-
dergone LPC for ROP may reflect the features of the neu-
ral control of fixation and fixational eye movements, with
this control involving particularly the superior colliculus
[20]. Smaller values compared to controls (2.72 + 1.63°
versus 4.61 £ 2.20°) may be associated with an imbalance
between fixation and saccade neurons, which reduces the
efficacy of gaze switching. An additional mechanism may
be insufficient signal integration in the nucleus raphe in-
terpositus of the paramedian pontine reticular formation
and cerebellum which are responsible for the accuracy and
correction of saccadic movements [20, 21].

Lower median (IQR) values of the pupil size compared
to controls (1269 (1009-1443) versus 1987 (1713-2325))
may be a consequence of changes in autonomic regulation,
which are frequently seen in preterm children [22]. Visual
brainstem structures (particularly, midbrain nuclei) are
known to be involved in pupil control and the maintenance
of visual fixation [23]. Therefore, the results obtained may
reflect a combined effect of post-laser treatment local reti-
nal changes and central control mechanisms on oculomo-
tor activity, fixation stability and pupillary response.

There were no statistically significant differences be-
tween the groups in most parameters studied including av-
erage and median fixation durations, minimum and maxi-
mum fixation durations, fixation counts, saccade counts,
and standard deviations of saccade duration and saccade
amplitude. This may indicate a relative preservation of the
major characteristics of fixational activity in children that
have developed ROP. The absence of statistically signifi-
cant changes, however, does not rule out the presence of
more subtle abnormalities which may become apparent in
more difficult tasks, including those with moving targets
or increased cognitive loads.

Fixations are periods of time when gaze remains rela-
tively stable on the object of interest, enabling a high spa-
tiotemporal resolution of vision. Neurophysiologically,
fixation is maintained by specific CNS structures. A key
role in this process is played by the superior colliculus of
the corpora quadrigemina, with the fixation neurons locat-
ed in the rostral portion of the colliculus. These cells ex-
hibit tonic activity during fixation and are inhibited during
saccade initiation, enabling gaze switching [20].

The nucleus raphe interpositus of the paramedian pon-
tine reticular formation integrates signals from the frontal
and temporal eye fields, the superior colliculus and cer-
ebellum, and also plays an important role in the process.
The cerebellum (especially its vestibular portion and the
flocculomodula cortex) controls correcting microsaccades
and fixation stability during microscopic head movements
[21].

Therefore, specific differences in saccade amplitude
and pupil size may indicate a dysfunction of the integrated
mechanisms that underlie fixation control and involve the
oculomotor centers of the brainstem and cerebellum as
well as autonomous visual pathway.

Atkinson and Braddick (2007) demonstrated that pre-
term delivery results in a cluster of deficits including vi-
sual spatial, visual motor and executive functions associ-
ated with dorsal stream dysfunction. Even in the absence
of severe damage visible on magnetic resonance imaging
(MRI), preterm delivered children showed worse results in
attention and control tasks [24].

Our eye-tracking findings confirm similar relation-
ships: small saccade amplitudes and small pupil sizes in
children with ROP may reflect the vulnerability of the dor-
sal stream that provides the integration of spatial informa-
tion with the control of targeted eye movements.

The association between immature brain structures
and poorer eye movement performance in preterm born
children indicates a possible involvement of oculomotor
mechanisms in the formation of these changes. Shah and
colleagues (2006) demonstrated that very low birth infants
with impaired saccades, smooth pursuit, and binocular
eye alignment at age 2 years had smaller occipital brain
volumes at term equivalent, as measured by volumet-
ric MRI than preterm infants without such abnormalities
[30]. Thus, MRI data confirm that immaturity or structural
changes in the central visual system may be associated
with abnormal oculomotor control in preterm children
[19-25, 30]. Therefore, eye tracking may be considered
as a tool for assessing indirectly the functional status of
the oculomotor system and a tool for predicting the late
functional outcomes of preterm-born children.

Our findings are in line with the current view of ROP
as a multifactorial condition that is not just an eye disease
but involves a wider range of changes than local ophthal-
mic symptoms [20-28]. Eye tracking, when used in cohort
studies of children with ROP, enables detecting the differ-
ences which cannot be always detected by customary oph-
thalmological techniques [29], which offers the potential
for utilizing the methodology for monitoring late sequelae
of ROP.

Therefore, LPC is a pathogenesis-based, required and
vision-saving treatment for children with progressive ROP,
but the very fact of having this procedure can be considered
a high-risk marker of abnormal functional development of
the visual system. Consequently, the children whose eyes
have received laser photocoagulation for progressive ROP
should have not only standard ophthalmological supervi-
sion, but also more vigilant multidisciplinary supervision
including the assessment of the development of a healthy
visual system and oculomotor and visual spatial functions,
and timely checking the child’s readiness for learning at
school entry and other aspects of social adaptation.

Study limitations and prospects for future research

The present study has several limitations.

First, the study sample included only children aged
6 to 13 years, which prevents extrapolating the results to
younger age groups.

Second, because there were significant between group
differences in age, we cannot exclude completely the ef-
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fect of age on oculomotor findings. The pattern of results,
however, does not indicate that age was the major cause of
the differences found, because only the group of children
that had undergone LPC for ROP (but not other groups,
particularly those including older children) showed sta-
tistically significant differences compared to emmetropic
controls. Therefore, age should be considered as a poten-
tial factor that could influence the results.

Third, the participants of this study performed only a
static fixation task, whereas more difficult tasks could be
helpful in detecting additional features of oculomotor con-
trol.

We are going to conduct further research using dynam-
ic fixation testing to enable the assessment of gaze shift
strategies, fixational patterns, and accuracy of saccades in
different directions. This would be helpful for better un-
derstanding of the mechanisms underlying late sequelae
in the visual system in children with ROP and improve the
prognostic value of eye tracking measures in this cohort.

Conclusion

During a static fixation test, average saccade amplitude
was 1.7 times smaller (which corresponds to a reduction
by 41.0%; p < 0.05) in the group of children that had un-
dergone LPC for ROP compared to full-term emmetropic
controls. Additionally, the median pupil size was 1.6 times
smaller (which corresponds to a reduction by 36.1%; p <
0.05) in that group compared to controls. There were no
statistically significant differences for other oculomotor
parameters, which may indicate a relative preservation of
basic characteristics of fixational activity in children that
developed ROP. We, however, found no statistically sig-
nificant differences compared to emmetropic controls in
full-term myopic children, preterm children with no ROP
or children with spontaneous ROP regression. The results
obtained (1) indicate that it is in ROP children treated with
laser that the most pronounced deficits in the oculomotor
function are typical and (2) confirm the appropriateness of
using eye tracking for the detection and further monitoring
of these abnormalities.
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