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Abstract

Objective To investigate the characteristics of eye movement in children with anisometropic amblyopia, and to
compare those characteristics with eye movement in a control group.

Methods 31 children in the anisometropic amblyopia group (31 amblyopic eyes in group A, 31 contralateral eyes in
group B) and 24 children in the control group (48 eyes in group C). Group A was subdivided into groups Aa (severe
amblyopia) and Ab (mild-moderate amblyopia). The overall age range was 6-12 years (mean, 7.83 + 1.79 years). All
children underwent ophthalmic examinations; eye movement parameters including saccade latency and amplitude
were evaluated using an Eyelink1000 eye tracker. Data Viewer and MATLAB software were used for data analysis.

Results Mean and maximum saccade latencies, as well as mean and maximum saccade amplitudes, were
significantly greater in group A than in groups B and C before and after treatment (P<0.05). Mean and maximum
saccade latencies were significantly different among groups Aa, Ab, and C (P<0.05). Pupil trajectories in two detection
modes suggested that binocular fixation was better than monocular fixation.

Conclusions Eye movement parameters significantly differed between contralateral normal eyes and control eyes.

Clinical evaluation of children with anisometropic amblyopia should not focus only on static visual acuity, but also on
the assessment of eye movement.
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Introduction

Amblyopia is a common developmental disorder of
vision in children, involving abnormal binocular recip-
rocal inhibition or form deprivation without any organic
cause; the disorder affects monocular or binocular spa-
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eye movements are closely related to vision. Smooth
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tracking depends on capture by the macula and requires
the involvement of vestibular function. OKN primarily
reflects peripheral retina function, which is a compensa-
tory mechanism. Saccade is an innate ability that mainly
reflects central retina function, involving eye-mediated
capture of moving objects, information processing by the
brain, and a rapid systemic response. Accordingly, sac-
cade movement directly reflects visual function and eye-
brain-body coordination.

Amblyopia is considered to be associated with abnor-
malities in the brain cortex, which is one of the crucial
organs involved in visual attention and the generation of
eye movements such as saccades and smooth pursuits.
[3]. To accurately evaluate central vision status, body
and head positions must be stable during examinations
of eye movement. The current criteria for diagnosis and
successful treatment of amblyopia are assessed via mon-
ocular vision examination [4]. Although normal visual
acuity can be achieved after amblyopia treatment, previ-
ous studies have shown that numerous patients continue
to exhibit lower contrast sensitivity visual acuity, com-
pared with individuals who have normal vision.

Here, we prospectively analyzed binocular visual func-
tion in 31 children with anisometropic amblyopia and 24
children with normal vision who attended the outpatient
department of Beijing Children’s Hospital. We investi-
gated characteristic changes in dynamic vision (i.e., sac-
cades) in children with anisometropic amblyopia. We
aimed to identify relationships between saccade parame-
ters and visual impairment severity. Whether differences
remain in the saccadic function of the “original amblyo-
pic eye” compared to the normal eye when the visual acu-
ity reaches the criteria for cured vision in patients with
amblyopia was investigated in this study.

Methods

Study design and participants

This study is a cross-sectional case-control study, and
the data were collected from children who attended the
Department of Ophthalmology at Beijing Children’s Hos-
pital from October 2020 to January 2022. Children aged
6-12 years (mean 7.83+1.79 years) with anisometropic
amblyopia (31 participants, 62 eyes) and children with
normal vision (24 participants, 48 eyes) were included.
31 children with anisometropic amblyopia were divided
into a group of amblyopic eyes (31 eyes in group A) and a
group of contralateral eyes (31 eyes in group B). Accord-
ing to amblyopia severity, group A was divided into
groups Aa (severe amblyopia with visual acuity < 20/100)
and group Ab (mild-moderate amblyopia with visual
acuity>20/100) [1, 5]. In Group A, there were 29 chil-
dren with hyperopic spherical equivalent (4 cases<+3.00
diopter sphere (DS), 19 cases between >+3.00 DS and
<+6.00 DS, and 6 cases with >+6.00 DS), and 2 children
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with myopic spherical equivalent, both less than —3.00
DS. Children with normal vision (24 participants, 48
eyes) were included in the control group (group C).

All children with amblyopia received the same amblyo-
pia treatment, and changes were observed 6—10 months
after treatment. The following treatments were provided:
eyes in group B were covered for 4—6 h daily [5]; the con-
tralateral eyes were covered for 6 h in the severe ambly-
opia group (group Aa) and 4 h in the mild-moderate
amblyopia group (group Ab). Eyes in group A received
binocular visual stimulation and perceptual training for
30 min daily; all eyes in children with anisometropic
amblyopia received simultaneous visual perception train-
ing, which was performed outside the 4—6-hour monoc-
ular occlusion period.

Inclusion and exclusion criteria

To identify anisometropic amblyopia, refractive error
correction was performed after retinoscopy with oph-
thalmic gel (1% atropine sulfate); clinical diagnoses of
amblyopia were made after children had worn corrective
lenses for 3 months [4, 5]. Based on the developmental
pattern of visual acuity in children, the normal lower
limit for visual acuity is 20/40 for children aged 3-5 years
and 20/25 for children aged 6 years and above. Visual
acuity lower than these standards is considered diagnos-
tic of amblyopia [5, 6]. Each child met at least one of the
following inclusion criteria: binocular spherical degree
difference>1.50 spherical diopter (D), binocular cylin-
drical degree difference>1.00 cylindrical D, or binocular
visual acuity difference>2 lines [4, 6].

Normal vision (i.e., control eyes) was regarded as nor-
mal binocular vision and spherical equivalent of +0.50 D
to -0.25 D [7].

Participants were excluded if they met any of the fol-
lowing criteria: lack of foveal fixation; absence of normal
development and/or presence of neurological or other
systemic diseases; presence of strabismus (except het-
erophoria); presence of conjunctivitis, dry eye, cataract,
glaucoma, ptosis, fundus disease, or any ocular disorder;
and lack of cooperation during the examination and/or
failure to complete the 6 to10-month course of treatment.

Assessment

The initial examination comprised retinoscopy after
mydriasis with ophthalmic gel (1% atropine sulfate), cor-
rection of distance visual acuity to international stan-
dards, external eye movement, eye alignment assessment,
slit lamp evaluation, and fundus photography.

Eye movement assessment: all examinations were con-
ducted by a technician using an Eyelink 1000 eye tracker
[8]. Refractive error correction was performed for eyes
with anisometropic amblyopia. All participants under-
went eye movement assessment of the right eye, left eye,
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a. Fixation diagram
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b. Trajectory diagram

Fig. 1 Pupil fixation position and trajectory. (a). Greater overlap of two horizontal green circles indicates better fixation. (b). Pupil trajectory was captured
during target tracking. Both parameters have been positively correlated with good visual function

a. Data Viewer diagram
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b. MATLAB diagram

Fig. 2 Coordinate diagrams of pupil trajectory. (a). Coordinate diagram of binocular pupil position in children with anisometropic amblyopia displayed
by Data Viewer, which can analyze interactions and differences between eyes with respect to vision. (b). Coordinate diagram of pupil position in both eyes
determined using relevant data from MATLAB self-programmed report, similar to the results shown in Fig. 2a

and both eyes separately. During monocular examination,
the other eye was covered with an eye patch. Calibration
and verification were conducted before formal detection
of eye movement [9]; specifically, the pupillary imag-
ing position was consistent with the target in the region
of interest on the screen. Four boundary points were
selected within the region of interest. Horizontal and ver-
tical stimuli were repeated eight times, with a duration of
2 s per fixation and a sampling rate of 1000 Hz.

Data analysis

Data Viewer and MATLAB software were used for data
analysis. Data Viewer was used to organize data and gen-
erate figures (Fig. 1), including pupillary fixation position,
pupil trajectory, and coordinate diagrams corresponding
to the pupil trajectories in both eyes. Fixation position
and trajectory data were used for rapid assessment and
analysis during examination and diagnosis.

MATLAB was used to analyze the extracted data.
Based on previous studies and clinical requirements, six
potentially effective parameters were analyzed [10]: sac-
cade latency (mean and maximum), saccade amplitude

(mean, maximum, and minimum), and microsaccade
amplitude (Fig. 2).

Statistical analyses

Statistical analyses were performed with SPSS software
Version 22.0. Data were described as means+standard
deviations (SDs). The Shapiro-Wilk method was used to
exam the normal distribution of the data. Categorical
data were analyzed using the chi-squared test. Analysis of
variance was used to compare normally distributed mea-
surement data among three groups. P-values<0.05 were
considered statistically significant.

Results

Comparison of pre-treatment eye movement parameters
among groups

All data are normally distributed. Six key parameters of
eye movement (e.g., saccade latency, saccade amplitude,
and microsaccade amplitude) were compared among
the three groups before treatment (Table 1). The results
showed significant differences in the mean and maximum
saccade latencies, as well as the mean and maximum
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saccade amplitudes (P<0.05). The mean and maximum
saccade latencies were significantly longer in group A
than in the other two groups (P<0.05). The mean and
maximum saccade latencies and the mean and maximum
saccade amplitudes were significantly greater in group B
than in group C (P<0.05).

Group A was divided into two groups according to
amblyopia severity; groups Aa, Ab, and C were compared
(Table 2). The results showed that the mean and maxi-
mum saccade latencies, as well as the maximum saccade
amplitude, were significantly different among the three
groups (P<0.05). Notably, latency was significantly lon-
ger in group Aa than in the other two groups (2<0.05).

Eye movement trajectory and square-wave pattern in

the control and anisometropic amblyopia groups were
analyzed during pre-treatment monocular and binocular
fixation, respectively

Eye movement characteristics in various visual acuity condi-
tions significantly differed between the two groups, regard-
less of external factors (e.g., lack of cooperation) (Fig. 3).

As shown in Fig. 3c—e, although the trajectories are
generally chaotic, the trajectory of binocular fixation is
better than the trajectory of monocular fixation. During
left eye fixation, the pupil position substantially deviates
from the target (Fig. 3e); the deviation is smaller dur-
ing binocular fixation and right eye fixation (Fig. 3c and
d). The square-wave patterns in Fig. 3f-h indicate poor
adjustment to horizontal targets in both monocular and
binocular fixation; this mainly affects left eye fixation.
Overshoot and undershoot were evident during fixation,
with shorter fixation time and frequent adjustment in a
single fixation stage (e.g., later stages).

Comparison of post-treatment eye movement parameters
among groups

Comparisons of six key eye movement parameters after
treatment (Table 3) showed that the mean and maximum
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saccade latencies, as well as mean and maximum saccade
amplitudes, significantly differed among the three groups
(P<0.05). Pairwise comparisons revealed that the mean
and maximum saccade latencies were significantly lon-
ger in group A than in the other two groups (P<0.05).
The mean and maximum saccade latencies, as well as the
mean and maximum saccade amplitudes, were signifi-
cantly longer in group B than in group C (P<0.05).

Comparison of pre- and post-treatment eye movement
parameters between groups a and C

Comparisons of eye movement parameters between
group A before and after treatment and group C showed
significant differences in mean and maximum sac-
cade latencies, as well as maximum saccade amplitude
(Table 4). Pairwise comparisons among the three groups
revealed that the mean and maximum saccade latencies
after treatment were significantly different from those
parameters before treatment, suggesting that saccade
latency is significantly improved after treatment, but it
remains significantly different from the findings in group
C (P<0.05).

Discussion

Amblyopia is a developmental disorder of the cen-
tral nervous system caused by abnormal processing of
visual images [6], often accompanied by the loss of vari-
ous sensory functions, as well as structural and func-
tional abnormalities that affect visual pathways [11, 12].
In anisometropic amblyopia, interocular competition
occurs, such that the weaker eye is suppressed [13]. Dur-
ing sensitive periods of visual development, long-term
suppression can lead to loss of retinal input and a decline
in regulatory function [14, 15]. Additionally, anisome-
tropia disrupts binocular vision with increasing sever-
ity as the degree of anisometropia increases [16]. Recent
studies regarding children with anisometropic amblyo-
pia have focused on diagnoses that involve static vision.

Table 2 Comparison of pre-treatment eye movement parameters between groups with different amblyopia severity and control group (mean +SD)

P i Minimm Mean
Maximum Mean saccade Maximum F
. : Mean saccade . saccade microsaccade
Group N« saccade amplitude saccade < s
latency (ms) . . . amplitude amplitude
? latency (ms) (pix) amplitude (pix) : i
e (pix) ¢ (pix) -
Aa 8¢ 590.63+20.117°<" 695.00+95.80%" 901.25+22.97 1021.34+377.41 762.90£157.73< 215.25+127.36<"
Ab¢ 23<7 488.61£32.07%< 549.65£67.55%< 969.80+155.73%< 1172.58+365.69%< 841.87+141.11< 209.49+200.59<"
C 48<  345.02+17.18 375.29+£32.98 898.95+75.10 970.05£128.82 830.95+£95.18< 155.47+120.11<"
F value 585.176 171.007 2.639 5.148 1.417 « 1.320
Pvalue 0.000 0.000 0.078 « 0.008 0.249 ¢ 0.273

Note: #, significant difference between groups Aa and Ab (P < 0.05); *, significant difference
between groups Aa and C (P < 0.05); &, significant difference between groups Ab and C (P < 0.05)
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Fig. 3 Eye movement trajectory (a) and square-wave pattern of pupil fixation position (b) in the control group during binocular detection. Analysis of eye
movement detection in an anisometropic amblyopia case (corrected visual acuity: right eye 20/25, left eye 20/80): c-e depict respective eye movement
trajectories during detection in both eyes, right eye, and left eye; f-h show respective square-wave patterns of pupil fixation position during detection
in both eyes, right eye, and left eye

Table 3 Comparison of post-treatment eye movement parameters among groups (mean + SD)

Ml Minimm Mean
. Mean saccade = Mean saccade Maximum saccade saccade microsaccade
Group N saccade latency . . . . . g
latency (ms) CGins) amplitude (pix) < amplitude (pix) amplitude amplitude
' (pix) (pix)
A 31 457.55+27.90%" 525.23+48.85%" 974.87+133.59* 1159.12+337.23* 861.72+121.25 155.88+90.02
B 31 406.60+31.94& 484.65+68.36% 999.65+198.34% 1157.82+382.69% 869.95+124.73 149.40+115.38
C 48 345.02+17.18 375.29+32.98 898.95+75.10 970.05+128.82 830.95+95.18 155.47+120.11
F value 193.494 97.732 5.955 5.986 1.363 0.035
P value 0.000 0.000 0.004 0.003 0.260 0.965

Note: #, significant difference between groups A and B (P < 0.05), *, significant difference
between groups A and C (P < 0.05), &, significant difference between groups B and C (P < 0.05)
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Table 4 Comparison of pre- and post-treatment eye movement parameters between groups A and C (mean + SD)

Maximum Maximum Minimm Mean
Mean saccade Mean saccade .
~ saccade . saccade saccade microsaccade
Group N latency i amplitude . . .
(ms) latency (pix) amplitude amplitude amplitude
s (ms) pix (pix) (pix) (pix)
A before treatment 31 514.94+53.92%"« 587.16+98.32%"« 952.11£176.15< 1133.55+368.55*« 821.49+147.11< 210.98+182.48
A after treatment 31 458.26+27.37%« 521.42+48.23%< 962.55+129.98< 1133.55+322.25% 854.58+124.98< 162.64+86.21< «
C 48 345.02£17.18<  375.29+£32.98< 898.95+£75.10 970.05+128.82 830.95+95.18< 155.47+120.11¢«
Fvalue 128.071 179.226 0.146 10.685 0.635 1.768
P value 0.000 0.000 0.864 0.000 0.532 0.176

Note: #, significant difference between group A before treatment and after treatment (P < 0.05); *,

significant difference between group A before treatment and group C (P < 0.05); &, significant

difference between group A after treatment and group C (P < 0.05)

Children with anisometropic amblyopia display reduced
visual acuity in one eye, as well as abnormalities in con-
trast sensitivity and regulatory function in both amblyo-
pic and contralateral eyes [17]. However, characteristic
changes in eye movement among children with anisome-
tropic amblyopia have not been thoroughly investigated;
thus, such changes remain controversial and are rarely
used for clinical assessment.

Here, we attempted to eliminate most confounding fac-
tors, select children with typical anisometropic amblyo-
pia, and conduct in-depth research regarding their eye
movement. This approach supports the analysis of differ-
ences between amblyopic and contralateral normal eyes
in individual children, as well as differences between the
amblyopia and control groups. Furthermore, it can help
to clarify relationships between eye movement param-
eters and vision, while establishing the importance of a
comprehensive diagnosis of amblyopia.

Analysis of eye movement characteristics in amblyopic,
contralateral, and control eyes

Key pre- and post-treatment eye movement parameters
in 31 children with anisometropic amblyopia were sub-
jected to pairwise comparison. The results showed that
four parameters (mean saccade latency, maximum sac-
cade latency, mean saccade amplitude, and maximum
saccade amplitude) were significantly different among
groups A, B, and C. Latencies were significantly longer in
group A than in the other two groups; amplitudes were
significantly greater in group A than in group C. The
results of previous studies have suggested that the neural
centers involved in saccades constitute superior and infe-
rior centers [11, 18]. Damage to the central conduction
pathway, particularly the visual cortex, affects saccades.
Saccade latency mainly reflects the central conduction
time, whereas saccade amplitude reflects positioning and
fixation ability. Amblyopic eyes are deficient in move-
ment and positioning. Regardless of positioning accu-
racy, repositioning is necessary after saccade correction
(through overshoot or undershoot). Previous literature

regarding cortical damage in amblyopic children [16] is
consistent with a prolonged conduction time that results
in increased saccade latency; poor eyesight affects posi-
tioning ability, leading to frequent adjustment of the
amblyopic eye and increased saccade amplitude. Addi-
tionally, saccade latency was significantly longer in chil-
dren with severe amblyopia than in the other two groups.
Furthermore, children with severe amblyopia exhibit
obvious defects in eye movement and positioning, along
with poor fixation, coordination, and positioning. Thus,
their saccadic pupil trajectory and square-wave pattern
indicated target positioning accuracy that required cor-
rection by multiple instances of overshoot and under-
shoot, which may also reflect positioning defects induced
by damage to the visual cortex.

Amblyopic eyes display synergistic interactions with
contralateral eyes

This comprehensive study of anisometropic amblyopia
revealed key eye movement parameters in children with
amblyopia; the findings also suggested that the amblyo-
pic and contralateral eyes suppress and complement each
other. Notably, 90% of individuals with normal vision
have binocular vision that is 240% better than monocu-
lar vision [19]. Binocular vision damage causes binocular
vision to be worse than monocular vision [20]. Amblyo-
pic eyes exhibit synergistic enhancement involving con-
tralateral eyes. Among children with normal vision and
amblyopia, visual function is better in binocular fixation
than in monocular fixation.

In this study, the eye movement parameters of children
with anisometropic amblyopia and children in the con-
trol group were recorded during fixation and tracking.
The eye movement results in various visual acuity con-
ditions significantly differed between the two groups,
regardless of external factors such as lack of cooperation.
Examination and calibration both were uncomplicated in
the control group. The results showed that fixation was
prolonged and stable, with small fluctuations in x and y
values, less eyelid twitching during fixation, fast tracking
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speed, high accuracy, and robust consistency in binocu-
lar parameters. However, eye movement calibration was
difficult to conduct in children with severe amblyopia,
and an auxiliary device was required. Based on eye move-
ment trajectory, we suspected that eye tracking could
reflect the degree of amblyopia severity. Poor visual acu-
ity hinders eye tracking, emphasizes fixation instability,
and produces suboptimal results. Eye movement reflects
the ability of the visual cortex to process visual informa-
tion. In a functional magnetic resonance imaging study,
Wen et al. [21] found that the functions of the lateral
geniculate body—V1 small cell pathway and the cortex—
superior colliculus pathway were abnormal in adults
with amblyopia. The reduced response of the amblyopic
eye and enhanced response of the contralateral eye indi-
cated that the superior colliculus was more dependent on
visual information from the contralateral eye to control
eye movement and attention. These findings are consis-
tent with the understanding of the auxiliary compensa-
tion effect of the contralateral eye on the amblyopic eye
in patients with anisometropic amblyopia [21].

Moreover, previous research showed that microsac-
cades reflect visual acuity of 0—0.6° at the center of the
macula. Worse visual acuity leads to increases in eye drift
amplitude, microsaccade amplitude, and amplitude vari-
ability, all of which are positively correlated. Microsac-
cades induce neuronal regulation in the cortical area V1
and extrastriate cortex, with important roles in conceal-
ing neural adaptation and preventing visual decline [22,
23]. Additionally, vision is improved after temporary sup-
pression of visual sensation related to microsaccades. In
the present study, we observed frequent occurrences of
saccades, microsaccades, significant undershoot/over-
shoot, and large amplitude fluctuations in amblyopic
eyes. These findings suggest a decrease in neural activity
suppression within the superior colliculus of amblyopic
eyes. However, adjustment continues via saccades and
microsaccades, rather than “laziness,” to compensate for
visual defects.

Contralateral healthy eyes are not identical to normal
control eyes

Amblyopia is positively correlated with the degree of
fixation instability, but normal contralateral eyes in chil-
dren with anisometropic amblyopia also exhibit fixation
instability compared with control eyes. This phenom-
enon is regarded as “initial signal abnormalities” in con-
tralateral eyes [16]. Here, we compared the contralateral
eyes of children with anisometropic amblyopia (group
B) to control eyes (group C); we found that both latency
and amplitude were greater in group B than in group C
before and after treatment. We also found that the con-
tralateral eyes of children with anisometropic amblyo-
pia exhibited function that differed from normal eye
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function; these eyes were suppressed by amblyopia (i.e.,
they experienced changes involving V5 in the visual
conduction pathway), resulting in abnormal saccades in
monocular and binocular fixation. The phenomenon was
most prominent in monocular fixation. Therefore, in the
treatment of anisometropic amblyopia, although contra-
lateral eye vision may be normal, both eyes require vary-
ing degrees of functional treatment to promote recovery
from “temporary decompensation” that occurs in the
contralateral eye. Previous literature suggested that the
treatment effect of patching for severe amblyopia with
6 h of daily patching, is equivalent to full-day patching,
while mild amblyopia may only require 2 h of patching
[1]. Since the severity of amblyopia varies among our par-
ticipants, to standardize the treatment protocol, occlu-
sion time was set at 4—6 h for all children. This ensured
maximum stimulation for the amblyopic eye and repair-
ment of the cerebral cortex.

Function slightly differs between treated amblyopic eyes
and normal control eyes

The analysis of six key parameters in group A before and
after treatment revealed that only the mean and maximum
saccade latencies were significantly different in pairwise
comparisons; those latencies were significantly lower after
treatment than before treatment. A possible explanation
is that after amblyopia treatment, the brain demonstrates
greater ability to participate in visual attention and eye
movement, resulting in a shortened latency period. Addi-
tionally, eye movement primarily reflects the correspond-
ing brain function and positioning necessary to process
visual information. Saccadic amplitude represents the
autonomic movement of the eyes and spatially shifting
process of the gaze center, reflecting positioning function
capacity. Thus, only an improvement in saccade position-
ing ability can lead to a reduced amplitude or smaller
fluctuations. The abnormal binocular visual function in
anisometropic amblyopia may be related to defects in the
visual cortex [16]. In the present study, we found saccadic
amplitudes of some participants fluctuated greatly before
and after treatment, but no significant differences. This
preliminary observation suggests that although visual acu-
ity may improve, the short duration of brain visual cortex
repairment and the inability to accurately establish visual
function may be related. Thus, a longer treatment time is
needed to observe changes in eye movement parameters
and their underlying mechanisms of action.

Conclusion

Overall, anisometropic amblyopia in children affects visual
acuity, damages binocular vision integrity, and directly
influences visual quality. Through our study on visual acu-
ity and eye movement parameters, the correlation between
amblyopia and eye movement was obtained. Our findings
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indicated that in addition to static vision, the dynamic
vision of anisometropic amblyopia is also impacted, and
may become an important part of future clinical evalua-
tions. However, this study was limited by factors such as
age and cognitive abilities. There was a shortage of sam-
ples for groups of younger age and severe amblyopia, and
the clinical observation time was relatively short. Addi-
tionally, though results of the pairwise comparison of the
three groups have shown the significant difference of eye
movement parameters between groups before and after
treatment, multiple comparisons were not performed in
this study, which will be add in future research. In the pro-
spective cohort study that we are currently conducting, the
grouping based on different age, severity of amblyopia, and
treatment durations are refined. Parameters are selected
rationally to conduct a more precise correlation analysis
between visual acuity and eye movement parameters, aim-
ing to provide clinical evidence for standardized diagnosis
and personalized treatment of amblyopia.
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