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Anisometropia amblyopia.

Our eyes move constantly to search for and inspect objects of interest, to track moving objects, to read along a
line of text and to prevent image fading. However, persons with amblyopia (PWA), in addition to a broad array of
visual deficits, have abnormal eye movements. This review briefly describes the types of eye movements deficits
in persons with amblyopia and how they are measured. We then go on to discuss what is known about how
abnormal eye movements in persons with amblyopia affect their vision. Finally, we ask whether the abnormal
eye movements are amenable to amblyopia treatment and whether they can be used to diagnose/classify

1. Introduction

Our eyes are in constant motion. We shift our gaze to search for and
inspect objects of interest in our peripheral visual field, to track moving
objects, to read along a line of text and to prevent image fading. Even
when we try to fixate an object intently, our eyes are in motion. Over the
last decade or so there has been a major re-thinking about the role of eye
movements (EMs) in visual perception in persons with normal vision
(Martinez-Conde, Otero-Millan, & Macknik, 2013; Rucci & Victor, 2015;
Scholes, McGraw, Nystrom, & Roach, 2015).

Amblyopia, a neurodevelopmental condition that results in physio-
logical alterations in the visual pathways and impaired vision in one eye,
less commonly in both, and is characterized by abnormal eye move-
ments and a broad range of neural, perceptual, oculomotor and clinical
abnormalities (Levi, 2020). How do these eye abnormalities impact
amblyopic vision? This is not a trivial question; it’s a chicken and egg
problem. Persons with amblyopia have impaired vision. Do the visual
impairments affect their eye movements or do the abnormal eye
movements affect their vision? There is a long history of studying eye
movements in amblyopia, with a host of studies in the 1970's and 80's.
There seems to have been a resurgence of interest over the last 20 years
or so. In this review we briefly describe how eye movements are
measured, the types of eye movements and how these are affected in
persons with amblyopia. We then go on to discuss what is known about
how abnormal eye movements in persons with amblyopia affect their
vision. Finally, we ask: (1) Are the abnormal eye movements amenable
to amblyopia treatment?; and (2) Can EMs be used to diagnose/classify
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amblyopia? We note that there are several excellent recent reviews of
specific eye movement abnormalities in persons with amblyopia (e.g.,
Ghasia & Wang, 2022; Niechwiej-Szwedo, Colpa, & Wong, 2019;
Verghese, McKee, & Levi, 2019; Wong, 2023). Our aim in this review is
to provide a broad and comprehensive assessment of the extant studies
and to try to provide some insights into how the abnormal eye move-
ments may influence vision in persons with amblyopia.

2. Measuring eye movements in Humans

Interest in understanding how the eyes move and their effects on
visual perception can be dated back to the time of Aristotle (Wade,
2010), although the method for evaluating eye movements was limited
to direct observation of the eyes back then. A complete review of all the
methods that scientists have used to track changes in eye or gaze posi-
tion is outside the scope of this paper, but some of the prehistoric
methods include the use of afterimages (Brock & Givner, 1952), the use
of mercury for imaging the front of the eye (Barlow, 1952) and the
optical lever contact lens system (Ratliff & Riggs, 1950). The earliest
precise non-invasive method was described by Dodge (1901) and Worth
(1921) who used the reflection of a light from the cornea onto a
photographic plate to record the eye movement on the plate.

The earliest measurements in relation to oculomotor responses in
persons with amblyopia were first described by Claude Worth, the pio-
neering British ophthalmologist (Worth, 1921). “He suggested a very
simple and direct method for this observation: Place the patient in a dark
room. Throw the light of an ophthalmoscope first into his good eye while
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he is looking at this light. Note the reflection of the ophthalmoscope
light on the cornea of the good eye. Then cover this eye and note
whether the amblyopic eye can now fixate the light so as to bring the
corneal reflection into a corresponding position. By means of this
method, eccentricities of 2 degrees or more can readily be detected”
(Brock & Givner, 1952). Worth suggested that fixation with the
amblyopic eye might be non-foveal, a condition described clinically as
eccentric fixation. Von Noorden & Burian (1958) followed up on this
idea using electro-oculography (EOG). This method was also employed
by Mackensen (1957a) and others. (We discuss eccentric fixation further
below). The following is a brief summary of the methods that are
currently in use for research, and many of the studies that we cite in this
paper used one of these methods.

2.1. Methods to measure eye movements in Humans

In this section we briefly describe the various noninvasive methods
for measuring eye movements and their advantages and disadvantages
(Table 1). For amblyopia, Table 1 includes “retinal locus”, i.e., the
ability of the method to determine whether the individual uses the fovea
for fixation, or whether they fixate eccentrically. Additionally, other
issues may be important for use in amblyopia, e.g., the ease of use for
clinical applications and the ability to stabilize the retinal image to
address research questions.

2.1.1. Electro-oculography (EOG)

EOG measures the electrical potential difference between the front
(cornea) and back (retina) of the eye. The technique involves placing
electrodes at the outer canthi of the two eyes to detect the voltage
changes that occur when the eyes make conjugate movements hori-
zontally. Horizontal eye vergence could also be detected with a third
electrode placed on the forehead as a reference. However, it’s not very
good for measuring vertical eye movements because of difficulty in
identifying a proper location for electrodes. It is non-invasive, relatively
inexpensive, simple and easy to use in children or poorly cooperative
patients, and does not require a bite bar. However, its resolution can
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only be as good as about 1 deg (Leigh, 2015; Cornsweet & Crane, 1973)
and is limited by electrical and electromyographic noise. Moreover, it
requires frequent calibration and the measurements are affected by
ambient light levels.

2.1.2. Infra-red limbus tracking

This method tracks the position of the limbus (the border between
the sclera and the cornea) and compares the differential amount of light
reflected by the sclera and the iris as the eye moves. Infra-red light is
usually used as the source of illumination. The source(s) of illumination
and the detectors can be mounted on a spectacle frame. This method is
non-invasive, simple and easy to set up, and is an excellent option for
measuring horizontal eye movements, but not for vertical eye move-
ments because the upper eyelids often cover part of the iris, making it
impossible to track the position of the upper limbus. An alternative so-
lution is to track the position of the upper or the lower eyelid.

2.1.3. Dual Purkinje image tracker

The dual Purkinje image tracker derives eye position by comparing
the first and the fourth Purkinje images. Its spatial resolution can reach
1-1.5 arc min (Holmqvist & Blignaut, 2020), with an accuracy of
approximately 1 arc min (Cornsweet & Crane, 1973). However, it is
expensive, difficult to use and maintain, susceptible to the lens wobbling
effect and often requires subjects to use a bite bar.

2.1.4. Magnetic search coil technique

This has been considered as the gold standard for measuring eye
movements because of its high spatial (< 0.1 deg) and temporal (> 1
kHz) resolution, and its capability to measure torsional rotations of the
eyes, in addition to simply horizontal and/or vertical eye movements.
The cons of the magnetic search coil technique are subjects’ discomfort
in wearing a scleral annulus (which limits the duration of data collec-
tion), the cost of the magnetic field coils and the scleral annulus, the
need to use topical anesthetic drops on the cornea, potential slippage of
the annulus and corneal abrasions. While this method has been used in
amblyopic monkeys (Foeller & Tychsen, 2002), we are not aware of any

Table 1
Noninvasive methods for measuring eye movements.
Method Spatial resolution Accuracy Temporal resolution Retinal Image Ease Remarks
locus stabilization ~ of use
EOG 1-2 deg 1-2 deg 250-1000 Hz X X v Relatively easy to use, and is widely used in
clinical environment
IR limbus tracking 0.5-1 deg (can get 1 deg 50-500 Hz X X v
down to a few arc
min when head is
restrained)
Dual Purkinje Image 1 arc min (0.0167 1 arc min 500-1000 Hz X v X Head immobilization (bite bar) is often
tracker deg) (0.1-0.5 required
deg?)
Magnetic search coil 1 arc min (0.0167 < 0.1 deg 1000-2000 Hz X X X Excellent for measuring torsional eye
deg) movements
Video-based systems 0.1-1 deg 0.1-1 deg Depends on the model, X Xv v video-based systems are used for gaze
but most operate at contingent studies; but stabilization is
60-120 Hz, high-end imperfect because the system needs time to
systems up to 1000-2000 update the screen after the completion of a
Hz saccade. Typical values of the delay
reported in the literature ranges between 10
and 30 ms. Participants reported that they
could “cheat” by blinking rapidly and
repeatedly to break the stabilization.
Research-grade 0.1-1 arc min 0.1-1 arc Depends on the analysis v v X Head immobilization (bite bar) is often
scanning laser (depends on field min method, but 480 to 960 required, especially with adaptive-optics
ophthalmoscopes size) Hz have been reported in SLO (AO-SLO) that has a field size of ~ 1
(SLO) the literature deg
Commercial 2-3 arc min (<0.05 2-3arcmin  25-30 Hz (unless special v X v Unless special methods are used to interface
microperimeters deg) (<0.05 methods are used to with the device, otherwise only fixation
deg) analyze data) stability can be measured, but not eye

movements

X’s = Negative, v = Positive.
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studies using this method to measure eye movements in humans with
amblyopia, likely because of the cons mentioned above.

2.1.5. Video-based systems

Video-based systems have gained popularity and are currently
widely used in basic science and applied research (e.g. marketing
research). They are simple to use, relatively more affordable than other
systems, cause minimal discomfort to subjects, and have reasonably
good resolution (0.5° or better). These systems operate by tracking the
corneal reflex and/or the pupil center of subjects. Therefore, they are
prone to artifacts caused by changes in pupil size (e.g. when illumination
changes) or shape. Some systems also compare the relative movement of
the pupil center with respect to the first Purkinje image (the reflex of the
anterior surface of the cornea); however, such comparisons may not be
linearly related to eye position because the corneal surface is not
spherical and the center of the rotation of the eye does not coincide with
the center of curvature of the cornea. Some of these systems are head-
mounted and are often bulky, heavy and could cause slippage; howev-
er, on the other hand, they can be used in mobile settings. Recently, a
company (Pupil Labs) offers a new line of eye trackers that do not
require calibration, are easy to use, portable and low-cost, but, as a
trade-off, the resolution of their eye trackers is lower. In one study
comparing the accuracy of eye tracking, the average spatial accuracy of
eye tracking was found to be 0.82 deg for the Pupil Labs glasses, in
comparison to 0.57 deg for the Eyelink 1000 eye-tracker (Ehinger,
Gross, Ibs, & Konig, 2019).

2.1.6. Research-grade scanning laser ophthalmoscopes (SLO)

SLO was originally developed as an ophthalmic device to capture
detailed images of the retina. It uses a laser beam to scan the retina point
by point, therefore, each point is essentially imaged at a different time,
and any eye motion during scanning will be embedded in the retinal
image, causing distortions to the veridical retinal image. If the relative
position of each scanned point or line of points with respect to the
veridical retinal image (the “ground truth”) is known, then the eye
motion that is embedded during scanning can be recovered. This is the
principle of strip-based analysis of eye position using SLO (Mulligan,
1997; Stevenson & Roorda, 2005). In other words, the SLO can be used
as an eye tracker, especially for studying fixational eye movements. An
advantage of using SLO as an eye tracker is that it does not require eye
position calibration. Research-grade SLOs are usually custom-built,
allowing the export of videos, and often offering the option for stabi-
lizing the image of a visual target on a specific location on the retina,
making them ideal for conducting retinal stabilization studies to
examine the effect of eye motion on visual functions. The resolution of
custom-built SLOs depends on the desired field of view but usually is
very high, for example, the resolution of an adaptive-optics SLO
(AOSLO) with an imaging field of 1 deg could reach 0.12 arc min, much
smaller than the diameter of a single cone at the fovea, although this
comes at the expense of the field of view. Using the strip-based analysis,
eye positions can be extracted at high sampling frequencies (published
studies have used frequencies ranging from 480 to 960 Hz, but higher
sampling frequencies are possible). However, the captured retinal im-
ages are prone to movements of the head, especially when the field of
view is tiny. Therefore, if very high resolution is desired, often subjects
would have to be placed on a bite bar. Also, because the SLO cannot
capture retinal images outside its field of view, it is not an ideal device
for measuring larger eye movements such as saccades larger than a few
degrees in amplitude. SLOs are expensive and custom-built ones are
difficult to operate and data analyses require good technical skills and
could be time consuming. Also, almost all SLOs are monocular devices
and thus cannot be used to study binocular eye movements (there are a
few binocular units). Note that there is a new commercial SLO that is
marketed as a retinal eye movement monitor (TSLO, C. Light Technol-
ogies) which might mitigate some of the cons of using a SLO as an eye
tracker.

Vision Research 230 (2025) 108588

2.1.7. Commercial microperimeters

There are many commercially available ophthalmic retinal imaging
devices that make use of the SLO technology, including the optical
coherence tomographer (OCT) and microperimeters. The advantages of
these commercial systems are that they are easy to use, offer a large field
of view (30 deg or larger) with spatial resolution as fine as 2-3 arc min
(although not as good as research-grade SLOs). On the other hand,
because the sampling frequency of these devices is usually only 25 - 30
Hz, and users cannot program the devices to present a moving or a
jumping target, commercial microperimeters are not useful for
measuring eye movements, except for fixation stability. Indeed, most
microperimeters include some measures of fixation stability. However,
because manufacturers almost never provide a built-in function for users
to export the videos of the captured retinal images, commercial systems
cannot take advantage of the brute-force strip-based analysis to sample
eye positions at a much higher sampling frequency than what the sys-
tems offer. Fig. 1 shows examples of fixation locations superimposed on
the fundus of a normal observer and each eye of an observer with
strabismic amblyopia, while attempting steady fixation obtained using a
MAIA (Centervue, Padova, Italy) microperimeter. Additional details are
provided below.

A survey of the literature reveals that almost all studies on eye
movements in persons with amblyopia used one of these methods to
measure eye movements: EOG, infra-red limbal tracking, video-based
systems, SLOs and microperimeters. We are not aware of studies that
used the Dual Purkinje Image tracker or the search coil method in
amblyopia, most likely because of the difficulty in using them and that
they are not as widely used as other methods because of their costs.

3. Types of eye movements and how they are affected in persons
with amblyopia (PWA)

The abnormal eye movements of PWA have been widely studied and
many of these abnormalities have been comprehensively discussed in
chapters (Ciuffreda, Levi & Selenow, 1991; Schapero, 1971) and in more
recent focused reviews on specific topics (e.g., Ghasia & Wang, 2022;
Niechwiej-Szwedo et al., 2019; Verghese et al., 2019;f Wong, 2023).
Table 2 below provides a (simplified and somewhat selective) compi-
lation of the different types of eye movement abnormalities that have
been reported in the extant literature, and we briefly discuss these
below. We note that many older studies often did not differentiate be-
tween the eye movements of individuals with anisometropic vs stra-
bismic amblyopia. We attempt to clarify differences where they have
been reported. An additional complication is that patients with early
onset esotropia frequently have abnormal eye movements regardless of
whether they are amblyopic or not, and often the age of onset is un-
known or unreported.

3.1. Saccades

These rapid movements of the eyes shift the gaze from one point to
another. We use saccades to read or to search for and inspect objects of
interest in our peripheral visual field.

In PWA, when fixating with the amblyopic eye, saccadic movements
may:

i) be delayed (i.e., have increased latency relative to their fellow
eye or that of controls: (Chow, Nallour Raveendran, Erkelens,
Babu, & Thompson, 2022; Ciuffreda, Kenyon, & Stark, 1978a,
1978b; Gambacorta, Ding, McKee, & Levi, 2018; Mackensen,
1958; Niechwiej-Szwedo, Goltz, Chandrakumar, Hirji, & Wong,
2010; Niechwiej-Szwedo, Goltz, Colpa, Chandrakumar, & Wong,
2017). The interocular difference in saccadic latency is found to
increase with larger differences in acuity between the two eyes
(McKee, Levi, Schor, & Movshon, 2016). Increased latencies are
not limited to saccadic eye movements. PWA also demonstrate
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Fig. 1. Fixation locations (red dots) superimposed on the fundus of a normal observer (V.A. 20/16 left panel), and the dominant (V.A. 20/16-2 center panel) and
amblyopic eye (20/64 right panel) of a strabismic amblyope, while attempting steady fixation. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

i)

iii)

iv)

prolonged manual reaction times ((Hamasaki and Flynn 1981);
Gambacorta et al., 2018; Levi, Harwerth, & Manny, 1979;
Mackensen, 1958; Pianta & Kalloniatis, 1998; Roberts, Cymer-
man, Smith, Kiorpes, & Carrasco, 2016). Interestingly, in a small
sample, Gambacorta et al. (2018) found that when the “effective
contrast” of the stimuli to the two eyes was equalized (i.e., scaled
in threshold units), the asymptotic reaction time of anisometropic
but not strabismic amblyopes were similar in the two eyes. These
authors hypothesized that there may be two separable effects on
saccadic reaction time: (i) difficulty with directing actions to a
target, related to disengagement of attention at the fovea,
resulting in delays in both saccadic and manual reaction times,
and (ii) an additional delay in saccadic reaction times when
viewing with the amblyopic eye of strabismics, because of the
motor refractory period from a previous fixational eye move-
ment. An additional potential source of delay is the increased
latency or sluggish neural responses of the amblyopic eye, as
commonly seen in visually evoked cortical responses (Levi &
Harwerth, 1978; Levi et al., 1979; Levi & Walters, 1977; Manny &
Levi, 1982).

follow the normal “main sequence” once initiated (i.e., saccadic
amplitude/duration/peak velocity relationship), indicating
normal motor control of saccadic eye movements (Ciuffreda
etal., 1978a, 1978b; Ciuffreda, Levi & Selenow, 1991; Niechwiej-
Szwedo, Chandrakumar, Goltz, & Wong, 2012; Niechwiej-
Szwedo et al., 2010; Perdziak, Witkowska, Gryncewicz,
Przekoracka-Krawczyk, & Ober, 2014), although it has been re-
ported that the saccadic response gains (saccadic amplitude/
target displacement) are lower and the peak velocity on the
plateau region of “main sequence” is slightly higher when
compared with controls (Chow et al., 2022).

show dysmetria (i.e., undershooting or overshooting the target).
While saccadic dysmetria may occur in patients with cerebellar
damage (Kim, Kim, & Lee, 2023; Xu-Wilson, Chen-Harris, Zee, &
Shadmehr, 2009), it has also been reported in patients with
amblyopia (Ciuffreda, Kenyon, & Stark, 1979b; Mackensen,
1957b; Schor, 1975), possibly due to fixation instability or
perceptual distortions of perceived visual space (Barrett, Pacey,
Bradley, Thibos, & Morrill, 2003; Bedell & Flom, 1981; Fronius,
Sireteanu, & Zubcov, 2004). Interestingly, PWA may also exhibit
abnormal auditory localization (Richards, Goltz, & Wong, 2019;
Wong, 2023).

under binocular viewing conditions, Maxwell, Lemij and Colle-
wijn (1995) reported that persons with “deep” amblyopia (acuity
in the amblyopic eyes was reduced to counting fingers in 10 out of
11 of their participants) exhibited an apparent disconjugacy of
saccades (with the maximum difference in saccade amplitude of
the 2 eyes less than 10 % of the target amplitude). These authors
postulated that the disconjugacy does not happen haphazardly,

instead, it is the result of “incoherent” oculomotor adaptation.
We are uncertain as to what the authors mean by incoherent,
however, an alternate view may be that the apparent dis-
conjugacy is a consequence of non-linear interactions between
the version and vergence movements (Ciuffreda, K., personal
communication).

3.2. Smooth Pursuits

These are slow continuous movements of the eye. The primary
function of pursuits is to keep the image of a moving stimulus on (or
near) the fovea. We use pursuit eye movements to track a speeding car or
a fast-moving baseball, which allow us to (almost) stabilize the image on
the retina. In PWA, when viewing with the amblyopic eye, several ab-
normalities have been reported:

i.

ii.

iii.

Delayed initiation: Given the prolonged manual and saccadic
reaction times, it is perhaps not surprising that when attempting
to pursue a moving target, PWA show a delay in initiating the
pursuit eye movement. Adults with anisometropic amblyopia
show an approximately 20 msec delay when attempting to track a
bright red target with their amblyopic eye relative to the
nondominant eye of a normal control group. However, the stimuli
were not matched for effective contrast (i.e., relative to the
detection threshold). For these anisometropic amblyopes, other
aspects of pursuit (discussed further below) were normal
although steady-state gain was more variable (Raashid, Liu,
Blakeman, Goltz, & Wong, 2016). We are not aware of reports of
pursuit initiation latencies in strabismic amblyopes, but given the
delays they exhibit in manual and saccadic reaction times, even
when effective contrast is taken into account, this would not be
surprising. As noted below, strabismic (but not anisometropic)
amblyopes show other pursuit anomalies. To date, we do not yet
know whether or not the cause underlying the prolonged manual
and saccadic reaction times is the same as that underlying the
latency in pursuit initiation.

Reduced gain (i.e., the eye movement lags behind the moving
target): A common finding, dating back to Von Noorden &
Mackensen (1962), and replicated by others, is that individuals
with strabismic amblyopia begin to substitute rapid “catch up”
saccadic jumps for smooth pursuit at lower velocities compared
to their fellow eye (which was shown to be lower than that of
normal control subjects: Ciuffreda, Levi & Selenow, 1991; Fukai,
1974). This differs from the findings in anisometropic amblyopes,
who show a normal pursuit velocity profile once pursuit has been
initiated (Raashid et al., 2016).

Directional Asymmetries: Another common finding in individuals
with strabismic amblyopia is asymmetric pursuit; i.e., with near
normal pursuit gain in the direction of nasalward motion, but
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Table 2
Consensus summary of eye movement abnormalities in PWA .
EM Abnormality References
Pursuit Delayed initiation Raashid, Liu, Blakeman, Goltz, & Wong, 2016
Reduced Gain Von Noorden & Mackensen, 1962; Raashid, Liu, Blakeman, Goltz, & Wong, 2016
Asymmetric pursuit Schor, 1975; Tychsen, Hurtig, & Scott, 1985; Von Noorden & Mackensen, 1962
Saccadic substitution Ciuffreda et al., 1979a, Ciuffreda et al., 1979b)
Saccade Increased Latency Chow, Nallour Raveendran, Erkelens, Babu, & Thompson, 2022; Ciuffreda, Kenyon, & Stark, 1978a,
1978b; Gambacorta, Ding, McKee, & Levi, 2018; Mackensen, 1958; Niechwiej-Szwedo, Goltz,
Chandrakumar, Hirji, & Wong, 2010; Niechwiej-Szwedo, Goltz, Colpa, Chandrakumar, & Wong, 2017
Normal Peak Velocity and Amplitude (follows “main Ciuffreda et al., 1978a, 1978b; Ciuffreda, Levi & Selenow, 1991; Niechwiej-Szwedo, Chandrakumar,
sequence”) Goltz, & Wong, 2012; Niechwiej-Szwedo et al., 2010; Perdziak, Witkowska, Gryncewicz, Przekoracka-
Krawczyk, & Ober, 2014
Dysmetria Ciuffreda, Kenyon, & Stark, 1979b; Mackensen, 1957b; Schor, 1975
Disconjugacy of saccades under binocular-viewing Maxwell, Lemij and Collewijn (1995)
conditions; mainly in strabismic amblyopia
Fixation Eccentric fixation and/or increased instability Altinbay, Sahli, Bingol Kiziltunc, & Atilla, 2023; Birch, Subramanian, & Weakley, 2013; Chung, Kumar,
Li, & Levi, 2015; Gonzalez, Wong, Niechwiej-Szwedo, Tarita-Nistor, & Steinbach, 2012; Subramanian,
Jost, & Birch, 2013
Increase fixational saccade frequency Chung et al., 2015
Increased fixational saccade amplitude Chung et al., 2015; Shaikh et al., 2016
Increased fixational saccade speed Chung et al., 2015
Increased drift amplitude Ciuffreda et al., 1980; Chung et al., 2015
Increased drift Speed Ciuffreda et al., 1980
Correlation with Visual Acuity Subramanian, Jost, & Birch, 2013; Chung et al., 2015
Saccadic intrusions Ciuffreda et al., 1979
Disconjugacy Ghasia, Otero-Millan, & Shaikh, 2018; Irsch et al., 2022
Correlation with stereoacuity Birch et al. (2013)
Nystagmus  Latent Nystagmus (LN) also referred to as Fusional (Ghasia and Wang 2022; Ghasia and Tychsen 2024)
Maldevelopment Nystagmus (FMN)
OKN Reduced and/or asymmetric OKN Nicolai, 1959; Schor & Levi, 1980; Mein, 1983; Flynn et al., 1984; Westall & Schor, 1985b; Schor, Fusaro,
Wilson, & McKee, 1997; Brosnahan et al. 1998; Westall et al., 1998
VOR Reduced and/or asymmetric VOR Schor & Westall, 1984; Sharifi, Jafarzadeh, Kiarudi, Hassanzadeh, & Rostami, 2024
Vergence Vergence instability Kelly, Cheng-Patel, Jost, Wang, & Birch, 2019

Inaccurate coordination of binocular vergence during
saccades

Abnormal central disparity vergence

Reduced accommodative vergence in severe amblyopia

Kenyon et al., 1978, 1980, 1981

Quere, 1979
Kenyon et al., 1978, 1980, 1981

Correlation with stereoacuity

Ukwade, Bedell, & Harwerth, 2003; McKee, Levi & Movshon, 2003

MS = microsaccade; OKN = Optokinetic Nystagmus; VOR = Vestibular Ocular Reflex.

with strongly reduced gain and saccadic interruptions in the
temporalward direction (Schor, 1975; Tychsen, Hurtig, & Scott,
1985; Von Noorden & Mackensen, 1962).

iv. Abnormal Saccadic Substitution: Unlike normal observers, when
some PWA attempt to track a target smoothly moving over a
relatively short distance, saccades larger than the target ampli-
tude were substituted for the pursuit movements. Ciuffreda et al.
(1979a, b) called this “abnormal saccadic substitution”, and re-
ported that it was specific to amblyopia but not strabismus. A
plausible explanation is the high degree of positional uncertainty
and spatial distortions seen in PWA (Bedell & Flom, 1981; Levi &
Klein, 1982a, 1982b; Levi, Klein, & Yap, 1987).

3.3. Fixational eye movements (FEMs)

These are miniature eye movements during attempts at steady fixa-
tion of a stationary stimulus. The primary functions of FEMs include
countering visual fading, enhancing high-acuity tasks and reformatting
visual input into a spatio-temporal format that is most appropriate for
analysis. FEMs comprise fixational saccades (or, microsaccades), slow
drifts and tremors. Previous studies showed that fixational saccades,
often referred to as microsaccades in people with normal vision because
their amplitudes are usually smaller than 1 deg, also serve the purpose of
putting objects of interest onto the center of the fovea (Ko, Poletti, &
Rucci, 2010; Poletti, Listorti, & Rucci, 2013).

The following properties of FEMs have been reported in relation to

amblyopia:

i) Fixation stability.

Fixation stability is conventionally quantified by the area of the
bivariate contour ellipse (BCEA) that encompasses a certain percentage
of the eye positions during a fixation task, such as 68 % (& 1 standard
deviation from the mean) and 95 % (&4 2 standard deviations from the
mean). More recently, the isoline method which does not assume a
normal distribution of eye positions (Castet & Crossland, 2012), has
gained popularity as a measurement of fixation stability. However, most
of the literature reporting fixation stability in PWA used BCEA, thus
most of the results reported here were based on BCEA. Note that we are
not citing absolute values of BCEA here, because the absolute values
could change depending on many factors, including stimulus size, the
methods used to measure eye movements (see Table 1) and the
measuring duration (Chung, Agaoglu & Krishnan, 2018). Fig. 1 shows
examples of fixation locations superimposed on the fundus of a normal
observer (V.A. 20/16 left panel), and the dominant (V.A. 20/16-2 center
panel) and amblyopic eye (20/64 right panel) of a strabismic amblyope,
while attempting steady fixation (unpublished data). Fixation stability
was measured using a MAIA microperimeter (Centervue, Padova, Italy).
Subjects were tested monocularly, with the other eye covered. They
were instructed to keep their eyes as steady as possible at the center of a
small red circle (0.76 deg diameter). Eye positions were sampled at 25
Hz for 10 s, and are shown as red dots superimposed on the central 5° of
their retina. Fixation stability was quantified using both the BCEA and
ISOA methods. For the normal observer, BCEA is 0.026 deg?, ISOA is



D.M. Levi and S.T.L. Chung

0.0196 deg?; for the amblyopic observer: dominant eye: BCEA is 0.386
deg?, ISOA is 0.240 deg?; amblyopic eye: BCEA is 1.122 deg?, ISOA is
0.814 deg?).

It is almost universally true that fixation stability is worse (larger
BCEA) in the amblyopic eyes than in the fellow eyes, or when compared
with normal controls. This has been reported for adults (Altinbay, Sahli,
Bingol Kiziltunc, & Atilla, 2023; Birch, Subramanian, & Weakley, 2013;
Chung, Kumar, Li, & Levi, 2015; Gonzalez, Wong, Niechwiej-Szwedo,
Tarita-Nistor, & Steinbach, 2012; Subramanian, Jost, & Birch, 2013)
and for children with amblyopia (Subramanian et al., 2013; Altinbay
et al., 2023). The ratio of BCEA between the amblyopic eyes and their
fellow counterparts during monocular fixation (measurements made on
the monocularly viewing eye) ranges between 1.7 and 2.4 (Gonzalez
et al., 2012; Subramanian et al., 2013; Altinbay et al., 2023). There is
evidence that the ratio is higher in strabismic amblyopic eyes than in
anisometropic amblyopic eyes (3.7 x vs 1.5x: Chung et al., 2015). The
instability of fixation appears to be more along the horizontal axis of the
ellipse than along the vertical axis (Subramanian et al., 2013). When
comparing fixation stability between the fellow eyes of PWA with that in
normal controls, some studies reported that the BCEA were very com-
parable (Chung et al., 2015; Ghasia & Tychsen, 2024) while others
showed that fixation stability was ~ 1.2x worse in the fellow eyes of
PWA than in normal (Gonzalez et al., 2012; Subramanian et al., 2013),
possibly due to Fusional Maldevelopment Nystagmus (FMN — discussed
below).

Several studies have compared fixation stability of the amblyopic
and the fellow eyes of PWA under binocular- vs. monocular-viewing
conditions. While fixation stability of the amblyopic eyes was worse
under monocular-viewing conditions (especially when the non-
amblyopic eyes were covered) than under a binocular-viewing condi-
tion, the effect was much larger in the fellow eyes, i.e. fixation stability
became much worse when the fellow eyes were covered and the
amblyopic eyes were the viewing eyes, compared with the binocular-
viewing condition (Gonzalez et al., 2012; Ghasia & Tychsen, 2024).
Viewing conditions also influence fixational eye movements under
binocular/dichoptic viewing: for example, when the fellow eye’s target
has lower contrast than that of the amblyopic eye, strabismic and mixed
amblyopes may switch fixation to the amblyopic eye, and patients with
anisometropic amblyopia show increased fixational instability at low
contrast levels (Murray et al., 2022).

The BCEA quantifies the variability of fixation; however, patients
with amblyopia, particularly strabismic amblyopia, frequently also have
inaccurate fixation (i.e., the preferred retinal locus (PRL) used for fixa-
tion is extrafoveal). This is often referred to in the literature as eccentric
fixation (Ghasia and Wang, 2022). While the PRL in individuals with
normal vision “ rarely coincides with the retinal location with the
highest cone density” (Kilpelainen, Putnam et al. 2021); the fixation
errors are tiny (on average < 5 arc min), whereas those in strabismic
amblyopia are much larger (several degrees).

ii) Rate of fixational saccades.

Gonzalez et al. (2012) found that the rate of fixational saccades in the
amblyopic eyes did not differ under a binocular-viewing condition (0.62
+ 0.49) or during monocular viewing using the amblyopic eyes (0.85 +
0.39); and that the rate also did not differ from that in the normal control
eyes. In their study, they did not examine whether there was any dif-
ference in the rate of fixational saccades between strabismic and
anisometropic amblyopia. Chung et al. (2015) showed that strabismic
amblyopic eyes exhibited approximately 1.7 x more fixational saccades
than in the anisometropic amblyopic eyes or in normal control eyes. On
the other hand, Shaikh, Otero-Millan, Kumar, & Ghasia (2016) did not
find any difference in the rate of fixational saccades between strabismic
and anisometropic amblyopic eyes. The difference in the results between
the studies of Chung et al. (2015) and Shaikh et al. (2016) could be due
to either the method used to detect fixational saccades — Chung et al.
(2015) used a fixed-velocity criterion whereas Shaikh et al. (2016) used
an unsupervised clustering method — and/or adult (Chung et al., 2015)
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vs. children (Shaikh et al., 2016) participants. Also, note that fixational
saccades can be suppressed by instructions (Schor & Hallmark, 1978), e.
g. whether the instructions were to simply fixate a target or to keep the
eyes steady, therefore, differences in results reported by different studies
could also be due to the instructions given to participants.

iii) Amplitude of fixational saccades.

Gonzalez et al. (2012) reported no difference in the amplitude of
fixational saccades between controls and amblyopic eyes of PWA, and
no difference between binocular- and monocular-viewing conditions.
When data were separately analyzed for PWA due to strabismus or
anisometropia, Chung et al. (2015) found that the amplitude of fixa-
tional saccades was larger (~2x ) in the amblyopic eyes than in the
fellow eyes or in normal control eyes only for PWA with strabismus, but
not for PWA with anisometropia. Shaikh et al. (2016) also showed
significantly larger amplitude of fixational saccades for PWA with
amblyopia, with the amplitude increasing with the severity of
amblyopia.

iv) Speed of fixational saccades.

Fixational saccades were faster in the amblyopic eyes of PWA than in
the normal control eyes (1.4-1.8x faster), more so for strabismic than
for anisometropic amblyopes (Chung et al., 2015). Fixational saccades
were also faster in the fellow eyes of PWA than in the normal control
eyes, but were only statistically significant for those with strabismic
amblyopia (Chung et al., 2015). In general, fixational saccades in PWAs
follow the main sequence (i.e., the monotonic increase in the peak ve-
locity with the amplitude of the saccade; e.g. Shaikh et al., 2016),
implying that there is a positive correlation between speed and ampli-
tude of fixational saccades.

v) Amplitude of slow drifts.

Ciuffreda et al. (1980) showed that the amplitude of slow drifts was
larger in the amblyopic eyes than in the fellow eyes during monocular
viewing. These authors suggested that amplitude of drifts might
adversely affect acuity in the amblyopic eyes, although the authors did
not go as far as proving their suggestion. Chung et al. (2015) also re-
ported larger amplitudes of slow drifts in amblyopic eyes than in fellow
eyes during monocular viewing, but only for strabismic amblyopic eyes
and not for anisometropic amblyopic eyes. Further, Chung et al. (2015)
reported that the amplitude of slow drifts were larger in amblyopic eyes
than in normal control eyes by 1.3-1.8x, with strabismic amblyopic
eyes showing even larger amplitudes than anisometropic amblyopic
eyes.

vi) Speed of slow drifts.

Ciuffreda et al. (1980) showed that the speed of slow drifts was
higher in amblyopic eyes than the fellow eyes, by up to 3 deg/s. How-
ever, Chung et al. (2015) did not find any statistically significant dif-
ference in drift speed among amblyopic eyes, fellow eyes and the normal
control eyes. The values of the drift speed in the amblyopic eyes are in
fact similar (~3 deg/s) in the studies of Ciuffreda et al. (1980) and
Chung et al. (2015), but they are much smaller in the normal control
eyes and in the fellow eyes of people with amblyopia in Ciuffreda et al.
(1980) than in Chung et al. (2015). The higher values of drift speed
reported in normal controls in Chung et al. (2015) could be because their
observers were all untrained. Cherici et al. (2012) reported a 3x in-
crease in drift speed for untrained observers, compared with trained
observers, as well as larger individual variability in untrained observers,
and that they did not use a bite bar to stabilize the head movements of
their observers. In contrast, Ciuffreda et al (1980) used trained observers
as their normal controls who were placed on a bite-bar during their
experiment.

vii) Relationship between fixation stability and characteristics of
fixational eye movements.

Given that the magnitude of fixation instability and many of the
parameters of fixational eye movements are larger in the amblyopic eyes
of PWA than in their fellow eyes, and in normal control eyes, it is logical
to ask whether there exists any causal relationship between fixation
instability and some of the parameters of fixational eye movements. A



D.M. Levi and S.T.L. Chung

multiple linear regression analysis showed that the error magnitude
(difference in the end point of a fixation saccade from the mean fixation
location), amplitude and frequency of fixational saccades, and visual
acuity, are the important factors limiting fixation stability in adults with
amblyopia (Chung et al., 2015).

3.4. Vestibular-Optokinetic eye Movements

These eye movements include optokinetic nystagmus (OKN) and the
vestibular-ocular reflex (VOR). The following responses have been
observed in PWA:

i. Asymmetric OKN responses: When viewing small field stimuli with
the amblyopic eye, and in some, with the fellow eye as well, OKN is
frequently asymmetric, with reduced velocity of the slow phase in
response to temporalward and upward motion (Nicolai, 1959; Schor &
Levi, 1980; Mein, 1983; Flynn, 1984; Westall & Schor, 1985b). Asym-
metric OKN in the amblyopic eye maybe a consequence of incomplete
development of binocular vision (Schor & Levi, 1980; Schor, 1983);
specifically decreased cortical input to subcortical areas and cortical
suppression of the amblyopic eye (Westall & Schor, 1985b). Asymmetric
OKN in the fellow eye is strongly predictive of early-onset esotropia
(Schor, Fusaro, Wilson, & McKee, 1997; (Brosnahan, Norcia et al. 1998);
(Westall, Eizenman et al. 1998)). Similar asymmetries are evident in
threshold measures of motion coherence in children with deprivation
amblyopia due to unilateral cataracts (Giaschi, Asare, Jost, Kelly, &
Birch, 2024).

ii. Reduced VOR responses: Rotation of the head results in compen-
satory counter rotation of the eyes. This VOR reflects the integration of
visual, vestibular and somatosensory systems, and is critical for balance.
Interestingly, abnormal binocular vision due to strabismus and/or
amblyopia during development may impact balance, possibly impli-
cating the VOR. However, early studies of VOR in amblyopia were
somewhat contradictory. For example, Westall & Schor (1985a) re-
ported asymmetric adaptation in strabismic amblyopes, and Schor &
Westall (1984) reported that during head rotation in the dark, the VOR
of their amblyopic subjects showed a directional preference related to
that found when fixating in the dark. However, Tychsen et al. (1985)
found normal VOR responses to body rotation at 0.3 Hz in the dark in
infantile strabismics when there was no contamination from the pursuit
system. More recent studies suggest that the VOR may be affected in
PWA. For example, Sharifi, Jafarzadeh, Kiarudi, Hassanzadeh, & Ros-
tami (2024) measured the ocular vestibulo-evoked myogenic potential
to assess the VOR in 42 amblyopic patients, and reported that regardless
of the type of amblyopia, the VOR with the amblyopic eye was reduced
relative to the fellow eye.

3.5. Torsion

As far as we know, torsional eye movements in response to a steady
or moving target have not been studied in PWA, although there are
anecdotal observations that PWA might exhibit larger torsional eye
movements than in normal controls (Otero-Milan, Personal communi-
cation, 2024), and this is an area that may be ripe for future research.

3.6. Vergence

Vergence eye movements help to direct the foveas of the two eyes
toward objects at varying distances. Unlike the other types of eye
movements discussed above, which are conjugate or versional move-
ments of the two eyes, vergence movements are disconjugate (or
disjunctive), meaning that the two eyes move in different directions. To
focus on objects at near, the two eyes turn inward toward each other
(convergence). When the focus shifts from a near object to one further
away, the eyes turn outward (divergence). Under normal viewing con-
ditions, changes in vergence are accompanied by commensurate
changes in accommodation, except in older adults with presbyopia.
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Under these conditions, both accommodative and disparity vergence
play a role. “Vergences are found to be much more brittle and vulner-
able to amblyopia than versions, and amblyopia is often accompanied by
anomalies of fusional, accommodative, and fast vergence movements.”
(Quere, 1979) — mainly in strabismic amblyopia. Similar results were
reported in a series of studies by Kenyon et al. (1978, 1980, 1981), using
small targets at different physical distances. Specifically they noted that
in contrast to normal observers, strabismic patients (with or without
amblyopia) made a saccadic movement with the dominant eye to
foveate the stimulus, which was followed by an unequal vergence
movement using accommodative rather than disparity vergence. How-
ever, with large stimuli (40-50 deg), strabismic patients (with or
without amblyopia) do make normal disparity vergence responses
(albeit with reduced amplitude) (Boman & Kertesz, 1985). It is also
unclear whether these strabismic patients had undergone surgery. The
abnormal disparity vergence in these patients may be a consequence of a
reduced complement of disparity sensitive neurons in visual cortex, and
binocular suppression (Kiorpes & Daw, 2018; Hallum et al., 2017; Bi
et al., 2011; Sengpiel & Blakemore, 1996).

Additionally, in patients with deep amblyopia (>20/400), there may
also be a reduction in accommodative vergence (Kenyon et al., 1978,
1980, 1981). More recent work has shown that some patients have
reduced ability to make the appropriate vergence movements to fuse
targets binocularly (Raveendran, Bobier & Thompson, 2019b), and that
both amblyopic and non-amblyopic children, who are treated for
anisometropia and/or strabismus, exhibit large vergence instability
(Kelly, Cheng-Patel, Jost, Wang, & Birch, 2019).

Persons with normal vision show a pattern of divergence for upward
and horizontal saccades as well as convergence with downward saccades
(Gibaldi & Banks, 2019). These vergence biases are consistent with
environmental statistics (Sprague et al., 2015). This pattern of vergence
movements may be absent or highly variable in PWA (Aizenman,
Gibaldi, Banks & Levi — in Prep).

3.7. Versions

3.7.i. Disconjugacy

Normal binocular eye movements during fixation are conjugate - i.
e., the two eyes move together in the same direction and by the same
amount, however a recent small scale study (4 PWA, 3 normal control
subjects and one “successfully treated amblyope”) found that the 4 PWA
displayed higher disconjugacy (interocular position instability) when
attempting to fixate binocularly compared with the other 4 subjects
(Irsch et al., 2022). They suggest that disconjugacy may be a “single
sensitive test for the presence of amblyopia”; however, previous work
found that patients with amblyopia and no nystagmus may also have
increased disconjugacy of fixational saccades during binocular viewing
(Kang, Beylergil, Otero-Millan, Shaikh, & Ghasia, 2019). Additionally,
patients with strabismus but no amblyopia also demonstrate increased
disconjugacy during fixation (Ghasia, Otero-Millan, & Shaikh, 2018).

3.7.ii. Latency and gain

Individuals with normal binocular vision have an advantage under
binocular compared to monocular conditions in that they exhibit shorter
saccadic latencies. However, patients with strabismus both with or
without amblyopia, show no such advantage; moreover, a small number
of patients with severe amblyopia and no measurable stereopsis showed
reduced gain when viewing with the amblyopic eye (Niechwiej-Szwedo,
Chandrakumar et al. 2012). Saccadic adaptation gain is reported to be
lower both when viewing with the amblyopic eye and during binocular
viewing (Raashid et al., 2013).

3.8. Early onset of esotropia affects eye movements in PWA

A large-scale study of 200 strabismic subjects (almost all amblyopic
or ‘recovered’ amblyopes) was able to predict early onset esotropia
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based largely on the pattern of eye-movement abnormalities (Schor
et al., 1997). They report that the best oculomotor predictors of early
onset esotropia were Dissociated Vertical Deviation (DVD where, when
covered, each eye deviates vertically in the same direction, in contrast to
a vertical strabismus where the two eyes deviate in opposite directions)
and the speed of monocular smooth pursuit abnormalities in the
preferred eye. Another oculomotor feature commonly associated with
early onset of esotropia and or visual deprivation is Fusional Malde-
velopment Nystagmus (FMN) or Latent Nystagmus (Tychsen & Boothe,
1996; Tychsen et al., 2010; Murray et al., 2022; Scaramuzzi et al., 2019).
FMN is characterized by showing a nasally directed slow phase under
monocular viewing with the reversal in the direction of the quick phase
toward the uncovered eye. FMN is thought to occur when there is
decorrelated input to the two eyes during a sensitive period when ste-
reopsis is emerging, and consequently, the nasalward bias evident in
infancy persists (Hasany, Wong, Foeller, Bradley, & Tychsen, 2008;
Murray et al., 2022; Ghasia & Tychsen, 2024). Amblyopic patients with
strabismus are more likely to have FMN than those without strabismus
(Ghasia & Tychsen, 2024). This “latent” nystagmus, which is evident
only when one eye is covered, is also associated with an early onset of
amblyopia and/or strabismus, a loss of binocular vision and dissociated
vertical deviation (DVD) (Guyton, 2000). While latent nystagmus can
result in reduced acuity, some individuals with early onset esotropia and
latent nystagmus can achieve good visual acuity during the low velocity
period of their slow phase nystagmus (Dell’Osso et al., 1995).

4. What do we know about how each of these affect different
tasks in PWA?

Amblyopia is associated with difficulties or deficits in performing a
broad range of tasks, not only when viewing with the amblyopic eye, but
for some, with the fellow eye and both eyes simultaneously. These
include a loss of visual acuity, relative position acuity and contrast
sensitivity, particularly at high spatial frequencies, as well as increased
internal noise and prolonged manual and saccadic reaction times to
visual stimuli (McKee et al., 2016; see Levi (2020) for a review). Addi-
tionally, they have difficulty processing stimuli defined by contrast or
motion, in contour integration, temporal and spatial problems, and
reduced attentional capacity (Popple & Levi, 2008), and have increased
random noise (Levi & Klein, 2003; Levi, Klein, & Chen, 2008). Under
normal everyday viewing conditions with both eyes open, the most
common deficit in amblyopia is reduced stereoscopic depth perception.
Reducing the vision of one eye (in neurotypical persons) by blurring,
filtering or reducing contrast degrades stereoacuity (Westheimer &
McKee, 1980; Donzis, Rappazzo, Burde, & Gordon, 1983; Legge & Gu,
1989; Menon, Bansal, & Prakash, 1997), and degrading vision in one eye
has a more deleterious effect on stereopsis than by degrading both eyes
(Westheimer & McKee, 1980; Legge & Gu, 1989).

Persons with amblyopia frequently manifest deficits in reading
(Bhutada et al., 2022; Birch & Kelly, 2017; Kelly, Jost, De La Cruz, &
Birch, 2015; Kelly et al., 2017; Stifter, Burggasser, Hirmann, Thaler, &
Radner, 2005a, 2005b), visual search (Neri & Levi, 2006; Tsirlin, Colpa,
Goltz, & Wong, 2018; Black, Wood, Hoang, Thomas, & Webber, 2021;
Nagarajan, Luo, Narasimhan, & Satgunam, 2022), visually-guided hand
movements (Grant & Conway, 2015, 2023; Grant, Melmoth, Morgan, &
Finlay, 2007; Grant & Moseley, 2011; Grant, Suttle, Melmoth, Conway,
& Sloper, 2014; Suttle, Melmoth, Finlay, Sloper, & Grant, 2011; Mel-
moth, Finlay, Morgan, & Grant, 2009; Niechwiej-Szwedo, Goltz, Chan-
drakumar, & Wong, 2012; Niechwiej-Szwedo, Kennedy, et al., 2012;
Subramanian et al., 2013), and walking across complex terrains (Bonnen
et al., 2021). Below we consider whether and how the eye movement
deficits of PWA may affect their performance on some of these tasks.

4.1. Contrast sensitivity

PWA have substantially reduced contrast sensitivity for high spatial
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frequency grating stimuli (Levi & Harwerth, 1977; Hess & Howell,
1977) in their amblyopic eyes, compared with the fellow eyes. Higgins,
Daugman, & Mansfield (1982) found essentially no difference between
stabilized and unstabilized contrast sensitivity in their amblyopic eyes,
despite their marked fixation instability. Moreover, they report that
superimposing the pattern of image motion recorded from the ambly-
opic eye on the eye of a normal observer does not reduce contrast
sensitivity.

4.2. Visual acuity and relative position discrimination

Unsurprisingly, PWA have reduced visual resolution (acuity) in the
amblyopic eyes, when compared with the fellow eyes or normal control
eyes. Hess (1977a) reported that visual resolution for squarewave
gratings in 4 adults with strabismic amblyopia was similar under normal
(unstabilized) and stabilized viewing (stabilization was achieved by
creating afterimages of the gratings). However, in PWA, optotype visual
acuity and other fine spatial position discrimination thresholds (e.g.,
Vernier acuity and bisection) are often much more compromised than
would be predicted from their grating acuity, especially in strabismic
amblyopia (Levi & Klein, 1982a, 1982b; Levi et al., 1987). There are a
number of plausible explanations for this; these optotypes are local and
the critical features for identification are highly localized whereas
gratings are extensive and provide redundant information. Eccentric
fixation would result in an optotype being viewed extrafoveally,
whereas an extended grating might be imaged on the fovea as well as the
eccentric location. Moreover, because of the very localized features of
optotypes, fixational eye movements (especially fixational saccades)
might be expected to have a larger impact on optotype identification
than on grating resolution. Indeed, a number of studies have shown a
significant correlation between the visual acuity and fixational stability
of PWA (Subramanian et al., 2013; Chung et al., 2015; Wang et al.,
2021). In Fig. 2, we replotted measurements of fixation stability and
visual acuity of individual participants from the studies of Subramanian
et al. (2013) and Chung et al. (2015). In both studies, fixation stability
was quantified by the area of the bivariate contour ellipse (BCEA) that
enclosed 68 % of the eye positions during fixation. Note that the original
data in Subramanian et al. (2013) reported BCEA for 95 % of the eye
positions. Here, we adjusted their BCEA values for 68 % of eye positions.
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Fig. 2. Fixation stability, quantified by the BCEA (in log deg?) that enclosed 68
% of the eye positions, is plotted as a function of visual acuity (in logMAR) for
the amblyopic eyes of participants in the studies of Subramanian et al. (2013)
and Chung et al. (2015). Subramanian et al. reported BCEA for 95 % of eye
positions in their paper; in this figure, values plotted are adjusted for 68 %.
Symbols (circles for Subramaniam et al. and triangles for Chung et al.) are color
coded — green for anisometropic amblyopes and red for strabismic or mixed
(strabismic + anisometropic) amblyopes. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)
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The vertical offset between the two sets of data, implying different
magnitudes of fixation stability, is likely due to the different methods
used and the ages of the participants in the two studies (children in
Subramanian et al. (2013) and adults in Chung et al. (2015)). Fig. 2
clearly illustrates a significant relationship between acuity and fixation
stability (worse acuity is associated with higher fixation instability), but
fixation (in)stability is not the only limiting factor on acuity. A multiple
linear regression analysis revealed that the error magnitude, fixation
stability, amplitude of drifts and amplitude of microsaccades were the
main eye movement components limiting visual acuity in adults with
amblyopia (Chung et al., 2015). Also, note that the reduced fixation
stability in PWA is not mimicked by reducing visual acuity in people
with normal vision using optical defocus (Raveendran, Bobier, &
Thompson, 2019a).

4.3. Visual search

Finding an object, a familiar face or a needle in a haystack requires
efficient visual search. Several studies have shown that visual search is
compromised when searching with the amblyopic eye (Neri & Levi,
2006; Tsirlin et al., 2018; Black et al., 2021; Nagarajan et al., 2022).
Chen and colleagues (Chen, Otero-Millan, Kumar, Shaikh, & Ghasia,
2018) measured eye movements during a simple search task in children
with amblyopia and reported that they performed worse than controls
with each eye. When viewing with the amblyopic eye they took longer,
performed worse, and spent less time with gaze directed near the search
target than control subjects. They exhibited lower fixational saccade and
saccade frequencies during both fixation and free-viewing search, and
these deficits were more marked in patients with latent nystagmus
(which is often indicative of an early onset of amblyopia). Similar def-
icits have been reported in children with anisometropic amblyopia, even
when viewing binocularly (Nagarajan et al., 2022).

In normal adults, the frequency of fixational saccades increases with
more complex scenes and near the search target (Otero-Millan, Tron-
coso, Macknik, Serrano-Pedraza, & Martinez-Conde, 2008; Mer-
genthaler & Engbert, 2010). Recent work in our lab shows that when
performing visual search, saccadic latency was longer with the ambly-
opic eye than with either the fellow eye or compared with either eye of
controls. Saccade landing at the peripheral target was less accurate in
both eyes of PWA than controls, and was correlated with fixational
instability. Additionally, binocular viewing reduced fixational insta-
bility in both controls and anisometropic amblyopes, but not in stra-
bismic amblyopes. These results are not simply a direct consequence of
reduced visual acuity due to defocus (Kwon, Belen, Lien, Yeritsyan, Do,
& Levi, 2024; Kwon & Levi, 2023). Indeed, as noted above, the reduced
fixation stability in PWA is not mimicked by reducing visual acuity using
optical defocus (Raveendran et al., 2019a).

4.4. Reading

With small, closely spaced print, PWA read slowly, even when eye
movements are not required. Levi, Song & Pelli (2007) used rapid serial
visual presentation (RSVP) to measure reading speed in adults with
amblyopia. Under these conditions (where eye movements are not
required), crowding (the deleterious influence of nearby contours), not
visual acuity or letter size, limits reading speed. They concluded that in
PWA (as in the normal fovea and periphery), crowding limits reading
solely by determining the uncrowded span: the number of characters
that are not crowded and can be identified during a single fixation.

Do eye movement deficits impact reading in PWA? Several studies
have shown that the maximum reading speed is slower when reading
with the amblyopic eye or with both eyes than it is in age matched
controls (Stifter et al., 2005a, 2005b; Bhutada et al., 2022; Birch & Kelly,
2017; Kelly et al., 2017). When reading regular text (e.g. excerpts from
the Oxford First Encyclopedia), reading speed of adults with strabismic
amblyopia is slower with the amblyopic eye than age matched controls
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for a wide range of font sizes. Reading with the non-amblyopic eye or
with both eyes was also slower than controls, but only for small font
sizes (Kanonidou, Gottlob, & Proudlock, 2014; Kanonidou, Proudlock, &
Gottlob, 2010). These authors report that strabismic amblyopes made
more saccades per line than controls irrespective of font size and
viewing conditions. Specifically, they made more regressive saccades
and longer fixation durations, but the number of progressive saccades
and the amplitude of progressive saccades were not different. We note
that these small fonts are not representative of typical reading, where
font size is larger than 0.3 logMAR, and only occurred during amblyopic
eye viewing. Bhutada and colleagues (Bhutada et al., 2022), used a fixed
print size corresponding to logMAR = 1 in 23 patients with amblyopia
and 9 control subjects. They reported that the amblyopic patients had
reduced reading speeds with increased fixation duration and saccades
(both progressive and regressive) during binocular, fellow eye and
amblyopic eye viewing compared to controls. Fixation instability of the
amblyopic eye was increased during both monocular and binocular
viewing. Additionally, they found that when viewing with both eyes,
there was increased vergence instability compared to controls. Aside
from the educational consequences of slow reading, self-perception may
be lower in amblyopic children who read slowly and have poor motor
skills (Birch et al., 2019).

4.5. Stereopsis

Normal stereopsis requires the two eyes to be reasonably well
aligned, functional and well matched in resolution, contrast sensitivity
etc. Additionally, normal stereopsis requires a neural mechanism to
combine the images from the two eyes and compute depth from binoc-
ular disparity (and combine it with other depth cues) (Levi, 2022). In
adults with normal binocular vision, the perception of large (36 arc min)
disparity in an extended (30 x 30 deg) display is remarkably tolerant to
disparities between the two eye’s images of as much as 2 degrees
(Erkelens & Collewijn, 1985). However, stereo thresholds are impacted
by vergence errors that exceed about 1.5 arc min (Ukwade, Bedell, &
Harwerth, 2003). Not surprisingly, stereopsis is absent or severely dis-
rupted in patients with strabismic amblyopia who have vergence
misalignment exceeding that required for good stereovision, and to a
lesser extent in those with anisometropic amblyopia (McKee, Levi, &
Movshon, 2003), when the acuity and contrast sensitivity of the
amblyopic eye are worse than that of the fellow eye. McKee et al. (2003)
suggested that PWA, who failed to detect large stereoscopic disparities
(mainly, but not exclusively, strabismic), show a disproportionate loss in
optotype and relative position acuity. How do eye movements influence
stereopsis in PWA? Birch et al. (2013) measured fixational instability
and stereopsis in children with anisometropic amblyopia. They report a
strong correlation between stereo acuity and fixational instability;
children with normal stereo vision all demonstrated normal fixational
stability while those who failed the stereoacuity test (nil stereo) showed
the largest instability. Two thirds of the children with reduced ster-
eoacuity had Fusional Malformation Nystagmus (FMN) waveforms and
those with nil stereo all had FMN waveforms. Scaramuzzi et al. (2021)
evaluated the fixational eye movements of amblyopic children following
treatment (part time occlusion of the non-amblyopic eye). About half of
their patients showed improvement in stereoacuity; two-thirds of those
who improved were anisometropic and the rest were strabismic or
mixed. Almost 80 % of the patients with no nystagmus improved
whereas only !/z with FMN improved.

4.6. Eye-Hand coordination

PWA may have deficits in visually guided hand movements such as
reaching and grasping a static object, e.g., a coffee cup (Grant et al.,
2007; Melmoth et al., 2009; Suttle et al., 2011; Niechwiej-Szwedoet al.,
2012; Niechwiej-Szwedo, Kennedy, et al., 2012; reviewed in Levi, Knill,
& Bavelier, 2015). As noted above, lower self-perception is associated
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with poor motor skills. However, evidence suggests that these deficits
are not a consequence of fixation instability (Subramanian et al., 2013),
or poor vergence control (Melmoth, Storoni, Todd, Finlay, & Grant,
2007). On the other hand, eye movements may be especially important
in intercepting moving objects, for example, catching a flyball, espe-
cially when the motion trajectory is difficult to predict and when there is
a high degree of visual uncertainty (reviewed by Fooken, Kreyenmeier,
& Spering, 2021). Fooken et al conclude that “Eye movements are
functionally linked to interceptive hand movements via shared retinal
and extraretinal signals”. PWA often have difficulties with such tasks. It
would be interesting to determine what role, if any, the eye movement
abnormalities in PWA affect their ability to quickly and accurately
intercept moving objects.

4.7. Locomoting and balance

Normal binocular vision is important for the developing and main-
taining good balance. Zipori and colleagues (2018) evaluated balance in
strabismic patients both with and without amblyopia as well as in
normal controls. Their results suggest that balance was compromised in
both patient groups and they conclude that “even mild binocular
discordance/dysfunction may lead to postural instability”.

Normal binocular vision is also important for determining where to
step when walking in complex terrain. Interestingly, PWA (as well as
individuals with reduced stereo vision due to strabismus or imposed
monocular blur on normal participants) have been shown to bias their
gaze towards closer footholds (Bonnen et al., 2021). Interestingly, in
adults 65 and older, binocular vision disorders (including strabismus
and amblyopia) have a significantly higher risk of falling and sustaining
a musculoskeletal injury or fracture (Pineles et al., 2015).

To the extent that their stereovision is impacted by vergence errors,
eye movement deficits may contribute to the gaze-gait strategies of
PWA.

5. The chicken and egg problem

While there is a clear relationship between the visual acuity of PWA
and their fixational stability (Fig. 2), the question remains: does poor
fixation limit visual perception in amblyopia, or vice-versa? Some have
attempted to address this question, either by stabilizing the retinal
image (Hess, 1977; Higgins et al., 1982), or by recording the amblyopic
eye’s fixation pattern and examining the effect of superimposing the
amblyopic eye’s retinal image motion on the performance of a normal
eye (Higgins et al.,, 1982), while others (us included) have tried to
mitigate the effects of retinal image motion by using horizontal stimuli
or brief exposures. Based on our current understanding of fixational eye
movements, we hypothesize that it is not the retinal image motion per
se, but rather, the frequent fixation saccades made while fixating with
their amblyopic eyes, that result in shifts in attention leading to a broad
range of visual abnormalities: reduced perceptual sensitivity and visual
acuity, increased crowding and positional uncertainty, mapping dis-
tortions and prolonged saccadic reaction times (because of the motor
refractory period from a previous saccade or fixation saccade
(Gambacorta et al., 2018; Verghese et al., 2019).

Previously, we examined fixational eye movements in a large group
of amblyopic (N = 28) and normal (N = 16) subjects using a Rodenstock
Scanning Laser Ophthalmoscope (Chung et al., 2015). Our results
showed that fixation stability is markedly affected in strabismic
amblyopic eyes, and that the error magnitude, amplitude, and frequency
of microsaccades are the primary ocular motor factors contributing to
their fixation stability. Importantly, we found a significant correlation (r
= 0.67) between the reduced visual acuity and fixation stability (Fig. 2
above). While it is difficult to tease apart whether acuity is the limiting
factor on fixation stability, or vice versa, there are several reasons that
lead us to believe that fixation stability may place some limits on acuity,
instead of the other way round. First, simply blurring the retinal image
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in a normal eye does not mimic the effects of amblyopia on eye move-
ments when fixating (Raveendran et al., 2019a; Kwon, Belen, Lien,
Yeritsyan, Do & Levi, 2024) or searching (Kwon & Levi, 2023). Second,
it has been shown that random jittering of an acuity target degrades
acuity in observers with normal vision (Chung & Bedell, 1995). When
fixation is unsteady or when the acuity target is jittered, from moment to
moment, the image lands on different retinal loci, introducing uncer-
tainty and interfering with the spatio-temporal integration required to
form a global percept of the target — critical for letter identification. This
random jitter hypothesis is also consistent with the largest contributors
to reduced acuity being error magnitude and fixation stability. Increased
error magnitude means that the fixation saccades are less accurate in
their landing positions, resulting in the eye landing further away from
the intended location. Third, fixation instability also places the acuity
stimulus on different extrafoveal locations, thus further degrading acu-
ity. Acuity correlates with the eccentricity of the preferred retinal locus
in amblyopic eyes (Flom & Weymouth, 1961; Kandel, Grattan, & Bedell,
1977). Crowding also increases rapidly with increasing eccentricity, so it
is likely that the eccentric fixation evident in strabismic amblyopia
would result in increased crowding. There are good reasons to suspect
that abnormal fixational eye movements might impact the resolution of
amblyopic observers, particularly at high spatial frequencies and could
also contribute to slow reading (discussed further below).

The potential effects of fixational eye movements described above
are all consequences of the abnormal retinal image motion. However,
there are good reasons to consider the role of abnormal fixational eye
movements per se. In normal observers, fixation saccades can lead to
shifts in attention (Martinez-Conde et al., 2013; Binda & Morrone,
2018). To the extent that similar attentional shifts occur when stra-
bismic amblyopes make large fixation saccades, this may result in
increased crowding and substitution errors (because attention is erro-
neously directed at a flanker rather than the target). For example, in a
crowded acuity task with a 20/100 letter (25 arcmin), a large (25-20")
fixation saccade could result in fixation (and/or attention) on an abut-
ting flanker.

A very recent attempt to unscramble the role of eye movements on
motion perception (published after submission of this Review) argues
that fixation instability (as indicated by the mean BCEA) does not ac-
count for elevated motion coherence thresholds for slowly moving dots
when viewing with the amblyopic eye (Meier et al., 2025)). Specifically,
they measured fixational stability during the 600-msec presentation of
the moving dots. However, it is now clear that fixational eye movements
result in shifts in attention and reduced visual sensitivity prior to and at
specific times during stimulus presentation (Kowler 2024; Martinez-
Conde et al, 2013; Chen, Ignashchenkova et al., 2015; Yuval-
Greenberg et al., 2014). Averaging the gaze data over the 600-msec
stimulus presentation may have obscured any influence of the FEMs
on thresholds.

Why are EMs abnormal in persons with amblyopia? A number of
studies point to attentional deficits in both children (Black et al., 2021)
and adults with amblyopia (for a review, see (Verghese et al., 2019)).
These attention deficits could lead to eye movement deficits as well. In
PWA with FMNS, the binocular deficits that originate in V1 are passed
on downstream to extrastriate areas that drive conjugate gaze (Tychsen
et al., 2010), and potentially sensory abnormalities that contribute to
the abnormal eye movements.

6. Can abnormal EMs be improved in persons with amblyopia?

The current standard clinical treatment for amblyopia consists pri-
marily of correcting any refractive error, followed by occlusion of the
fellow eye, sometimes referred to as direct occlusion, for several hours
per day (depending on the patients age) with the goal of improving the
visual acuity of the amblyopic eye. While this approach results in
improved visual acuity in many cases, it may not result in normal acuity
or stereopsis in a substantial proportion of amblyopic children (Birch &
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Stager, 2006; Birch, Stager, Berry, & Leffler, 2004; Holmes et al., 2003;
Pediatric Eye Disease Investigator Group Writing et al., 2010; Repka
et al., 2003; Repka et al., 2004; Repka et al., 2005; Stewart, Moseley,
Stephens, & Fielder, 2004; Wallace et al., 2006; Woodruff, Hiscox,
Thompson, & Smith, 1994), and even when visual acuity improves to
normal, it regresses in about 25 % of patients within the first year of
treatment (Holmes et al., 2004; Holmes & Levi, 2018). Unsurprisingly,
there have been many reports, and controversies, about the effects of
direct occlusion on the abnormal eye movements in PWA, especially
regarding eccentric fixation, dating back to the middle of the last cen-
tury. The controversy was over the belief by some, that direct occlusion
might stabilize and “embed” eccentric fixation (Duke-Elder, 1949; Lyle,
1959; Wybar, 1961), summarized in Ciuffreda et al. (1991). This belief
led its proponents to advocate indirect (or reverse) occlusion, i.e.,
patching the amblyopic eye rather than the fellow eye. However, clinical
studies (Von Noorden, 1965; Parks & Friendly, 1966; Mackensen, Kro-
ner, Postic, & Kelck, 1967; VerLee & lacobucci, 1967) suggest that direct
occlusion is more effective in improving both visual acuity and fixation
stability than indirect occlusion, and that it does not stabilize the
eccentric fixation. Interestingly, indirect occlusion for amblyopia has
recently been resurrected, not as a method for treating eccentric fixa-
tion, but for reducing suppression (Zhou et al., 2019; Zhou, Thompson,
& Hess, 2013; Lunghi et al., 2019).

A different approach to the treatment of eccentric fixation was the
introduction of pleoptics (Cuppers, 1956; Bangerter, 1960, 1969), often
used in conjunction with indirect occlusion. The key idea was to
“dazzle” the perifoveal retina of the amblyopic eye with a very bright
flash of light while shielding the fovea, and then having the patient use
the afterimage to guide the (undazzled) fovea to read letters on a chart.
While this approach became fairly popular in the UK and Europe, pa-
tients were generally hospitalized (often for months), and it was less
frequently adopted in North America because it required multiple in-
office visits and patient cooperation. While it is clear that the
approach was effective in some patients (Garzia, 1987), a randomized
clinical trial showed no statistical difference between patients under-
going conventional patching and those undergoing pleoptic treatment in
addition to conventional treatment (Fletcher et al., 1969), and this
approach is no longer in wide use (Zurevinsky, 2019; Godts & Mathysen,
2019). Similarly, the use of a red filter in front of the amblyopic eye
(Brinker & Katz, 1963) based on the questionable assumption that the
foveal cones are more sensitive to long wavelengths than the photore-
ceptors in the surrounding retina, has fallen out of favor.

More recent approaches to training fixation are based on biofeed-
back. This approach has been successful in patients with nystagmus
(Ciuffreda, Goldrich, & Neary, 1982; Ciuffreda & Goldrich, 1983). Flom,
Kirschen, & Bedell (1980) used auditory biofeedback to assist amblyopic
subjects to improve fixation — when the subject’s eye position drifted
outside of a “deadband”, defined by the experimenters, a tone was
presented to the corresponding ear. Over time, subjects learned to fixate
more accurately allowing the deadband to be narrowed. Following
training, subjects were able to fixate more accurately even with no
feedback. However, these authors did not report whether or not acuity
or other visual functions improved following the biofeedback training.
Recently, Maneschg, Barboni, Nagy, & Nemeth (2021) reported that
fixation stability did not improve following surgical alignment of the
eyes of four patients with strabismic amblyopia, but that two of these
four patients (one with central fixation and the other had extra-foveal
fixation) had better fixation stability after biofeedback training
applied to the amblyopic eye. These authors also did not report whether
or not acuity improved as a result of biofeedback training. More work is
required to establish whether or not fixation training is indeed beneficial
to people with amblyopia, and if so, whether or not the benefits also
come at a cost, for instance, whether fixation training would lead to
reduced suppression in the amblyopic eyes, which may in turn, cause
diplopia especially in adults with amblyopia. All of these would need to
be understood before fixation stability training could be used as an
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effective treatment option for amblyopia.

Another recent approach (Nemes-Dragan, Tipcu, Hapca, Pascalau, &
Nicoara, 2024) takes advantage of the fact that the Visually Evoked
Cortical Potential is most strongly driven by foveal stimulation. Specif-
ically, they performed fixation training in a group of 16 anisometropic
amblyopes, ages 15 — 57 years, and 16 (somewhat younger) control
subjects, using the Retimax Vision Trainer (CSO, Florence, Italy). Par-
ticipants viewed a variable size fixation target (the outline of a circle)
superimposed on a checkerboard pattern that reversed 15 times/second,
and the Steady State Visual Evoked Potential (SSVEP) amplitude at the
reversal frequency was measured and was used to modulate the fre-
quency of an auditory signal and the size of the fixation target. The
larger the amplitude (indicating more foveal fixation and attention), the
smaller the target. After 10 sessions (10 min/session), they report that
visual acuity in the anisometropic amblyopic group improved by about 2
LogMar lines, consistent with previous studies using this approach
(Esposito Veneruso, Ziccardi, Magli, Falsini, & Magli, 2014; Lapajne
et al., 2020) which was largely maintained over the 12 month followup
period. The improvement in visual acuity over the course of treatment
was correlated with the increase in SSVEP amplitude. Both groups also
showed increased contrast sensitivity and a highly variable increase in
reading speed. We note that while the Nemes-Dragan (2024) study had a
“control group”, they had normal vision. Moreover, they did not actually
measure eye movements, so we do not know which aspects of fixation (if
any) actually changed. To date there has not been a comparison with a
matched, active control group that, for example performed the same
fixation training but with sham biofeedback. It would also be interesting
to include subjects with strabismic amblyopia who are much more likely
to have poor and eccentric fixation than purely anisometropic
amblyopes.

7. Can EMs be used to diagnose/classify amblyopia?

There is no single diagnostic test for amblyopia. Currently amblyopia
is diagnosed by (i) reduced visual acuity (usually in one eye) with the
best optical correction, (ii) a history of an “amblyogenic” risk factor
(strabismus, anisometropia, cataract) early in life, and (iii) by excluding
any observable ocular pathology (i.e., clear media, normal retina, etc.).
However, given the need for early diagnosis, this is not always possible,
e.g., in infants and young children (see Hunter & Cotter, 2018 for a
review), so a single clear, unambiguous objective marker for amblyopia
would be a genuine step forward, both for diagnosis and for monitoring
the effect of treatment. Could eye movements be used to screen for,
diagnose and/or classify amblyopia, particular in infants and young
children? One approach to early screening is the Pediatric Vision
Scanner (PVS) which is based on the detection of alignment of the two
eyes using retinal birefringence. This device was developed to detect
strabismus, but it appears to be sensitive to anisometropic amblyopia,
perhaps as a consequence of fixation instability or undetected micro-
strabismus (Loudon, Rook, Nassif, Piskun, & Hunter, 2011).

Based on the discussion in this review, a potential biomarker that is
relatively easy to measure is fixation stability. Fixation stability can be
measured using research equipment or clinical devices such as micro-
perimeters, thus facilitating early detection of amblyopia in clinical
settings. Many studies have shown that fixation stability can be
measured in children as young as 3 years old (Ghasia et al., 2024).
Previous reports showed that the ratio of fixation stability measure-
ments (BCEA) between the amblyopic and the fellow eyes is between 1.7
to 2.4x . Therefore, in the clinic, if the fixation stability measurement
obtained in the two eyes separately differs by about 1.7-2.4 x, that could
be another “risk factor” to consider when a clinician makes a diagnosis.
Further, if binocular measurements of fixation stability could be made,
perhaps the observation of substantial vergence instability can also be
used as another “risk factor” for amblyopia. Note that, recently, more
clinical trials have incorporated the measurement of fixation stability as
an outcome measure, in addition to the more traditional measurement of
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acuity, contrast sensitivity and stereopsis. If fixation stability proves to
be a sensitive biomarker for the early detection of amblyopia, low-cost
options such as smartphone apps may be developed to measure fixa-
tion stability in the future.

7.1. Could Artificial Intelligence (AI) be helpful?

Al is now being widely used to improve diagnosis and classification
of many diseases, including those affecting the retina (e.g. Sanchez-
Morales et al., 2022; Kim et al., 2022; Zou, 2022). For example, by
‘learning’ from thousands of retinal photographs, Al can be helpful in
diagnosing glaucoma, age related macular degeneration, etc. It would be
interesting to determine whether AI could be similarly helpful in the
diagnosis and classification of amblyopia, after learning the fixational
eye movement patterns of PWA and age matched controls. Additionally,
Al may be helpful for patients and/or their caregivers seeking infor-
mation about amblyopia. As a test, we asked ChatGPT ‘What is

ChatGPT’s response:
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amblyopia and how is it treated?’ The response from ChatGPT is shown
in Fig. 3.

Al may even be useful for researchers. Indeed, a recent study found
that AI LLMs (large language models) trained on neuroscience literature
are able to predict neuroscience experiment outcomes more accurately
than human neuroscience experts (Luo et al., 2024).

8. Summary

Amblyopia is not just a sensory deficit, as some of the literature
suggested (Hess, 1977; Higgins et al. 1982); instead, it is also associated
with motor (including oculomotor and eye-hand coordination) deficits.
In this paper, we briefly summarized how the characteristics and dy-
namics of various types of eye movements differ between the amblyopic
eyes and their fellow eyes and also with respect to normal control eyes.
We note that there is not uniform consensus in the literature, for a
number of reasons: the amblyopic population is not homogeneous,

“Amblyopia, often referred to as "lazy eye," is a visual impairment where one eye has reduced vision that is not
correctable by glasses or contact lenses. It occurs when the brain and the affected eye do not work together properly,
leading to a preference for the stronger eye. This condition typically develops during childhood, often before the age
of 7, and can lead to permanent vision problems if not treated early.

Causes of Amblyopia
There are several common causes of amblyopia:

1. Strabismus (misalignment of the eyes): When the eyes are not aligned properly, the brain may ignore
input from the misaligned eye, leading to amblyopia in that eye.

2. Refractive errors (anisometropia): Significant differences in the refractive power (focusing ability) of the
two eyes, such as one eye being much more nearsighted or farsighted than the other, can result in

amblyopia in the weaker eye.

3. Deprivation (e.g., cataracts): If something obstructs the vision of one eye, like a congenital cataract or
ptosis (drooping eyelid), the brain may suppress the input from that eye, leading to amblyopia.
4. Visual deprivation: Conditions that restrict vision in one eye, such as trauma or disease, can also lead to

amblyopia.
Symptoms
e Reduced vision in one eye
e Difficulty with depth perception
e Squinting or closing one eye to see better

e  Eyes that appear misaligned (in cases of strabismus)
e Discomfort or difficulty focusing on objects with both eyes

Treatment Options

Early detection and treatment are crucial for the best outcomes. Treatment methods aim to force the brain to use the
weaker eye more effectively, allowing the vision to develop more normally.

1. Corrective lenses: Glasses or contact lenses may be prescribed to correct any refractive errors, such as
nearsightedness or farsightedness. This can help ensure both eyes are working together.

2. Patch therapy: The most common treatment for amblyopia involves patching the stronger eye for several
hours a day. This forces the brain to rely on the weaker eye, encouraging its development. The duration and
intensity of patching depend on the severity of the amblyopia and the age of the patient.

3. Atropine eye drops: Sometimes, atropine drops are used in the stronger eye to temporarily blur the vision,
forcing the brain to use the weaker eye. This is an alternative to patching, especially in cases where
patching is not well-tolerated.

4. Vision therapy: Vision therapy includes a series of exercises designed to improve the coordination and
function of both eyes. This can help in cases where the eyes are misaligned or there are other coordination
issues.

5. Surgical intervention: In cases where strabismus is the underlying cause, surgery may be needed to
correct the alignment of the eyes. Surgery may also be needed if there is a cataract that obstructs the vision.

6. Binaural vision therapy: For certain cases, specialized therapies using computer programs or activities
(such as playing video games designed to treat amblyopia) may help improve eye-brain coordination.

Best Outcomes

Treatment is most effective when started early, ideally before the age of 7, when the brain is still highly adaptable.
However, even older children and adults can experience some improvement, though it may be more limited the
longer the condition has been untreated.

Regular follow-up appointments with an eye care professional (usually a pediatric ophthalmologist or optometrist)
are important to monitor progress and adjust treatments as needed.

Summary

Amblyopia is a condition in which one eye has reduced vision that can't be corrected with traditional means like
glasses, often due to strabismus, refractive errors, or deprivation. Treatment primarily involves encouraging the
weaker eye to develop better vision, using methods like patching, eye drops, vision therapy, and sometimes surgery.
Early detection and treatment are key.”

Fig. 3. ChatGPT 4 Response to the question: ‘What is amblyopia and how is it treated?’.
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differing in presumed cause (e.g., strabismus vs. anisometropia), age of
onset and both psychophysical and motor consequences (McKee, Lev-
iand Movshon, 2003). Moreover, many of the extant studies have rela-
tively small (and inhomogeneous) N’s, limiting generalization. We also
summarized how the eye movement deficits of persons with amblyopia
may affect their performance on a variety of visual tasks. Unfortunately,
to date, it remains unclear whether the abnormal eye movements
exhibited by people with amblyopia are consequences of the poor
functional vision, for example, as a compensatory mechanism; or
whether the poor functional vision is the result of the abnormal eye
movements (e.g. substantial retinal image motion). Clarifying this
“chicken and egg” issue would be essential in developing effective
treatment that aims at the underlying cause of the sensory and oculo-
motor deficits of amblyopia. Based on our discussion, some aspects of
eye movements, such as fixation stability, are evolving as a biomarker
for amblyopia. To capitalize on this, quick, low-cost and sensitive
methods are needed to provide these measurements. Smartphone apps
may offer a solution to this and future studies would need to solve some
of the technical issues in using the built-in cameras of the smartphones
for eye movement measurements. Undoubtedly, AI will be part of our
daily lives and it is foreseeable that it would be used in the detection,
diagnosis and even treatment of amblyopia, whether it is in clinical or
the research environment.

CRediT authorship contribution statement

Dennis M. Levi: Writing — review & editing, Writing — original draft,
Project administration, Conceptualization. Susana T.L. Chung: Writing
- review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

Supported by a grants from the National Eye Institute (NEI)
R21EY030609 and RO1EY034370. We are grateful to Ken Ciuffreda,
Angela Gomez-Tomaz, Suzanne McKee and Cliff Schor and Gene Switkes
for their thoughtful comments and suggestions on an earlier version of
this manuscript.

Data availability

No data was used for the research described in the article.

References

Altinbay, D., Sahli, E., Bingol Kiziltunc, P., & Atilla, H. (2023). Evaluation of fixation
characteristics in amblyopia using microperimetry. International Ophthalmology, 43
(9), 3403-3412. https://doi.org/10.1007/510792-023-02748-5

Bangerter, A. (1960). Occlusion in pleoptics and orthoptics. Klinische Monatsbltter fr
Augenheilkunde und fr Augenrztliche Fortbildung, 136, 305-331.

Bangerter, A. (1969). Significance of pleoptics. Ophthalmologica, 158(4), 334-341.
https://doi.org/10.1159/000305831

Barlow, H. B. (1952). Eye movements during fixation. The Journal of Physiology, 116(3),
290-306. https://doi.org/10.1113/jphysiol.1952.sp004706

Barrett, B. T., Pacey, L. E., Bradley, A., Thibos, L. N., & Morrill, P. (2003). Nonveridical
visual perception in human amblyopia. Investigative Ophthalmology & Visual Science,
44(4), 1555-1567. https://doi.org/10.1167/i0vs.02-0515

Bedell, H. D., & Flom, M. C. (1981). Monocular spatial distortion in strabismic
amblyopia. Investigative Ophthalmology & Visual Science, 20(2), 263-268.

Bhutada, 1., Skelly, P., Jacobs, J., Murray, J., Shaikh, A. G., & Ghasia, F. F. (2022).
Reading difficulties in amblyopia: Consequence of visual sensory and oculomotor
dysfunction. Journal of the Neurological Sciences, 442, Article 120438. https://doi.
0rg/10.1016/j.jns.2022.120438

Bi, H., Zhang, B., Tao, X., Harwerth, R. S., Smith, E. L., 3rd, & Chino, Y. M. (2011).
Neuronal responses in visual area V2 (V2) of macaque monkeys with strabismic

Vision Research 230 (2025) 108588

amblyopia. Cerebral Cortex, 21(9), 2033-2045. https://doi.org/10.1093/cercor/
bhq272

Binda, P., & Morrone, M. C. (2018). Vision During Saccadic Eye Movements. Annu Rey Vis
Sci, 4, 193-213. https://doi.org/10.1146/annurev-vision-091517-034317

Birch, E. E., Castaneda, Y. S., Cheng-Patel, C. S., Morale, S. E., Kelly, K. R.,
Beauchamp, C. L., & Webber, A. (2019). Self-perception of School-aged Children
With Amblyopia and Its Association With Reading Speed and Motor Skills. JAMA
Ophthalmol, 137(2), 167-174. https://doi.org/10.1001/jamaophthalmol.2018.5527

Birch, E. E., & Kelly, K. R. (2017). Pediatric ophthalmology and childhood reading
difficulties: Amblyopia and slow reading. Journal of AAPOS, 21(6), 442-444. https://
doi.org/10.1016/j.jaapos.2017.06.013

Birch, E. E., & Stager, D. R., Sr. (2006). Long-term motor and sensory outcomes after
early surgery for infantile esotropia. Journal of AAPOS, 10(5), 409-413. https://doi.
org/10.1016/j.jaapos.2006.06.010

Birch, E. E., Stager, D. R., Sr., Berry, P., & Leffler, J. (2004). Stereopsis and long-term
stability of alignment in esotropia. Journal of AAPOS, 8(2), 146-150. https://doi.
org/10.1016/j.jaapos.2003.10.003

Birch, E. E., Subramanian, V., & Weakley, D. R. (2013). Fixation instability in
anisometropic children with reduced stereopsis. Journal of AAPOS, 17(3), 287-290.
https://doi.org/10.1016/j.jaapos.2013.03.011

Black, A. A., Wood, J. M., Hoang, S., Thomas, E., & Webber, A. L. (2021). Impact of
Amblyopia on Visual Attention and Visual Search in Children. Investigative
Ophthalmology & Visual Science, 62(4), 15. https://doi.org/10.1167/i0vs.62.4.15

Boman, D. K., & Kertesz, A. E. (1985). Fusional responses of strabismics to foveal and
extrafoveal stimulation. Investigative Ophthalmology & Visual Science, 26(12),
1731-1739.

Bonnen, K., Matthis, J. S., Gibaldi, A., Banks, M. S., Levi, D. M., & Hayhoe, M. (2021).
Binocular vision and the control of foot placement during walking in natural terrain.
Scientific Reports, 11(1), 20881. https://doi.org/10.1038/541598-021-99846-0

Brinker, W. R., & Katz, S. L. (1963). A new and practical treatment of eccentric fixation.
A preliminary study. Am J Ophthalmol, 55, 1033-1035.

Brock, F. W., & Givner, I. (1952). Fixation anomalies in amblyopia. A.M.A. Archives of
Ophthalmology, 47(6), 775-786. https://doi.org/10.1001/
archopht.1952.01700030794008

Brosnahan, D., Norcia, A. M., Schor, C. M., & Taylor, D. G. (1998). OKN, perceptual and
VEP direction biases in strabismus. Vision Research, 38(18), 2833-2840.

Chen, C. Y., Ignashchenkova, A., Thier, P., & Hafed, Z. M. (2015). Neuronal Response
Gain Enhancement prior to Microsaccades. Current Biology, 25(16), 2065-2074.

Ghasia, F., & Tychsen, L. (2024). Inter-Ocular Fixation Instability of Amblyopia:
Relationship to Visual Acuity, Strabismus, Nystagmus, Stereopsis, Vergence, and
Age. American Journal of Ophthalmology, 267, 230-248.

Ghasia, F., & Wang, J. (2022). Amblyopia and fixation eye movements. Journal of the
Neurological Sciences, 441, Article 120373.

Hamasaki, D. I., & Flynn, J. T. (1981). Amblyopic eyes have longer reaction times.
Investigative Ophthalmology & Visual Science, 21(6), 846-853.

Hess, R. F. (1977). On the relationship between strabismic amblyopia and eccentric
fixation. The British Journal of Ophthalmology, 61(12), 767-773.

Higgins, K. E., Daugman, J. G., & Mansfield, R. J. (1982). Amblyopic contrast sensitivity:
Insensitivity to unsteady fixation. Investigative Ophthalmology & Visual Science, 23(1),
113-120.

Kilpelainen, M., Putnam, N. M., Ratnam, K., & Roorda, A. (2021). The retinal and
perceived locus of fixation in the human visual system. Journal of Vision, 21(11), 9.

Kowler, E. (2024). Vision and microsaccades: Time to pay attention! Current Biology, 34
(4), R153-R154.

Luo, X., A. Rechardt, G. Sun, K. K. Nejad, F. Yanez, B. Yilmaz, K. Lee, A. O. Cohen, V.
Borghesani, A. Pashkov, D. Marinazzo, J. Nicholas, A. Salatiello, I. Sucholutsky, P.
Minervini, S. Razavi, R. Rocca, E. Yusifov, T. Okalova, N. Gu, M. Ferianc, M. Khona,
K. R. Patil, P. S. Lee, R. Mata, N. E. Myers, J. K. Bizley, S. Musslick, I. P. Bilgin, G.
Niso, J. M. Ales, M. Gaebler, N. A. Ratan Murty, L. Loued-Khenissi, A. Behler, C. M.
Hall, J. Dafflon, S. D. Bao and B. C. Love (2024). “Large language models surpass
human experts in predicting neuroscience results.” Nat Hum Behav.

Martinez-Conde, S., Otero-Millan, J., & Macknik, S. L. (2013). The impact of
microsaccades on vision: Towards a unified theory of saccadic function. Nature
Reviews. Neuroscience, 14(2), 83-96.

McKee, S. P., Levi, D. M., & Movshon, J. A. (2003). The pattern of visual deficits in
amblyopia. Journal of Vision, 3(5), 380-405.

Meier, K., Warner, S., Spering, M., & Giaschi, D. (2025). Poor fixation stability does not
account for motion perception deficits in amblyopia. Scientific Reports, 15(1), 3183.

Niechwiej-Szwedo, E., Chandrakumar, M., Goltz, H. C., & Wong, A. M. (2012). Effects of
strabismic amblyopia and strabismus without amblyopia on visuomotor behavior, I:
Saccadic eye movements. Investigative Ophthalmology & Visual Science, 53(12),
7458-7468.

Pineles, S. L., Repka, M. X., Yu, F., Lum, F., & Coleman, A. L. (2015). Risk of
musculoskeletal injuries, fractures, and falls in medicare beneficiaries with disorders
of binocular vision. JAMA Ophthalmol, 133(1), 60-65.

Raashid, R. A., Wong, A. M., Chandrakumar, M., Blakeman, A., & Goltz, H. C. (2013).
Short-term saccadic adaptation in patients with anisometropic amblyopia.
Investigative Ophthalmology & Visual Science, 54(10), 6701-6711.

Tychsen, L., Richards, M., Wong, A., Foeller, P., Bradley, D., & Burkhalter, A. (2010). The
neural mechanism for Latent (fusion maldevelopment) nystagmus. Journal of Neuro-
Ophthalmology, 30(3), 276-283. https://doi.org/10.1097/WNO.0b013e3181dfa9ca

Verghese, P., McKee, S. P., & Levi, D. M. (2019). Attention deficits in Amblyopia. Current
Opinion in Psychology, 29, 199-204.

Westall, C. A., Eizenman, M., Kraft, S. P., Panton, C. M., Chatterjee, S., & Sigesmund, D.
(1998). Cortical binocularity and monocular optokinetic asymmetry in early-onset
esotropia. Investigative Ophthalmology & Visual Science, 39(8), 1352-1360.


https://doi.org/10.1007/s10792-023-02748-5
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0020
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0020
https://doi.org/10.1159/000305831
https://doi.org/10.1113/jphysiol.1952.sp004706
https://doi.org/10.1167/iovs.02-0515
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0040
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0040
https://doi.org/10.1016/j.jns.2022.120438
https://doi.org/10.1016/j.jns.2022.120438
https://doi.org/10.1093/cercor/bhq272
https://doi.org/10.1093/cercor/bhq272
https://doi.org/10.1146/annurev-vision-091517-034317
https://doi.org/10.1001/jamaophthalmol.2018.5527
https://doi.org/10.1016/j.jaapos.2017.06.013
https://doi.org/10.1016/j.jaapos.2017.06.013
https://doi.org/10.1016/j.jaapos.2006.06.010
https://doi.org/10.1016/j.jaapos.2006.06.010
https://doi.org/10.1016/j.jaapos.2003.10.003
https://doi.org/10.1016/j.jaapos.2003.10.003
https://doi.org/10.1016/j.jaapos.2013.03.011
https://doi.org/10.1167/iovs.62.4.15
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0090
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0090
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0090
https://doi.org/10.1038/s41598-021-99846-0
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0100
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0100
https://doi.org/10.1001/archopht.1952.01700030794008
https://doi.org/10.1001/archopht.1952.01700030794008
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0110
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0110
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0115
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0115
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0125
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0125
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0125
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0130
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0130
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0135
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0135
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0140
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0140
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0145
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0145
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0145
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0150
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0150
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0155
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0155
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0165
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0165
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0165
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0170
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0170
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0175
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0175
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0180
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0180
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0180
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0180
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0185
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0185
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0185
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0190
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0190
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0190
https://doi.org/10.1097/WNO.0b013e3181dfa9ca
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0200
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0200
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0205
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0205
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0205

D.M. Levi and S.T.L. Chung

Yuval-Greenberg, S., Merriam, E. P., & Heeger, D. J. (2014). Spontaneous microsaccades
reflect shifts in covert attention. The Journal of Neuroscience, 34(41), 13693-13700.

Zipori, A. B., Colpa, L., Wong, A. M. F., Cushing, S. L., & Gordon, K. A. (2018). Postural
stability and visual impairment: Assessing balance in children with strabismus and
amblyopia. PLoS Onel, 13(10), Article e0205857.

Castet, E., & Crossland, M. (2012). Quantifying eye stability during a fixation task: A
review of definitions and methods. Seeing and Perceiving, 25(5), 449-469. https://
doi.org/10.1163/187847611X620955

Chen, D., Otero-Millan, J., Kumar, P., Shaikh, A. G., & Ghasia, F. F. (2018). Visual Search
in Amblyopia: Abnormal Fixational Eye Movements and Suboptimal Sampling
Strategies. Investigative Ophthalmology & Visual Science, 59(11), 4506-4517. https://
doi.org/10.1167/i0vs.18-24794

Chow, A., Nallour Raveendran, R., Erkelens, ., Babu, R., & Thompson, B. (2022).
Increased saccadic latency in Amblyopia: Oculomotor and attentional factors. Vision
Research, 197, Article 108059. https://doi.org/10.1016/j.visres.2022.108059

Chung, S., Agaoglu, M., & Krishnan, A. (2018). Unifying the quantification of fixation
stability. Journal of Vision, 18, 1000. https://doi.org/10.1167,/18.10.1000

Chung, S. T., & Bedell, H. E. (1995). Effect of retinal image motion on visual acuity and
contour interaction in congenital nystagmus. Vision Research, 35(21), 3071-3082.
https://doi.org/10.1016,/0042-6989(95)00090-m

Chung, S. T., Kumar, G., Li, R. W., & Levi, D. M. (2015). Characteristics of fixational eye
movements in amblyopia: Limitations on fixation stability and acuity? Vision
Research, 114, 87-99. https://doi.org/10.1016/j.visres.2015.01.016

Ciuffreda, K. J., & Goldrich, S. G. (1983). Oculomotor biofeedback therapy. Int Rehabil Med,
5(3), 111-117. https://doi.org/10.3109/09638288309166943

Ciuffreda, K. J., Goldrich, S. G., & Neary, C. (1982). Use of eye movement auditory
biofeedback in the control of nystagmus. American Journal of Optometry and
Physiological Optics, 59(5), 396-409. https://doi.org/10.1097/00006324-
198205000-00007

Ciuffreda, K. J., Kenyon, R. V., & Stark, L. (1978a). Increased saccadic latencies in
amblyopic eyes. Investigative Ophthalmology & Visual Science, 17(7), 697-702.

Ciuffreda, K. J., Kenyon, R. V., & Stark, L. (1978b). Processing delays in amblyopic eyes:
Evidence from saccadic latencies. American Journal of Optometry and Physiological
Optics, 55(3), 187-196. https://doi.org/10.1097/00006324-197803000-00008

Ciuffreda, K. J., Kenyon, R. V., & Stark, L. (1979a). Fixational eye movements in
amblyopia and strabismus. Journal of the American Optometric Association, 50(11),
1251-1258.

Ciuffreda, K. J., Kenyon, R. V., & Stark, L. (1979b). Saccadic intrusions in strabismus.
Archives of Ophthalmology, 97(9), 1673-1679. https://doi.org/10.1001/
archopht.1979.01020020241012

Ciuffreda, K. J., Kenyon, R. V., & Stark, L. (1980). Increased drift in amblyopic eyes. The
British Journal of Ophthalmology, 64(1), 7-14. https://doi.org/10.1136/bjo.64.1.7

Ciuffreda, K. J., Levi, D. M., & Selenow, A. (1991). Amblyopia: Basic and clinical aspects.
Stoneham, MA: Butterworth-Heinemann.

Cornsweet, T. N., & Crane, H. D. (1973). Accurate two-dimensional eye tracker using first
and fourth Purkinje images. Journal of the Optical Society of America, 63(8), 921-928.
https://doi.org/10.1364/josa:63.000921

Cuppers, C. (1956). Modern treatment of strabismus. Klinische Monatsbltter fur
Augenheilkunde und fur Augenurztliche Fortbildung, 129(5), 579-604.

Dodge, R. a. C., T.S. (1901). The Angle Velocity of Eye Movements. Psychological Review,
8, 145-157.

Donzis, P. B., Rappazzo, J. A., Burde, R. M., & Gordon, M. (1983). Effect of binocular
variations of Snellen’s visual acuity on Titmus stereoacuity. Archives of
Ophthalmology, 101(6), 930-932. https://doi.org/10.1001/
archopht.1983.01040010930016

Duke-Elder, W. S. (1949). Textbook of Ophthalmology (Vol. 4). London: Klimpton.

Ehinger, B. V., Gross, K., Ibs, 1., & Konig, P. (2019). A new comprehensive eye-tracking
test battery concurrently evaluating the Pupil Labs glasses and the EyeLink 1000.
PeerJ, 7, e7086.

Erkelens, C. J., & Collewijn, H. (1985). Eye movements and stereopsis during dichoptic
viewing of moving random-dot stereograms. Vision Research, 25(11), 1689-1700.
https://doi.org/10.1016/0042-6989(85)90141-5

Esposito Veneruso, P., Ziccardi, L., Magli, G., Falsini, B., & Magli, A. (2014). Short-term
effects of vision trainer rehabilitation in patients affected by anisometropic
amblyopia: Electrofunctional evaluation. Documenta Ophthalmologica, 129(3),
177-189. https://doi.org/10.1007/5s10633-014-9462-x

Fletcher, M. C., Abbott, W., Girard, L. J., Guber, D., Silverman, S. J., Tomlinson, E., &
Boyd, J. (1969). Biostatistical studies. Results of biostatistical study of the
management of suppression amblyopia by intensive pleoptics versus conventional
patching. The American Orthoptic Journal, 19, 8-30.

Flom, M. C., Kirschen, D. G., & Bedell, H. E. (1980). Control of unsteady, eccentric
fixation in amblyopic eyes by auditory feedback of eye position. Investigative
Ophthalmology & Visual Science, 19(11), 1371-1381.

Flom, M. C., & Weymouth, F. W. (1961). Centricity of Maxwell’s spot in strabismus and
amblyopia. Archives of Ophthalmology, 66, 260-268. https://doi.org/10.1001/
archopht.1961.00960010262018

Flynn, J., Pritchard, C., & Lasley, D. (1984). Binocular Vision and OKN Asymmetry in
Strabismic Patients. In R. Reinecke (Ed.), Strabismus II (pp. 35-43). New York: Grune
& Stratton.

Foeller, P., & Tychsen, L. (2002). Eye movement training and recording in alert macaque
monkeys: 1. Operant visual conditioning; 2. Magnetic search coil and head restraint
surgical implantation; 3. Calibration and recording. Strabismus, 10(1), 5-22. https://
doi.org/10.1076/stra.10.1.5.8154

Fooken, J., Kreyenmeier, P., & Spering, M. (2021). The role of eye movements in manual
interception: A mini-review. Vision Research, 183, 81-90. https://doi.org/10.1016/j.
visres.2021.02.007

14

Vision Research 230 (2025) 108588

Fronius, M., Sireteanu, R., & Zubcov, A. (2004). Deficits of spatial localization in children
with strabismic amblyopia. Graefe’s Archive for Clinical and Experimental
Ophthalmology, 242(10), 827-839. https://doi.org/10.1007/500417-004-0936-5

Fukai, S. (1974). Studies on the sensory motor anomalies in amblyopia and strabismus.
IV. Abnormal pursuit movement of the fellow eye in amblyopia with strabismus
(author’s transl). Nippon Ganka Gakkai Zasshi, 78(7), 475-481.

Gambacorta, C., Ding, J., McKee, S. P., & Levi, D. M. (2018). Both saccadic and manual
responses in the amblyopic eye of strabismics are irreducibly delayed. Journal of
Vision, 18(3), 20. https://doi.org/10.1167/18.3.20

Garzia, R. P. (1987). Efficacy of vision therapy in amblyopia: A literature review.
American Journal of Optometry and Physiological Optics, 64(6), 393-404. https://doi.
0rg/10.1097,/00006324-198706000-00003

Ghasia, F. F., Otero-Millan, J., & Shaikh, A. G. (2018). Abnormal fixational eye
movements in strabismus. The British Journal of Ophthalmology, 102(2), 253-259.
https://doi.org/10.1136/bjophthalmol-2017-310346

Giaschi, D. E., Asare, A. K., Jost, R. M., Kelly, K. R., & Birch, E. E. (2024). Motion-Defined
Form Perception in Deprivation Amblyopia. Investigative Ophthalmology & Visual
Science, 65(4), 13. https://doi.org/10.1167/i0vs.65.4.13

Gibaldi, A., & Banks, M. S. (2019). Binocular Eye Movements Are Adapted to the Natural
Environment. The Journal of Neuroscience, 39(15), 2877-2888. https://doi.org/
10.1523/JNEUROSCI.2591-18.2018

Godts, D. J. M., & Mathysen, D. G. P. (2019). Amblyopia with Eccentric Fixation: Is
Inverse Occlusion Still an Option? J Binocul Vis Ocul Motil, 69(4), 131-135. https://
doi.org/10.1080/2576117X.2018.1563450

Gonzalez, E. G., Wong, A. M., Niechwiej-Szwedo, E., Tarita-Nistor, L., & Steinbach, M. J.
(2012). Eye position stability in amblyopia and in normal binocular vision.
Investigative Ophthalmology & Visual Science, 53(9), 5386-5394. https://doi.org/
10.1167/iovs.12-9941

Grant, S., & Conway, M. L. (2015). Reach-to-precision grasp deficits in amblyopia: Effects
of object contrast and low visibility. Vision Research, 114, 100-110. https://doi.org/
10.1016/j.visres.2014.11.009

Grant, S., & Conway, M. L. (2023). Deficits in Reach Planning and On-Line Grasp Control
in Adults With Amblyopia. Investigative Ophthalmology & Visual Science, 64(14), 45.
https://doi.org/10.1167/iovs.64.14.45

Grant, S., Melmoth, D. R., Morgan, M. J., & Finlay, A. L. (2007). Prehension deficits in
amblyopia. Investigative Ophthalmology & Visual Science, 48(3), 1139-1148. https://
doi.org/10.1167/i0vs.06-0976

Grant, S., & Moseley, M. J. (2011). Amblyopia and real-world visuomotor tasks.
Strabismus, 19(3), 119-128. https://doi.org/10.3109/09273972.2011.600423

Grant, S., Suttle, C., Melmoth, D. R., Conway, M. L., & Sloper, J. J. (2014). Age- and
stereovision-dependent eye-hand coordination deficits in children with amblyopia
and abnormal binocularity. Investigative Ophthalmology & Visual Science, 55(9),
5687-57015. https://doi.org/10.1167 /iovs.14-14745

Guyton, D. L. (2000). Dissociated vertical deviation: Etiology, mechanism, and
associated phenomena. Costenbader Lecture. J AAPOS, 4(3), 131-144.

Hallum, L. E., Shooner, C., Kumbhani, R. D., Kelly, J. G., Garcia-Marin, V., Majaj, N. J., &
Kiorpes, L. (2017). Altered Balance of Receptive Field Excitation and Suppression in
Visual Cortex of Amblyopic Macaque Monkeys. The Journal of Neuroscience, 37(34),
8216-8226. https://doi.org/10.1523/JNEUROSCIL.0449-17.2017

Hasany, A., Wong, A., Foeller, P., Bradley, D., & Tychsen, L. (2008). Duration of
binocular decorrelation in infancy predicts the severity of nasotemporal pursuit
asymmetries in strabismic macaque monkeys. Neuroscience, 156(2), 403-411.
https://doi.org/10.1016/j.neuroscience:2008.06.070

Hess, R. F., & Howell, E. R. (1977). The threshold contrast sensitivity function in
strabismic amblyopia: Evidence for a two type classification. Vision Research, 17(9),
1049-1055. https://doi.org/10.1016/0042-6989(77)90009-8

Holmes, J. M., Beck, R. W., Kraker, R. T., Astle, W. F., Birch, E. E., Cole, S. R, . . .
Pediatric Eye Disease Investigator, G. (2004). Risk of amblyopia recurrence after
cessation of treatment. J AAPOS, 8(5), 420-428. d0i:10.1016/51091853104001612.

Holmes, J. M., Kraker, R. T., Beck, R. W., Birch, E. E., Cotter, S. A., Everett, D. F., . ..
Pediatric Eye Disease Investigator, G. (2003). A randomized trial of prescribed
patching regimens for treatment of severe amblyopia in children. Ophthalmology, 110
(11), 2075-2087. doi:10.1016/j.0phtha.2003.08.001.

Holmes, J. M., & Levi, D. M. (2018). Treatment of amblyopia as a function of age. Visual
Neuroscience, 35, E015. https://doi.org/10.1017/50952523817000220

Holmagpvist, K., & Blignaut, P. (2020). Small eye movements cannot be reliably measured
by video-based P-CR eye-trackers. Behavior Research Methods, 52(5), 2098-2121.
https://doi.org/10.3758/513428-020-01363-x

Hunter, D., & Cotter, S. (2018). Early diagnosis of amblyopia. Visual Neuroscience, 35,
E013. https://doi.org/10.1017/50952523817000207

Irsch, K., Guyton, D. L., Geary, R. B., Tian, J., Gramatikov, B. L., & Ying, H. S. (2022).
Disconjugacy of Eye Movements during Attempted Fixation: A Sufficient Marker for
Amblyopia? Klinische Monatsblutter fur Augenheilkunde, 239(10), 1206-1212. https://
doi.org/10.1055/a-1933-3150

Kandel, G. L., Grattan, P. E., & Bedell, H. E. (1977). Monocular fixation and acuity in
amblyopic and normal eyes. American Journal of Optometry and Physiological Optics,
54(9), 598-608. https://doi.org/10.1097,/00006324-197709000-00004

Kang, S. L., Beylergil, S. B., Otero-Millan, J., Shaikh, A. G., & Ghasia, F. F. (2019).
Fixational Eye Movement Waveforms in Amblyopia: Characteristics of Fast and Slow
Eye Movements. Journal of Eye Movement Research, 12(6). https://doi.org/10.16910/
jemr.12.6.9

Kanonidou, E., Gottlob, I., & Proudlock, F. A. (2014). The effect of font size on reading
performance in strabismic amblyopia: An eye movement investigation. Investigative
Ophthalmology & Visual Science, 55(1), 451-459. https://doi.org/10.1167/iovs.13-
13257


http://refhub.elsevier.com/S0042-6989(25)00049-5/h0210
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0210
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0215
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0215
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0215
https://doi.org/10.1163/187847611X620955
https://doi.org/10.1163/187847611X620955
https://doi.org/10.1167/iovs.18-24794
https://doi.org/10.1167/iovs.18-24794
https://doi.org/10.1016/j.visres.2022.108059
https://doi.org/10.1167/18.10.1000
https://doi.org/10.1016/0042-6989(95)00090-m
https://doi.org/10.1016/j.visres.2015.01.016
https://doi.org/10.3109/09638288309166943
https://doi.org/10.1097/00006324-198205000-00007
https://doi.org/10.1097/00006324-198205000-00007
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0260
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0260
https://doi.org/10.1097/00006324-197803000-00008
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0270
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0270
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0270
https://doi.org/10.1001/archopht.1979.01020020241012
https://doi.org/10.1001/archopht.1979.01020020241012
https://doi.org/10.1136/bjo.64.1.7
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0285
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0285
https://doi.org/10.1364/josa:63.000921
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0295
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0295
https://doi.org/10.1001/archopht.1983.01040010930016
https://doi.org/10.1001/archopht.1983.01040010930016
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0310
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0315
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0315
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0315
https://doi.org/10.1016/0042-6989(85)90141-5
https://doi.org/10.1007/s10633-014-9462-x
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0330
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0330
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0330
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0330
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0335
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0335
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0335
https://doi.org/10.1001/archopht.1961.00960010262018
https://doi.org/10.1001/archopht.1961.00960010262018
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0345
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0345
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0345
https://doi.org/10.1076/stra.10.1.5.8154
https://doi.org/10.1076/stra.10.1.5.8154
https://doi.org/10.1016/j.visres.2021.02.007
https://doi.org/10.1016/j.visres.2021.02.007
https://doi.org/10.1007/s00417-004-0936-5
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0365
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0365
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0365
https://doi.org/10.1167/18.3.20
https://doi.org/10.1097/00006324-198706000-00003
https://doi.org/10.1097/00006324-198706000-00003
https://doi.org/10.1136/bjophthalmol-2017-310346
https://doi.org/10.1167/iovs.65.4.13
https://doi.org/10.1523/JNEUROSCI.2591-18.2018
https://doi.org/10.1523/JNEUROSCI.2591-18.2018
https://doi.org/10.1080/2576117X.2018.1563450
https://doi.org/10.1080/2576117X.2018.1563450
https://doi.org/10.1167/iovs.12-9941
https://doi.org/10.1167/iovs.12-9941
https://doi.org/10.1016/j.visres.2014.11.009
https://doi.org/10.1016/j.visres.2014.11.009
https://doi.org/10.1167/iovs.64.14.45
https://doi.org/10.1167/iovs.06-0976
https://doi.org/10.1167/iovs.06-0976
https://doi.org/10.3109/09273972.2011.600423
https://doi.org/10.1167/iovs.14-14745
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0430
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0430
https://doi.org/10.1523/JNEUROSCI.0449-17.2017
https://doi.org/10.1016/j.neuroscience:2008.06.070
https://doi.org/10.1016/0042-6989(77)90009-8
https://doi.org/10.1017/S0952523817000220
https://doi.org/10.3758/s13428-020-01363-x
https://doi.org/10.1017/S0952523817000207
https://doi.org/10.1055/a-1933-3150
https://doi.org/10.1055/a-1933-3150
https://doi.org/10.1097/00006324-197709000-00004
https://doi.org/10.16910/jemr.12.6.9
https://doi.org/10.16910/jemr.12.6.9
https://doi.org/10.1167/iovs.13-13257
https://doi.org/10.1167/iovs.13-13257

D.M. Levi and S.T.L. Chung

Kanonidou, E., Proudlock, F. A., & Gottlob, I. (2010). Reading strategies in mild to
moderate strabismic amblyopia: An eye movement investigation. Investigative
Ophthalmology & Visual Science, 51(7), 3502-3508. https://doi.org/10.1167/iovs.09-
4236

Kelly, K. R., Cheng-Patel, C. S., Jost, R. M., Wang, Y. Z., & Birch, E. E. (2019). Fixation
instability during binocular viewing in anisometropic and strabismic children.
Experimental Eye Research, 183, 29-37. https://doi.org/10.1016/j.exer.2018.07.013

Kelly, K. R., Jost, R. M., De La Cruz, A., & Birch, E. E. (2015). Amblyopic children read
more slowly than controls under natural, binocular reading conditions. Journal of
AAPOS, 19(6), 515-520. https://doi.org/10.1016/].jaapos.2015.09.002

Kelly, K. R., Jost, R. M., De La Cruz, A., Dao, L., Beauchamp, C. L., Stager, D., Jr., &
Birch, E. E. (2017). Slow reading in children with anisometropic amblyopia is
associated with fixation instability and increased saccades. Journal of AAPOS, 21(6),
447-451 e441. https://doi.org/10.1016/j.jaapos.2017.10.001

Kenyon, R. V., Ciuffreda, K. J., & Stark, L. (1978). Binocular eye movements during
accommodative vergence. Vision Research, 18(5), 545-555. https://doi.org/
10.1016/0042-6989(78)90201-8

Kenyon, R. V., Ciuffreda, K. J., & Stark, L. (1980). Unequal saccades during vergence.
American Journal of Optometry and Physiological Optics, 57(9), 586-594. https://doi.
org/10.1097,/00006324-198009000-00009

Kenyon, R. V., Ciuffreda, K. J., & Stark, L. (1981). Dynamic vergence eye movements in
strabismus and amblyopia: Asymmetric vergence. The British Journal of
Ophthalmology, 65(3), 167-176. https://doi.org/10.1136/bjo.65.3.167

Kim, J., Tran, L., Peto, T., & Chew, E. Y. (2022). Identifying Those at Risk of Glaucoma: A
Deep Learning Approach for Optic Disc and Cup Segmentation and Their Boundary
Analysis. Diagnostics., 12, 1063. https://doi.org/10.3390/diagnostics12051063

Kim, S., Kim, H. A., & Lee, H. (2023). The frequency and characteristics of saccadic
dysmetria in isolated cerebellar infarction. Neurological Sciences, 44(6), 2097-2102.
https://doi.org/10.1007/510072-023-06668-1

Kiorpes, L., & Daw, N. (2018). Cortical correlates of amblyopia. Visual Neuroscience, 35,
E016. https://doi.org/10.1017/50952523817000232

Ko, H. K., Poletti, M., & Rucci, M. (2010). Microsaccades precisely relocate gaze in a high
visual acuity task. Nature Neuroscience, 13(12), 1549-1553. https://doi.org/
10.1038/nn.2663

Kwon, S., Belen, J., Lien, J., Yeritsyan, A., Do, N., & Levi, D.M. (2024). Reduced visual
acuity due to defocus cannot fully account for the abnormal fixational eye movements of
persons with amblyopia. Paper presented at the Vision Sciences Society Annual
Meeting, St. Petes Beach, FL.

Lapajne, L., Roskar, S., Tekavcic Pompe, M., Svetina, M., Jarc-Vidmar, M., & Hawlina, M.
(2020). Vision training with VEP biofeedback in amblyopia after the critical period.
Documenta Ophthalmologica, 141(3), 269-278. https://doi.org/10.1007/s10633-020-
09774-z

Legge, G. E., & Gu, Y. C. (1989). Stereopsis and contrast. Vision Research, 29(8),
989-1004. https://doi.org/10.1016/0042-6989(89)90114-4

Kwon, S. L. & Levi, D.M. (2023). Fixational instability impedes visually-guided behaviors in
patients with amblyopia. Paper presented at the Vision Sciences Society, St. Petes
Beach, FL.

Leigh, J. R. Z., D. S. (2015). The neurology of eye movements. . Oxford: Oxford Academic.

Levi, D. M. (2020). Rethinking amblyopia 2020. Vision Research, 176, 118-129. https://
doi.org/10.1016/j.visres.2020.07.014

Levi, D. M. (2022). Learning to see in depth. Vision Research, 200, Article 108082.
https://doi.org/10.1016/j.visres.2022.108082

Levi, D. M., & Harwerth, R. S. (1977). Spatio-temporal interactions in anisometropic and
strabismic amblyopia. Investigative Ophthalmology & Visual Science, 16(1), 90-95.

Levi, D. M., & Harwerth, R. S. (1978). Contrast evoked potentials in strabismic and
anisometropic amblyopia. Investigative Ophthalmology & Visual Science, 17(6),
571-575.

Levi, D. M., Harwerth, R. S., & Manny, R. E. (1979). Suprathreshold spatial frequency
detection and binocular interaction in strabismic and anisometropic amblyopia.
Investigative Ophthalmology & Visual Science, 18(7), 714-725.

Levi, D. M., & Klein, S. (1982a). Differences in vernier discrimination for grating between
strabismic and anisometropic amblyopes. Investigative Ophthalmology & Visual
Science, 23(3), 398-407.

Levi, D. M., & Klein, S. (1982b). Hyperacuity and amblyopia. Nature, 298(5871),
268-270. https://doi.org/10.1038/298268a0

Levi, D. M., & Klein, S. A. (2003). Noise provides some new signals about the spatial
vision of amblyopes. The Journal of Neuroscience, 23(7), 2522-2526. https://doi.org/
10.1523/JNEUROSCI.23-07-02522.2003

Levi, D. M., Klein, S. A., & Chen, I. (2008). What limits performance in the amblyopic
visual system: Seeing signals in noise with an amblyopic brain. Journal of Vision, 8
(4). https://doi.org/10.1167/8.4.1, 1 1-23.

Levi, D. M., Klein, S. A., & Yap, Y. L. (1987). Positional uncertainty in peripheral and
amblyopic vision. Vision Research, 27(4), 581-597. https://doi.org/10.1016/0042-
6989(87)90044-7

Levi, D. M., Knill, D. C., & Bavelier, D. (2015). Stereopsis and amblyopia: A mini-review.
Vision Research, 114, 17-30. https://doi.org/10.1016/].visres.2015.01.002

Levi, D. M., Song, S., & Pelli, D. G. (2007). Amblyopic reading is crowded. Journal of
Vision, 7(2). https://doi.org/10.1167/7.2.21, 21 21-17.

Levi, D. M., & Walters, J. W. (1977). Visual evoked responses in strabismic and
anisometropic amblyopia: Effects of check size and retinal locus. American Journal of
Optometry and Physiological Optics, 54(10), 691-698. https://doi.org/10.1097/
00006324-197710000-00006

Loudon, S. E., Rook, C. A., Nassif, D. S., Piskun, N. V., & Hunter, D. G. (2011). Rapid,
high-accuracy detection of strabismus and amblyopia using the pediatric vision
scanner. Investigative Ophthalmology & Visual Science, 52(8), 5043-5048. https://doi.
org/10.1167/iovs.11-7503

15

Vision Research 230 (2025) 108588

Lunghi, C., Sframeli, A. T., Lepri, A., Lepri, M., Lisi, D., Sale, A., & Morrone, M. C. (2019).
A new counterintuitive training for adult amblyopia. Annals of Clinical Translational
Neurology, 6(2), 274-284. https://doi.org/10.1002/acn3.698

Lyle, T. K. (1959). Orthoptic treatment of concomitant strabismus. The British Orthoptic
Journal, 16, 7-20.

Mackensen, G. (1957a). Fixation in amblyopia; electro-oculographic examination.
Albrecht von Graefe’s Archiv fr Ophthalmologie, 159(2), 200-211.

Mackensen, G. (1957b). Glance movement in amblyopia; electro-oculographic
examination. Albrecht von Graefe’s Archiv fr Ophthalmologie, 159(2), 212-232.

Mackensen, G. (1958). Measurement of reaction time in amblyopia. Albrecht von Graefe’s
Archiv fr Ophthalmologie, 159(6), 636-642.

Mackensen, G., Kroner, B., Postic, G., & Kelck, W. (1967). Investigations with respect to
the problem of excentric fixation. Documenta Ophthalmologica, 23. https://doi.org/
10.1007/BF02550751, 228-262 passim.

Maneschg, O. A., Barboni, M. T. S., Nagy, Z. Z., & Nemeth, J. (2021). Fixation stability
after surgical treatment of strabismus and biofeedback fixation training in amblyopic
eyes. BMC Ophthalmology, 21(1), 264. https://doi.org/10.1186/s12886-021-02020-
3

Manny, R. E., & Levi, D. M. (1982). The visually evoked potential in humans with
amblyopia: Pseudorandom modulation of uniform field and sine-wave gratings.
Experimental Brain Research, 47(1), 15-27. https://doi.org/10.1007/BF00235881

Maxwell, G. F., Lemij, H. G., & Collewijn, H. (1995). Conjugacy of saccades in deep
amblyopia. Investigative Ophthalmology & Visual Science, 36(12), 2514-2522.

McKee, S. P., Levi, D. M., Schor, C. M., & Movshon, J. A. (2016). Saccadic latency in
amblyopia. J Vis, 16(5), 3. https://doi.org/10.1167/16.5.3

Mein, J. (1983). The OKN response and binocular vision in early onset strabismus. Aust.
Orthopt. J.,, 20, 13-17.

Melmoth, D. R., Finlay, A. L., Morgan, M. J., & Grant, S. (2009). Grasping deficits and
adaptations in adults with stereo vision losses. Investigative Ophthalmology & Visual
Science, 50(8), 3711-3720. https://doi.org/10.1167/i0vs.08-3229

Melmoth, D. R., Storoni, M., Todd, G., Finlay, A. L., & Grant, S. (2007). Dissociation
between vergence and binocular disparity cues in the control of prehension.
Experimental Brain Research, 183(3), 283-298. https://doi.org/10.1007/s00221-007-
1041-x

Menon, V., Bansal, A., & Prakash, P. (1997). Randot stereoacuity at various binocular
combinations of Snellen acuity. Indian Journal of Ophthalmology, 45(3), 169-171.

Mergenthaler, K., & Engbert, R. (2010). Microsaccades are different from saccades in
scene perception. Experimental Brain Research, 203(4), 753-757. https://doi.org/
10.1007/500221-010-2272-9

Mulligan, J. (1997). Recovery of motion parameters from distortions in scanned images. . :
NASA.

Murray, J., Gupta, P., Dulaney, C., Garg, K., Shaikh, A. G., & Ghasia, F. F. (2022). Effect
of Viewing Conditions on Fixation Eye Movements and Eye Alignment in Amblyopia.
Investigative Ophthalmology & Visual Science, 63(2), 33. https://doi.org/10.1167/
i0vs.63.2.33

Nagarajan, K., Luo, G., Narasimhan, M., & Satgunam, P. (2022). Children With
Amblyopia Make More Saccadic Fixations When Doing the Visual Search Task.
Investigative Ophthalmology & Visual Science, 63(13), 27. https://doi.org/10.1167/
i0vs.63.13.27

Nemes-Dragan, I. A., Tipcu, A., Hapca, M. C., Pascalau, R., & Nicoara, S. D. (2024).
Reconnecting Anisometropic Amblyopic Eyes to the Cortex: VEP-Based Auditory
Biofeedback. Diagnostics (Basel), 14(17). https://doi.org/10.3390/
diagnostics14171861

Neri, P., & Levi, D. M. (2006). Spatial resolution for feature binding is impaired in
peripheral and amblyopic vision. Journal of Neurophysiology, 96(1), 142-153.
https://doi.org/10.1152/jn.01261.2005

Nicolai, H. (1959). Differences between optokinetic right and left nystagmus in unilateral
amblyopia. Klinische Monatsbltter fr Augenheilkunde und fr Augenrztliche Fortbildung,
134(2), 245-250.

Niechwiej-Szwedo, E., Colpa, L., & Wong, A. M. F. (2019). Visuomotor Behaviour in
Amblyopia: Deficits and Compensatory Adaptations. Neural Plasticity, 2019, Article
6817839. https://doi.org/10.1155/2019/6817839

Niechwiej-Szwedo, E., Goltz, H. C., Chandrakumar, M., Hirji, Z. A., & Wong, A. M.
(2010). Effects of anisometropic amblyopia on visuomotor behavior, I: Saccadic eye
movements. Investigative Ophthalmology & Visual Science, 51(12), 6348-6354.
https://doi.org/10.1167/iovs.10-5882

Niechwiej-Szwedo, E., Goltz, H. C., Chandrakumar, M., & Wong, A. M. (2012). The effect
of sensory uncertainty due to amblyopia (lazy eye) on the planning and execution of
visually-guided 3D reaching movements. PLoS Onel, 7(2), Article e31075. https://
doi.org/10.1371/journal.pone.0031075

Niechwiej-Szwedo, E., Goltz, H. C., Colpa, L., Chandrakumar, M., & Wong, A. M. (2017).
Effects of Reduced Acuity and Stereo Acuity on Saccades and Reaching Movements
in Adults With Amblyopia and Strabismus. Investigative Ophthalmology & Visual
Science, 58(2), 914-921. https://doi.org/10.1167/i0vs.16-20727

Niechwiej-Szwedo, E., Kennedy, S. A., Colpa, L., Chandrakumar, M., Goltz, H. C., &
Wong, A. M. (2012). Effects of induced monocular blur versus anisometropic
amblyopia on saccades, reaching, and eye-hand coordination. Investigative
Ophthalmology & Visual Science, 53(8), 4354-4362. https://doi.org/10.1167/iovs.12-
9855

Otero-Millan, J., Troncoso, X. G., Macknik, S. L., Serrano-Pedraza, 1., & Martinez-
Conde, S. (2008). Saccades and microsaccades during visual fixation, exploration,
and search: Foundations for a common saccadic generator. Journal of Vision, 8(14).
https://doi.org/10.1167/8.14.21, 21 21-18.

Parks, M. M., & Friendly, D. S. (1966). Treatment of eccentric fixation in children under
four years of age. American Journal of Ophthalmology, 61(3), 395-399. https://doi.
0rg/10.1016/0002-9394(66)91044-0


https://doi.org/10.1167/iovs.09-4236
https://doi.org/10.1167/iovs.09-4236
https://doi.org/10.1016/j.exer.2018.07.013
https://doi.org/10.1016/j.jaapos.2015.09.002
https://doi.org/10.1016/j.jaapos.2017.10.001
https://doi.org/10.1016/0042-6989(78)90201-8
https://doi.org/10.1016/0042-6989(78)90201-8
https://doi.org/10.1097/00006324-198009000-00009
https://doi.org/10.1097/00006324-198009000-00009
https://doi.org/10.1136/bjo.65.3.167
https://doi.org/10.3390/diagnostics12051063
https://doi.org/10.1007/s10072-023-06668-1
https://doi.org/10.1017/S0952523817000232
https://doi.org/10.1038/nn.2663
https://doi.org/10.1038/nn.2663
https://doi.org/10.1007/s10633-020-09774-z
https://doi.org/10.1007/s10633-020-09774-z
https://doi.org/10.1016/0042-6989(89)90114-4
https://doi.org/10.1016/j.visres.2020.07.014
https://doi.org/10.1016/j.visres.2020.07.014
https://doi.org/10.1016/j.visres.2022.108082
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0590
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0590
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0595
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0595
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0595
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0600
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0600
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0600
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0605
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0605
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0605
https://doi.org/10.1038/298268a0
https://doi.org/10.1523/JNEUROSCI.23-07-02522.2003
https://doi.org/10.1523/JNEUROSCI.23-07-02522.2003
https://doi.org/10.1167/8.4.1
https://doi.org/10.1016/0042-6989(87)90044-7
https://doi.org/10.1016/0042-6989(87)90044-7
https://doi.org/10.1016/j.visres.2015.01.002
https://doi.org/10.1167/7.2.21
https://doi.org/10.1097/00006324-197710000-00006
https://doi.org/10.1097/00006324-197710000-00006
https://doi.org/10.1167/iovs.11-7503
https://doi.org/10.1167/iovs.11-7503
https://doi.org/10.1002/acn3.698
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0655
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0655
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0660
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0660
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0665
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0665
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0670
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0670
https://doi.org/10.1007/BF02550751
https://doi.org/10.1007/BF02550751
https://doi.org/10.1186/s12886-021-02020-3
https://doi.org/10.1186/s12886-021-02020-3
https://doi.org/10.1007/BF00235881
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0690
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0690
https://doi.org/10.1167/16.5.3
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0700
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0700
https://doi.org/10.1167/iovs.08-3229
https://doi.org/10.1007/s00221-007-1041-x
https://doi.org/10.1007/s00221-007-1041-x
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0715
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0715
https://doi.org/10.1007/s00221-010-2272-9
https://doi.org/10.1007/s00221-010-2272-9
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0725
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0725
https://doi.org/10.1167/iovs.63.2.33
https://doi.org/10.1167/iovs.63.2.33
https://doi.org/10.1167/iovs.63.13.27
https://doi.org/10.1167/iovs.63.13.27
https://doi.org/10.3390/diagnostics14171861
https://doi.org/10.3390/diagnostics14171861
https://doi.org/10.1152/jn.01261.2005
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0750
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0750
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0750
https://doi.org/10.1155/2019/6817839
https://doi.org/10.1167/iovs.10-5882
https://doi.org/10.1371/journal.pone.0031075
https://doi.org/10.1371/journal.pone.0031075
https://doi.org/10.1167/iovs.16-20727
https://doi.org/10.1167/iovs.12-9855
https://doi.org/10.1167/iovs.12-9855
https://doi.org/10.1167/8.14.21
https://doi.org/10.1016/0002-9394(66)91044-0
https://doi.org/10.1016/0002-9394(66)91044-0

D.M. Levi and S.T.L. Chung

Pediatric Eye Disease Investigator Group Writing, C., Rutstein, R. P., Quinn, G. E., Lazar,
E. L., Beck, R. W., Bonsall, D. J., . . . Suh, D. W. (2010). A randomized trial comparing
Bangerter filters and patching for the treatment of moderate amblyopia in children.
Ophthalmology, 117(5), 998-1004 €1006. doi:10.1016/j.0phtha.2009.10.014.

Perdziak, M., Witkowska, D., Gryncewicz, W., Przekoracka-Krawczyk, A., & Ober, J.
(2014). The amblyopic eye in subjects with anisometropia show increased saccadic
latency in the delayed saccade task. Frontiers in Integrative Neuroscience, 8, 77.
https://doi.org/10.3389/fnint.2014.00077

Pianta, M. J., & Kalloniatis, M. (1998). Characteristics of anisometropic suppression:
Simple reaction time measurements. Perception & Psychophysics, 60(3), 491-502.
https://doi.org/10.3758/bf03206869

Poletti, M., Listorti, C., & Rucci, M. (2013). Microscopic eye movements compensate for
nonhomogeneous vision within the fovea. Current Biology, 23(17), 1691-1695.
https://doi.org/10.1016/j.cub.2013.07.007

Popple, A. V., & Levi, D. M. (2008). The attentional blink in amblyopia. Journal of Vision,
8(13). https://doi.org/10.1167/8.13.12, 12 11-19.

Quere, M. A. (1979). Abnormal ocular movements in amblyopia. Transactions of the
Ophthalmological Societies of the United Kingdom, 99(3), 401-406.

Raashid, R. A., Liu, I. Z., Blakeman, A., Goltz, H. C., & Wong, A. M. (2016). The Initiation
of Smooth Pursuit is Delayed in Anisometropic Amblyopia. Investigative
Ophthalmology & Visual Science, 57(4), 1757-1764. https://doi.org/10.1167 /iovs.16-
19126

Ratliff, F., & Riggs, L. A. (1950). Involuntary motions of the eye during monocular
fixation. Journal of Experimental Psychology, 40(6), 687-701. https://doi.org/
10.1037/h0057754

Raveendran, R. N., Bobier, W., & Thompson, B. (2019a). Reduced amblyopic eye fixation
stability cannot be simulated using retinal-defocus-induced reductions in visual
acuity. Vision Research, 154, 14-20. https://doi.org/10.1016/j.visres.2018.10.005

Raveendran, R. N., Bobier, W. R., & Thompson, B. (2019b). Binocular vision and
fixational eye movements. Journal of Vision, 19(4), 9. https://doi.org/10.1167/
19.4.9

Repka, M. X., Beck, R. W., Holmes, J. M., Birch, E. E., Chandler, D. L., Cotter, S. A., . ..
Pediatric Eye Disease Investigator, G. (2003). A randomized trial of patching
regimens for treatment of moderate amblyopia in children. Arch Ophthalmol, 121(5),
603-611. doi:10.1001/archopht.121.5.603.

Repka, M. X., Cotter, S. A., Beck, R. W., Kraker, R. T., Birch, E. E., Everett, D. F.,
Investigator, P. E. D., & G.. (2004). A randomized trial of atropine regimens for
treatment of moderate amblyopia in children. Ophthalmology, 111(11), 2076-2085.
https://doi.org/10.1016/j.ophtha.2004.04.032

Repka, M. X., Wallace, D. K., Beck, R. W., Kraker, R. T., Birch, E. E., Cotter, S. A., . . .
Pediatric Eye Disease Investigator, G. (2005). Two-year follow-up of a 6-month
randomized trial of atropine vs patching for treatment of moderate amblyopia in
children. Arch Ophthalmol, 123(2), 149-157. doi:10.1001/archopht.123.2.149.

Richards, M. D., Goltz, H. C., & Wong, A. M. F. (2019). Audiovisual perception in
amblyopia: A review and synthesis. Experimental Eye Research, 183, 68-75. https://
doi.org/10.1016/j.exer.2018.04.017

Roberts, M., Cymerman, R., Smith, R. T., Kiorpes, L., & Carrasco, M. (2016). Covert
spatial attention is functionally intact in amblyopic human adults. Journal of Vision,
16(15), 30. https://doi.org/10.1167/16.15.30

Rucci, M., & Victor, J. D. (2015). The unsteady eye: An information-processing stage, not
a bug. Trends in Neurosciences, 38(4), 195-206. https://doi.org/10.1016/j.
tins.2015.01.005

Sanchez-Morales, A., Morales-Sanchez, J., Kovalyk, O., Verdi-Monedero, R., & Sancho-
Gomez, J.-L. (2022). Improving Glaucoma Diagnosis Assembling Deep Networks and
Voting Schemes. Diagnostics., 12, 1382. https://doi.org/10.3390/
diagnostics12061382

Scaramuzzi, M., Murray, J., Nucci, P., Shaikh, A. G., & Ghasia, F. F. (2021). Fixational
eye movements abnormalities and rate of visual acuity and stereoacuity
improvement with part time patching. Scientific Reports, 11(1), 1217. https://doi.
0rg/10.1038/s41598-020-79077-5

Scaramuzzi, M., Murray, J., Otero-Millan, J., Nucci, P., Shaikh, A. G., & Ghasia, F. F.
(2019). Fixation instability in amblyopia: Oculomotor disease biomarkers predictive
of treatment effectiveness. Progress in Brain Research, 249, 235-248. https://doi.org/
10.1016/bs.pbr.2019.04.024

Schapero, M. (1971). Amblyopia (1st ed.). Philadelphia,: Chilton Book Co.

Scholes, C., McGraw, P. V., Nystrom, M., & Roach, N. W. (2015). Fixational eye
movements predict visual sensitivity. Proceedings of the Biological Sciences, 282
(1817), Article 20151568. https://doi.org/10.1098/rspb.2015.1568

Schor, C. (1975). A directional impairment of eye movement control in strabismus
amblyopia. Investigative Ophthalmology, 14(9), 692-697.

Schor, C., & Hallmark, W. (1978). Slow control of eye position in strabismic amblyopia.
Investigative Ophthalmology & Visual Science, 17(6), 577-581.

Schor, C. M. (1983). Subcortical binocular suppression affects the development of latent
and optokinetic nystagmus. American Journal of Optometry and Physiological Optics,
60(6), 481-502. https://doi.org/10.1097/00006324-198306000-00009

Schor, C. M., Fusaro, R. E., Wilson, N., & McKee, S. P. (1997). Prediction of early-onset
esotropia from components of the infantile squint syndrome. Investigative
Ophthalmology & Visual Science, 38(3), 719-740.

Schor, C. M., & Levi, D. M. (1980). Disturbances of small-field horizontal and vertical
optokinetic nystagmus in amblyopia. Investigative Ophthalmology & Visual Science, 19
(6), 668-683.

Schor, C. M., & Westall, C. (1984). Visual and vestibular sources of fixation instability in
amblyopia. Investigative Ophthalmology & Visual Science, 25(6), 729-738.

Sengpiel, F., & Blakemore, C. (1996). The neural basis of suppression and amblyopia in
strabismus. Eye (London, England), 10(Pt 2), 250-258. https://doi.org/10.1038/
eye.1996.54

16

Vision Research 230 (2025) 108588

Shaikh, A. G., Otero-Millan, J., Kumar, P., & Ghasia, F. F. (2016). Abnormal Fixational
Eye Movements in Amblyopia. PLoS Onel, 11(3), Article e0149953. https://doi.org/
10.1371/journal.pone.0149953

Sharifi, M., Jafarzadeh, S., Kiarudi, M. Y., Hassanzadeh, S., & Rostami, M. (2024). Ocular
vestibular evoked myogenic potentials in different types of amblyopia. Clinical &
Experimental Optometry, 1-5. https://doi.org/10.1080/08164622.2024.2352503

Stevenson, S. B. R., A. . (2005). Correcting for miniature eye movements in high resolution
scanning laser ophthalmoscopy. Bellingham, WA: SPIE.

Stewart, C. E., Moseley, M. J., Stephens, D. A., & Fielder, A. R. (2004). Treatment dose-
response in amblyopia therapy: The Monitored Occlusion Treatment of Amblyopia
Study (MOTAS). Investigative Ophthalmology & Visual Science, 45(9), 3048-3054.
https://doi.org/10.1167/iovs.04-0250

Stifter, E., Burggasser, G., Hirmann, E., Thaler, A., & Radner, W. (2005a). Evaluating
reading acuity and speed in children with microstrabismic amblyopia using a
standardized reading chart system. Graefe’s Archive for Clinical and Experimental
Ophthalmology, 243(12), 1228-1235. https://doi.org/10.1007/s00417-005-1187-9

Stifter, E., Burggasser, G., Hirmann, E., Thaler, A., & Radner, W. (2005b). Monocular and
binocular reading performance in children with microstrabismic amblyopia. The
British Journal of Ophthalmology, 89(10), 1324-1329. https://doi.org/10.1136/
bjo.2005.066688

Subramanian, V., Jost, R. M., & Birch, E. E. (2013). A quantitative study of fixation
stability in amblyopia. Investigative Ophthalmology & Visual Science, 54(3),
1998-2003. https://doi.org/10.1167/iovs.12-11054

Suttle, C. M., Melmoth, D. R., Finlay, A. L., Sloper, J. J., & Grant, S. (2011). Eye-hand
coordination skills in children with and without amblyopia. Investigative
Ophthalmology & Visual Science, 52(3), 1851-1864. https://doi.org/10.1167/iovs.10-
6341

Tsirlin, I., Colpa, L., Goltz, H. C., & Wong, A. M. F. (2018). Visual search deficits in
amblyopia. Journal of Vision, 18(4), 17. https://doi.org/10.1167/18.4.17

Tychsen, L., & Boothe, R. G. (1996). Latent fixation nystagmus and nasotemporal
asymmetries of motion visually evoked potentials in naturally strabismic primate.
Journal of Pediatric Ophthalmology and Strabismus, 33(3), 148-152. https://doi.org/
10.3928/0191-3913-19960501-05

Tychsen, L., Hurtig, R. R., & Scott, W. E. (1985). Pursuit is impaired but the vestibulo-
ocular reflex is normal in infantile strabismus. Archives of Ophthalmology, 103(4),
536-539. https://doi.org/10.1001/archopht.1985.01050040078022

Ukwade, M. T., Bedell, H. E., & Harwerth, R. S. (2003). Stereopsis is perturbed by
vergence error. Vision Research, 43(2), 181-193. https://doi.org/10.1016/s0042-
6989(02)00408-x

VerLee, D. L., & Iacobucci, I. (1967). Pleoptics versus occlusion of the sound eye in the
management of strabismic amblyopia with eccentric fixation. American Journal of
Ophthalmology, 63(2), 244-250. https://doi.org/10.1016/0002-9394(67)91544-9

von Noorden, G. K. (1965). Occlusion therapy in amblyopia with eccentric fixation.
Archives of Ophthalmology, 73, 776-781.

Von Noorden, G. K., & Burian, H. M. (1958). An electro-ophthalmographic study of the
behavior of the fixation of amblyopic eyes in light- and dark-adapted state: A
preliminary report. American Journal of Ophthalmology, 46(1 Pt 2), 68-77.

Von Noorden, G. K., & Mackensen, G. (1962). Pursuit movements of normal and
amblyopic eyes. An electro-ophthalmographic study. 1. Physiology of pursuit
movements. American Journal of Ophthalmology, 53, 325-336. https://doi.org/
10.1016/0002-9394(62)91183-2

Wade, N. J. (2010). Pioneers of eye movement research. Iperception, 1(2), 33-68. https://
doi.org/10.1068/i0389

Wallace, D. K., Pediatric Eye Disease Investigator, G., Edwards, A. R., Cotter, S. A., Beck,
R. W., Arnold, R. W., . . . Weise, K. K. (2006). A randomized trial to evaluate 2 hours
of daily patching for strabismic and anisometropic amblyopia in children.
Ophthalmology, 113(6), 904-912. doi:10.1016/j.0phtha.2006.01.069.

Wang, S., Tian, T., Zou, L., Wu, S., Liu, Y., Wen, W., & Liu, H. (2021). Fixation
Characteristics of Severe Amblyopia with Eccentric Fixation and Central Fixation
Assessed by the MP-1 Microperimeter. Seminars in Ophthalmology, 36(5-6), 360-365.
https://doi.org/10.1080/08820538.2021.1890142

Westall, C. A., & Schor, C. M. (1985a). Adaptation of the vestibulo-ocular reflex in
amblyopia. Investigative Ophthalmology & Visual Science, 26(12), 1724-1730.

Westall, C. A., & Schor, C. M. (1985b). Asymmetries of optokinetic nystagmus in
amblyopia: The effect of selected retinal stimulation. Vision Research, 25(10),
1431-1438. https://doi.org/10.1016/0042-6989(85)90221-4

Westheimer, G., & McKee, S. P. (1980). Stereogram design for testing local stereopsis.
Investigative Ophthalmology & Visual Science, 19(7), 802-809.

Wong, A. M. F. (2023). Vision Beyond Vision: Lessons Learned from Amblyopia. J Binocul
Vis Ocul Motil, 73(2), 29-39.

Woodruff, G., Hiscox, F., Thompson, J. R., & Smith, L. K. (1994). Factors affecting the
outcome of children treated for amblyopia. Eye (London, England), 8(Pt 6), 627-631.
https://doi.org/10.1038/eye.1994.157

Worth, C. (1921). Squint, Its Causes, Pathology, and Treatment. (Vol. Ed. 5). Philadelphia:
P. Blakiston’s Sons & Company.

Wybar, K. T., J. (1961). Treatment of squint in children. Br. Med.J., 1, 201-202.

Xu-Wilson, M., Chen-Harris, H., Zee, D. S., & Shadmehr, R. (2009). Cerebellar
contributions to adaptive control of saccades in humans. The Journal of Neuroscience,
29(41), 12930-12939. https://doi.org/10.1523/JINEUROSCI.3115-09.2009

Zhou, J., He, Z., Wu, Y., Chen, Y., Chen, X., Liang, Y., & Hess, R. F. (2019). Inverse
Occlusion: A Binocularly Motivated Treatment for Amblyopia. Neural Plasticity,
2019, Article 5157628. https://doi.org/10.1155/2019/5157628

Zhou, J., Thompson, B., & Hess, R. F. (2013). A new form of rapid binocular plasticity in
adult with amblyopia. Scientific Reports, 3, 2638. https://doi.org/10.1038/
srep02638


https://doi.org/10.3389/fnint.2014.00077
https://doi.org/10.3758/bf03206869
https://doi.org/10.1016/j.cub.2013.07.007
https://doi.org/10.1167/8.13.12
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0815
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0815
https://doi.org/10.1167/iovs.16-19126
https://doi.org/10.1167/iovs.16-19126
https://doi.org/10.1037/h0057754
https://doi.org/10.1037/h0057754
https://doi.org/10.1016/j.visres.2018.10.005
https://doi.org/10.1167/19.4.9
https://doi.org/10.1167/19.4.9
https://doi.org/10.1016/j.ophtha.2004.04.032
https://doi.org/10.1016/j.exer.2018.04.017
https://doi.org/10.1016/j.exer.2018.04.017
https://doi.org/10.1167/16.15.30
https://doi.org/10.1016/j.tins.2015.01.005
https://doi.org/10.1016/j.tins.2015.01.005
https://doi.org/10.3390/diagnostics12061382
https://doi.org/10.3390/diagnostics12061382
https://doi.org/10.1038/s41598-020-79077-5
https://doi.org/10.1038/s41598-020-79077-5
https://doi.org/10.1016/bs.pbr.2019.04.024
https://doi.org/10.1016/bs.pbr.2019.04.024
https://doi.org/10.1098/rspb.2015.1568
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0895
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0895
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0900
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0900
https://doi.org/10.1097/00006324-198306000-00009
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0910
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0910
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0910
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0915
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0915
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0915
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0920
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0920
https://doi.org/10.1038/eye.1996.54
https://doi.org/10.1038/eye.1996.54
https://doi.org/10.1371/journal.pone.0149953
https://doi.org/10.1371/journal.pone.0149953
https://doi.org/10.1080/08164622.2024.2352503
https://doi.org/10.1167/iovs.04-0250
https://doi.org/10.1007/s00417-005-1187-9
https://doi.org/10.1136/bjo.2005.066688
https://doi.org/10.1136/bjo.2005.066688
https://doi.org/10.1167/iovs.12-11054
https://doi.org/10.1167/iovs.10-6341
https://doi.org/10.1167/iovs.10-6341
https://doi.org/10.1167/18.4.17
https://doi.org/10.3928/0191-3913-19960501-05
https://doi.org/10.3928/0191-3913-19960501-05
https://doi.org/10.1001/archopht.1985.01050040078022
https://doi.org/10.1016/s0042-6989(02)00408-x
https://doi.org/10.1016/s0042-6989(02)00408-x
https://doi.org/10.1016/0002-9394(67)91544-9
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0995
http://refhub.elsevier.com/S0042-6989(25)00049-5/h0995
http://refhub.elsevier.com/S0042-6989(25)00049-5/h1000
http://refhub.elsevier.com/S0042-6989(25)00049-5/h1000
http://refhub.elsevier.com/S0042-6989(25)00049-5/h1000
https://doi.org/10.1016/0002-9394(62)91183-2
https://doi.org/10.1016/0002-9394(62)91183-2
https://doi.org/10.1068/i0389
https://doi.org/10.1068/i0389
https://doi.org/10.1080/08820538.2021.1890142
http://refhub.elsevier.com/S0042-6989(25)00049-5/h1025
http://refhub.elsevier.com/S0042-6989(25)00049-5/h1025
https://doi.org/10.1016/0042-6989(85)90221-4
http://refhub.elsevier.com/S0042-6989(25)00049-5/h1035
http://refhub.elsevier.com/S0042-6989(25)00049-5/h1035
http://refhub.elsevier.com/S0042-6989(25)00049-5/h1040
http://refhub.elsevier.com/S0042-6989(25)00049-5/h1040
https://doi.org/10.1038/eye.1994.157
https://doi.org/10.1523/JNEUROSCI.3115-09.2009
https://doi.org/10.1155/2019/5157628
https://doi.org/10.1038/srep02638
https://doi.org/10.1038/srep02638

D.M. Levi and S.T.L. Chung

Zou, Y. (2022). Automatic Detection of Age-Related Macular Degeneration Based on
Deep Learning and Local Outlier Factor Algorithm. Diagnostics., 12, 532. https://doi.
org/10.3390/diagnostics12020532

Zurevinsky, J. (2019). Eccentric Fixation and Inverse Occlusion: Renewing Our Interest?
J Binocul Vis Ocul Motil, 69(4), 136-140. https://doi.org/10.1080/
2576117X.2019.1662250

17

Vision Research 230 (2025) 108588

Dell’Osso, L. F., Leigh, R. J., Sheth, N. V., & Daroff, R. B. (1995). Two types of foveation
strategy in ‘latent’ nystagmus: fixation, visual acuity and stability.
Neuroophthalmology, 15(4), 167-186.


https://doi.org/10.3390/diagnostics12020532
https://doi.org/10.3390/diagnostics12020532
https://doi.org/10.1080/2576117X.2019.1662250
https://doi.org/10.1080/2576117X.2019.1662250
http://refhub.elsevier.com/S0042-6989(25)00049-5/hbib1091
http://refhub.elsevier.com/S0042-6989(25)00049-5/hbib1091
http://refhub.elsevier.com/S0042-6989(25)00049-5/hbib1091

	The impact of eye movements on amblyopic vision: A mini-review
	1 Introduction
	2 Measuring eye movements in Humans
	2.1 Methods to measure eye movements in Humans
	2.1.1 Electro-oculography (EOG)
	2.1.2 Infra-red limbus tracking
	2.1.3 Dual Purkinje image tracker
	2.1.4 Magnetic search coil technique
	2.1.5 Video-based systems
	2.1.6 Research-grade scanning laser ophthalmoscopes (SLO)
	2.1.7 Commercial microperimeters


	3 Types of eye movements and how they are affected in persons with amblyopia (PWA)
	3.1 Saccades
	3.2 Smooth Pursuits
	3.3 Fixational eye movements (FEMs)
	3.4 Vestibular-Optokinetic eye Movements
	3.5 Torsion
	3.6 Vergence
	3.7 Versions
	3.7.i Disconjugacy
	3.7.ii Latency and gain

	3.8 Early onset of esotropia affects eye movements in PWA

	4 What do we know about how each of these affect different tasks in PWA?
	4.1 Contrast sensitivity
	4.2 Visual acuity and relative position discrimination
	4.3 Visual search
	4.4 Reading
	4.5 Stereopsis
	4.6 Eye-Hand coordination
	4.7 Locomoting and balance

	5 The chicken and egg problem
	6 Can abnormal EMs be improved in persons with amblyopia?
	7 Can EMs be used to diagnose/classify amblyopia?
	7.1 Could Artificial Intelligence (AI) be helpful?

	8 Summary
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References




