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Introduction 
The postnatal experience is critical to the continu-

ing development of the visual system. If correlated 
activity between the two eyes is disrupted during criti-
cal developmental periods, amblyopia can result, in 
which one eye has worse visual acuity that cannot be 
attributed to any structural abnormality and cannot be 
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Fixational eye movements comprise of fast microsaccades alternating with slow inter-
saccadic drifts. These physiologic eye movements play an important role in visual percep-
tion.  Amblyopic patients are known to have fixation instability, particularly of the ambly-
opic eye. We examined eye movement abnormalities that contribute to this instability. We 
found that fixation stability is affected by the presence of fusion maldevelopment nystag-
mus (FMN). However, some amblyopes can have nystagmus without nasally directed slow 
phases and reversal in direction of the quick phase on ocular occlusion, features seen in 
FMN. In patients without nystagmus, we found increased amplitude of fixational saccades 
and inter-saccadic drifts. We categorized amblyopia patients by type (anisometropic, 
strabismic, or mixed) and eye movement waveform (no nystagmus, nystagmus without 
FMN, and FMN). We found specific fast and slow eye movement abnormalities of the 
fellow and amblyopic eye during fellow, amblyopic and both eyes viewing conditions 
across eye movement waveforms and types of amblyopia. These eye movement abnormal-
ities can serve as biomarkers that can predict the impact of amblyopia as measured by 
visual acuity and stereopsis. Evaluation of fixational eye movements in amblyopia could 
be important to diagnose these common eye diseases and predict treatment effectiveness. 

Keywords: Eye movement, saccades, microsaccades, fixational stability, binocular 
viewing   
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corrected by corrective lenses alone (Kiorpes & Daw, 
2018; Kiorpes, Kiper, O'Keefe, Cavanaugh, & 
Movshon, 1998; Tychsen et al., 2010). Amblyopia is 
the most common cause of blindness in children 
(Abrahamsson & Sjostrand, 1988; Ciuffreda & Fisher, 
1987; Thomas, 1978).  Amblyopia can arise due to a 
difference in refractive error between the two eyes 
(anisometropia), eye misalignment (strabismus), or a 
mixed mechanism (presence of both anisometropia and 
strabismus). Amblyopia causes changes in organization 
and function at the level of the primary visual cortex 
(V1), with under-representation of the ocular domi-
nance columns corresponding to the amblyopic eye and 
loss of binocular horizontal cells between ocular domi-
nance columns of opposite ocularity in area V1 (Hubel, 
Wiesel, & LeVay, 1977; Kiorpes et al., 1998; Wiesel, 
1982; Wiesel & Hubel, 1963). It is also known that 
amblyopic patients who have experienced a disruption 
in binocularity in the first six months of life develop 
fusion maldevelopment nystagmus (FMN), formerly 
called latent nystagmus, and nasotemporal (NT) pursuit 
asymmetry (Calcutt & Murray, 1998; Ciuffreda, 
Kenyon, & Stark, 1979; Gresty et al., 1992; 
Kommerell, 1996; Lang, 2000; Tychsen, Leibole, & 
Drake, 1996; Tychsen et al., 2010). Sophisticated psy-
chophysical and visual exploration studies in amblyo-
pia patients have shown that amblyopia impacts the 
function of both the amblyopic and fellow eyes and is 
now increasingly being recognized as a disorder of 
binocular vision, in which both eyes are affected, not 
just the amblyopic eye (Chen, Otero-Millan, Kumar, 
Shaikh, & Ghasia, 2018; Kelly, Cheng-Patel, Jost, 
Wang, & Birch, 2018; Zhou, Liu, Feng, Zhou, & Hess, 
2016). Obtaining reliable measurements to quantify the 
dysfunction of the fellow and amblyopic eye using 
complex psychophysical tasks can be daunting in chil-
dren. The advent of remote video-based eye trackers 
has allowed for reliable and accurate eye movement 
assessment in children. The purpose of this paper is to 
systematically assess the fixation eye movement traces 
in amblyopia patients and categorize amblyopia pa-
tients based on the eye movement waveform character-
istics obtained under monocular and binocular viewing 
conditions. Our overarching goal is to identify oculo-
motor disease biomarkers that are reflective of the 
severity and type of amblyopia as well as the binocular 
function impairment seen in amblyopic patients.  

During fixation, when the highest level of 
visual acuity is achieved, the eyes are not 
motionless but instead show miniature involuntary 
fixation movements such as micro-saccades or 
fixational saccades, inter-saccadic drift, and tremor. 
Microsaccades induce neuronal modulation in 
cortical area V1 and in the extra-striate cortex. 
Microsaccades have been shown to play an 
important role in visual perception by thwarting 
neural adaptation and preventing visual fading (S. 
Martinez-Conde, Macknik, & Hubel, 2004; Susana 
Martinez-Conde, Macknik, Troncoso, & Dyar, 
2006; McCamy et al., 2012; Troncoso, Macknik, & 
Martinez-Conde, 2008). Thus, the study of 
fixational eye movements in amblyopia represents a 
unique opportunity in understanding their role in 
abnormal visual processing states. A few studies 
have evaluated fixational saccades in amblyopia 
patients and have shown that microsaccades are less 
frequent and have greater amplitude in the 
amblyopic eye (Shaikh, Otero-Millan, Kumar, & 
Ghasia, 2016; Shi et al., 2012). Also, the increase in 
amplitude of fixational saccades correlates with the 
severity of amblyopia (Shaikh et al., 2016). Thus, 
although small physiological microsaccades are 
known to reduce the effects of Troxler fading, the 
increased fixational saccade amplitude seen in 
amblyopia can have unfavorable effects on 
monocular visual function. In addition, amblyopic 
patients without nystagmus have increase in the 
inter-saccadic drift during visual fixation in both 
the fellow and amblyopic eye (Chung, Kumar, Li, & 
Levi, 2015; Ciuffreda et al., 1979; Shaikh et al., 
2016). Instability of fixation has been reported in 
amblyopia patients (Gonzalez, Wong, Niechwiej-
Szwedo, Tarita-Nistor, & Steinbach, 2012; Shaikh 
et al., 2016; Subramanian, Jost, & Birch, 2013). The 
increased amplitude of fixational saccade, increase 
inter-saccadic drift and nystagmus can all contribute 
to increased monocular fixation instability in 
patients with amblyopia. 
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Fixational instability has been quantified in 
most studies to date using the bivariate contour 
ellipse (BCEA), which is a metric that measures the 
area over which eye position is dispersed during 
fixation (Kelly et al., 2018). BCEA as a measure 
has several limitations including assumption of 
normality of the underlying position distributions; 
thus, the values can be affected by the presence of 
outliers (Castet & Crossland, 2012). Because BCEA 
is a measure of dispersion of eye position, it takes 
into account both the fast and slow eye movements 
and does not identify the presence of FMN 
(Upadhyaya et al., 2017). FMN is a characteristic 
oculomotor deficit suggestive of disruption of 
binocularity in the first six months of life. Thus, 
FMN serves as a marker that the amblyogenic risk 
factors were likely present in early infancy. To 
identify FMN, eye movements traces have to be 
systematically analyzed for the direction of fast and 
slow phase under monocular and binocular viewing 
conditions (Tychsen et al., 1996; Tychsen et al., 
2010).  
 The presence of FMN can have implications in 
terms of monocular and binocular visual function 
deficits and on treatment effectiveness (Simonsz & 
Kommerell, 1989). Thus, to analyze fixation eye 
movements in amblyopia patients, it is important to 
evaluate the waveforms for the presence of 
nystagmus. Since BCEA is a dispersion measure of 
eye position, it depicts the spread of eye position 
around the fixation point but does not reflect how 
fast the eyes are moving. In other words, it does not 
take into account the eye velocity during fixation, 
which is equally important in determining the 
impact of fixation instability on visual functions 
(Chen et al., 2018; Ghasia & Gallagher, 2018; 
McKee, Levi, & Movshon, 2003). We specifically 
hypothesize that eye movement parameters, namely 
fixational saccade amplitude and inter-saccadic drift 
in patients without nystagmus, and quick and slow 
phase in patients with nystagmus, will be better 
reflective of the type and severity of amblyopia and 
binocular function impairment rather than measures 
of BCEA alone.  

 Increased fixation instability is also seen in 
amblyopic patients during binocular viewing. This 
increased instability during binocular viewing is 
thought to reflect abnormalities in the vergence 
pathways (Economides, Adams, & Horton, 2016; 
Ghasia, Otero-Millan, & Shaikh, 2017; Pirdankar & 
Das, 2016; Richards, Wong, Foeller, Bradley, & 
Tychsen, 2008; Subramanian et al., 2013). 
Vergence BCEA is similar to BCEA in that it 
involves calculating the standard deviation of eye 
movements, but uses the difference in eye position 
between the two eyes at a given time. Thus, similar 
to monocular BCEA, we hypothesize that vergence 
BCEA does not provide information about presence 
of nystagmus and difference of eye velocities 
between the two eyes, measures that would 
significantly predict the extent of binocular function 
impairment in amblyopia. In the presence of normal 
binocular function, the fixation disparity (the 
difference between the right and left eye alignment) 
arising due to the motion of the eyes during fixation 
stays below a critical threshold thus facilitating 
binocular fusion (Otero-Millan, Macknik, & 
Martinez-Conde, 2014). In other words, in healthy 
subjects the microsaccades occur in the two eyes at 
the same time with similar amplitudes and direction 
and have a very small degree of disconjugacy 
(difference in amplitude between the two eyes) that 
does not impede binocular fusion (Shaikh & Ghasia, 
2017). We have found that fixational saccade 
amplitude of the amblyopic eye was greater in 
patients with absent stereopsis as compared to 
patients with gross stereopsis, suggesting that 
patients with amblyopia have impaired binocular 
coordination (Shaikh et al., 2016). We have also 
found that the strabismic patients without 
amblyopia have increased disconjugacy of 
fixational saccades (Ghasia et al., 2017). Less is 
known about the effects of presence of 
microstrabismus, binocular functions, and severity 
of amblyopia on the disconjugacy of fixational 
saccades in amblyopic patients without nystagmus 
and differences in the quick phase amplitude 
between the two eyes in patients with nystagmus.  
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 We will first characterize monocular and 
binocular fixational instability by analyzing eye 
movement waveforms of fellow and amblyopic eye 
and compare the BCEA values across eye 
movement waveforms. We will then quantify 
several eye movement parameters, namely 
fixational saccade amplitude and inter-saccadic drift 
in amblyopia patients without nystagmus and slow 
phase velocities in patients with nystagmus. We 
will also compute the disconjugacy between 
fixational saccades in patients without nystagmus 
and disconjugacy of quick phases in patients with 
nystagmus. We hypothesize that the eye position 
and eye velocity information obtained from eye 
movement waveform analysis will be better 
reflective of fellow eye and amblyopic eye 
instability rather than using the global measure of 
BCEA alone. We will also examine the effects of 
amblyopia type, severity and presence of stereopsis 
on eye movement dynamics across eye movement 
waveforms. We hypothesize that the fixation 
instability will systematically increase per the eye 
movement waveforms irrespective of the severity of 
amblyopia. We also hypothesize that eye movement 
waveforms and dynamic eye movement properties 
would be a better predictor of amblyopia type, 
severity and stereopsis function than BCEA alone.  

 

Methods 
 We recruited 64 subjects (20 controls and 44 
amblyopes). The subjects were also grouped based 
on type of amblyopia (anisometropic = 19, mixed = 
18, strabismic = 7) and severity of amblyopia (mild 
= 21, moderate = 11, severe = 12). There was no 
significant difference in age between amblyopes 
and controls (p=0.23, t-test), or between subjects 
based on presence/absence of nystagmus (p=0.61, 
one-way ANOVA), severity (p=0.07, one-way 
ANOVA), or type of amblyopia (p=0.18, one-way 
ANOVA). Clinical characteristics of each subject 
are described in supplemental table 1. The subjects 
did not have any other structural abnormality of the 
eye or any neurologic disorders. The experimental 
protocol was approved by the Cleveland Clinic 
institutional review board and written informed 
consent was obtained from each participant or 
parent/legal guardian in accordance with the 
Declaration of Helsinki.  

Eye Movement Recording 
Eye movements were measured using the EyeLink 

1000 (SR Research, Ontario, Canada), a noninvasive, 

high-resolution video-oculography tracker that has a 
spatial resolution of 0.01° and a temporal resolution of 
500 Hz. Subjects wore their corrective lenses if appli-
cable for the experiments to achieve their best-
corrected vision. Subjects were seated comfortably in a 
dark room and the subject’s head was stabilized on a 
chin rest and forehead support, 55cm away from an 
LCD computer monitor where the visual stimuli were 
displayed. The resolution of the monitor was 1024x768 
and the monitor was 35cm by 27cm. Eye movements 
were recorded under monocular viewing conditions, 
both fellow eye viewing (FEV) and amblyopic eye 
viewing (AEV) and then binocular viewing conditions. 
In healthy controls, the right eye was labeled as the 
fellow eye and the left eye was labeled as the amblyop-
ic eye for the purpose of running eye movement anal-
yses. For monocular viewing conditions, an infrared 
filter was used to cover the eye, which allows infrared 
rays to measure eye position but blocks the subject 
from seeing visible light. Monocular calibration and 
validation of the right and left eye were done under 
monocular viewing conditions per the manufacturer’s 
guidelines. Binocular eye positions were measured 
during both eye viewing and monocular (fellow and 
amblyopic eye viewing) conditions.  

Subjects were instructed to fixate their gaze on a 
red circular visual target on the screen with a white 
background (luminance 144 cd/m2) for 45 seconds. The 
target diameter subtended a 0.5° visual angle.  

Data Analysis 
The eye position data was then subject to further 

analysis. All analyses were performed in Matlab 
(Mathworks, Natick, MA, USA), GraphPad Prism 7 
(La Jolla, CA, USA), and SPSS (IBM, Armonk, NY, 
USA). Blinks and partial blinks were identified and 
removed. Blinks were defined as portions of raw data 
where the pupil information was missing, and partial 
blinks were defined as portions of data where there was 
a sudden change in pupil size >50 units/sample. In 
addition, 100 units (200 milliseconds) of data before 
and after each blink and partial blink was removed to 
account for periods when the pupil may have been 
partially occluded by the eyelid. The characteristics of 
fixation eye movements were analyzed for all study 
participants.  

The fixation stability was quantified by calcu-
lating the bivariate contour ellipse (BCEA) using the 
following equation:  

BCEA= π Χ 2 σ x σy 1 − 𝑝!  

where 2.291 is the Χ2 value (2 degrees of freedom) 
corresponding to a probability of 0.68, σx and σy are the 
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horizontal and vertical standard deviations of eye posi-
tion respectively, and p is the product moment correla-
tion of two position components. The resulting BCEA 
value has been used in previous studies (Gonzalez et 
al., 2012; Steinman, Cushman, & Martins, 1982; 
Subramanian et al., 2013) as a measure of fixation 
stability, where a lower BCEA indicates more stable 
fixation. A log10 transformation was used to normalize 
the BCEA values. Vergence BCEA values were also 
calculated for subjects with binocular viewing data. In 
vergence BCEA, the standard deviation is taken of the 
disconjugacy, which is the absolute difference between 
the viewing and non-viewing eye position in the hori-
zontal and vertical direction.  

Fixational saccades and quick phases of nystagmus 
were identified using the unsupervised clustering 
method described by Otero-Millan et al. (Otero-Millan, 
Castro, Macknik, & Martinez-Conde, 2014). This 
method uses clustering to automatically distinguish 
fixational saccades/quick phases from noise, rather 
than relying on an arbitrary cutoff. It also produces an 
index of reliability, which provides a measure of the 
signal-to-noise ratio in the data. The index of reliability 
is a number between 0 and 1 and a value greater than 
0.75 indicates that error rates are below 0.3 errors per 
second. Subjects with an index of reliability <0.75 
were excluded. Saccade amplitude was defined as the 
absolute difference between the eye positions at the 
start and end of a fixational saccade in patients without 
nystagmus, or quick phase in patients with nystagmus. 
The horizontal and vertical eye amplitude of the view-
ing and non-viewing eye were measured and used to 
calculate a composite amplitude for each eye using the 
following equation:  

 
composite = [horizontal2 + vertical2]½   

 
The disconjugacy (difference) of composite ampli-

tude between the viewing and non-viewing eye were 
computed during fellow, amblyopic and binocular 
viewing conditions.  

Drift analysis was also performed using custom-
prepared scripts in Matlab. Drifts were defined as 
epochs between fixational saccades and blinks in pa-
tients without nystagmus, or slow phase velocity in 
patients with nystagmus. We removed 20 milliseconds 
of data from the start and end of each of these epochs 
to exclude periods of acceleration and deceleration of 
the eye during fixational saccades and blinks. Using 
horizontal and vertical eye velocity data, the composite 
mean velocity and composite variability of eye position 
was computed for the viewing eye and non-viewing 
eye using the equation given above. The composite 

mean velocity was compared between controls and 
groups of amblyopes using one-way ANOVA and 
planned contrasts. Correlation was also calculated 
between composite mean velocity and the amplitude of 
the subsequent microsaccade of the corresponding eye 
to see if there was a relationship between drift velocity 
and amplitude of the subsequent microsaccade.  

A series of ANOVA analyses were carried out to 
compare BCEA and eye movement parameters among 
controls and amblyopic subjects, and between ambly-
opic subjects with different type and nystagmus wave-
form characteristics. Visual acuity and stereopsis were 
included as covariates in all these analyses. We first 
did a mixed ANOVA to compare BCEA values be-
tween controls and amblyopic subjects under fellow 
and amblyopic eye viewing conditions. Next, a two-
way between-subjects ANCOVA was done to compare 
BCEA values between controls and different types of 
amblyopia and eye movement waveforms of amblyopic 
patients. BCEA was the dependent variable and type 
and waveform were independent variables. Controls 
were included as a control level of waveform and type. 
Planned comparisons (Helmert contrasts) were used to 
compare controls versus amblyopic patients grouped 
per fixation eye movement waveforms and per the type 
of amblyopia. 

Next, we analyzed fixational saccade amplitude, 
disconjugacy of amplitude of fixational saccade/quick 
phase of nystagmus, eye position variance and drift 
velocity. We performed a series of two-way between-
subjects ANCOVA with each of these parameters as 
the dependent variable in turn, and type and waveform 
as the independent variables separately for the fellow 
eye and amblyopic eye. We also included control sub-
jects in this analysis as a control level of waveform and 
type. We used stereopsis and acuity of the correspond-
ing fellow eye and amblyopic eye as covariates. We 
used Helmert contrasts to compare controls versus 
amblyopic patients grouped per fixation eye movement 
waveforms and per the type of amblyopia.  

To analyze binocular eye movements, we first per-
formed a linear correlation between vergence BCEA 
and stereopsis. Next, a two-way between-subjects 
ANCOVA was performed with vergence BCEA as the 
dependent variable and type and waveform as the inde-
pendent variables. Finally, a two-way between-subjects 
ANCOVA was performed with disconjugacy under 
binocular viewing conditions as the dependent varia-
ble, and type and waveform as the independent varia-
bles. Visual acuity and stereopsis were included as 
covariates in both analyses.  
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Results 
 Amblyopic patients are known to have fixation 
instability, particularly of the amblyopic eye. The 
presence of nystagmus, the amplitude of fixational 
saccades and inter-saccadic drifts affect the fixation 
stability. We have previously shown that amblyopic 
patients without nystagmus have increased amplitude 
of fixational saccade, which correlates with the severity 
of amblyopia (Shaikh et al., 2016). The fixation 
instability of the fellow and amblyopic eye would be 
dependent on various factors including eye movement 
waveforms, the type and severity of amblyopia and the 
stereopsis function. We will first characterize the 
fixation instability in amblyopia patients based on their 
eye movement waveform.  

Characteristics of fixational eye move-
ments in amblyopia patients 

We characterized fixational eye movements in am-
blyopic patients based on their waveform characteris-
tics as those without nystagmus and those with nys-
tagmus. Patients with nystagmus were further evaluat-
ed for presence of fusion maldevelopment nystagmus 
(FMN), defined as having a nasally directed slow 
phase under monocular viewing with classic reversal in 
the direction of quick phase towards the uncovered 
eye. We categorized patients with nystagmus who did 
not meet the criteria of the signature FMN deficits as 
having nystagmus without FMN. Patients with nys-
tagmus but no FMN did not have the dissociated verti-
cal deviation frequently seen in FMN patients. Fig. 1 
contains representative raw data traces of fixational eye 
movements obtained in a healthy control (A) and am-
blyopic subjects with no nystagmus (B), nystagmus no 
FMN (C), and FMN (D) during both eyes viewing, 
fellow and amblyopic eye viewing conditions. In con-
trols (A) and patients without nystagmus (B) the mi-
crosaccades (black arrows) are separated by periods of 
inter-saccadic drift (red arrows). In the normal subject 
(N14) the microsaccades are binocular, conjugate 
movements with small amplitude (< 1°). In patients 
without nystagmus (S23), there is an increase in the 
amplitude of the fixational saccades of the amblyopic 
eye during amblyopic eye viewing condition (2.2°) 
compared to controls (right eye viewing: 0.74°). 
The fixation saccade amplitude of the fellow eye is 

similar to controls (0.92°). Besides the amplitude, there 
is an increase in the disconjugacy of fixational saccade, 
which is worse under amblyopic eye viewing com-
pared to fellow eye viewing condition (1.13° vs. 
0.20°). Interestingly, the disconjugacy was also 
increased under both eyes viewing (0.52°). On the 
other hand, there is minimal disconjugacy in mi-
crosaccades during both eyes, right eye and left eye 
viewing conditions (0.06°, 0.04°, 0.02° respective-
ly). There is also an increase in the inter-saccadic drift 
velocity and eye position variance of the amblyopic 
eye (red trace) during both eyes (1.14°/sec, 0.53°) and 
amblyopic eye viewing (0.4°/sec, 0.08°) viewing con-
ditions compared to controls (both eyes viewing: 
0.06°/sec, 0.01°; right eye viewing: 0.3°/sec, 0.01°; 
left eye viewing: 0.3°/sec, 0.01°). In patients with 
nystagmus without FMN (S30), the horizontal and 
vertical eye velocities of the amblyopic eye are 
greater during amblyopic eye viewing (0.7°/sec and 
0.15°) followed by fellow eye viewing (0.6°/sec and 
0.01°) conditions. There is no reversal in the direc-
tion of the quick phase of the nystagmus between 
the fellow and amblyopic eye viewing condition. 
There is an increase in the disconjugacy of the 
quick phase, which is worst under amblyopic eye 
viewing (0.41°), but is still increased under fellow 
eye (0.14°) and both eyes viewing (0.35°) condi-
tions compared to controls. In patients with FMN 
(S44), the nystagmus is present under all viewing 
conditions, but the composite eye velocities and eye 
position variance during slow phases are greater in 
the amblyopic eye during AEV (19.05°/sec and 
3.25°) compared to the fellow eye during FEV con-
dition (4.3°/sec and 0.06°). During both eye view-
ing condition, the velocity and eye position variance 
of the amblyopic eye is greater (1.5°/sec and 0.02°) 
than the fellow eye viewing (0.85°/sec and 0.02°). 
The slow phases are directed nasally – with right-
ward movement during the amblyopic left eye view-
ing condition and the leftward movement during the 
fellow right eye viewing condition. There is a re-
versal in the direction of the quick phase of the 
nystagmus between the fellow and amblyopic eye 
viewing condition. There is an increase in the dis-
conjugacy during amblyopic eye viewing (0.25°) 
and fellow eye viewing (0.31°). The disconjugacy is 
least during both eyes viewing (0.10°) conditions. 
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Fig. 1: Representative raw data tracings of fixational eye movements under different viewing conditions in a 

healthy control (N14) (A), severely amblyopic patient without nystagmus (S23) (B), amblyopic patient with 
nystagmus but no FMN (S30) (C) and a patient with FMN (S44) (D). In the healthy control (A) the horizontal (red 
and blue) and vertical eye (magenta and cyan) positions of the right and left eye are plotted on the y-axis while x-axis 
depicts corresponding time. In patients without nystagmus (B) the blue and cyan traces are horizontal and vertical eye 
positions of the fellow eye and the red and magenta traces are horizontal and vertical eye position of the amblyopic eye 
respectively. The black arrows represent fixational saccades whereas the red arrows represent the inter-saccadic drifts. 
In the patient with nystagmus without FMN (C), the red and magenta traces represent horizontal and vertical eye 
positions of the fellow eye and the blue and cyan represents horizontal and vertical eye positions of the amblyop-
ic eye. The black arrows depict quick phases of the nystagmus and the red arrows depict the slow phases. Fig (D) 
represents horizontal and vertical eye positions of the fellow (red and magenta) and amblyopic eye (blue and 
cyan) of patients with fusion maldevelopment nystagmus. The black arrows depict the quick phases of nystag-
mus. The positive excursion on horizontal eye position = rightward movement and positive excursion on vertical 
eye position = downward movement.  

 
 In the subsequent sections, we investigated the 
effects of type, severity of amblyopia, and binocular 
function on fixational stability across the eye 
movement waveforms. We carried out a set of analyses 
for eye movements obtained under monocular and 
binocular viewing conditions. We first compared the 
values obtained using bivariate contour ellipse area 
(BCEA) analysis between healthy controls and 
amblyopic subjects. We then examined the correlation 
of BCEA with amblyopia type and eye movement 

waveform within amblyopic subjects, while controlling 
for visual acuity and stereopsis. Next, we repeated this 
analysis but instead of BCEA we used the composite 
eye velocity and eye position variance of inter-saccadic 
drift of controls and patients without nystagmus and 
composite eye velocity and eye position variance 
during the slow phases in patients with nystagmus. We 
also analyzed the composite fixational saccade 
amplitude and fixational saccade disconjugacy in 
controls and amblyopic patients without nystagmus. 
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We did a similar analysis of amplitude of quick phase 
and disconjugacy of amplitude between the two eyes in 
patients with nystagmus. Lastly, we examined 
vergence BCEA and disconjugacy as it correlated with 
amblyopia type and nystagmus waveform in subjects 
under binocular eye viewing data, while controlling for 
visual acuity and stereopsis. We used planned contrast 
analysis to do the following comparisons for waveform 
characteristics 1) controls versus patients without 
nystagmus, 2) controls versus patients with nystagmus 
no FMN, 3) controls versus nystagmus patients with 
FMN, 4) patients without nystagmus versus patients 
with nystagmus (with and without FMN), and 5) 
nystagmus patients without FMN versus nystagmus 
patients with FMN. Similarly for type of amblyopia, 
we used planned contrasts for following comparisons 
1) controls versus anisometropic amblyopes, 2) 
controls versus mixed/strabismic, 3) anisometropic 
versus mixed/strabismic.  

Bivariate Contour Ellipse Area (BCEA)  
Figure 2 plots the horizontal and vertical eye posi-

tion of controls and subjects with no nystagmus (severe 
amblyopia), nystagmus no FMN (moderate amblyo-
pia), and FMN (moderate amblyopia) obtained during a 
45-second visual fixation trial in primary position dur-
ing both eyes viewing, fellow eye viewing, and ambly-
opic eye viewing conditions. These subjects are the 
same subjects whose eye movement tracings were 

depicted in Figure 1. The log10BCEA values for both 
eyes are included next to the scatter plots as a quantita-
tive measure of fixation scatter. As demonstrated in 
these examples, subjects with amblyopia have greater 
BCEA values with increased scatter of eye positions 
particularly during amblyopic eye viewing conditions. 
We first performed a mixed ANOVA comparing 
BCEA values in healthy controls and all amblyopic 
subjects (between-subjects factor) under fellow eye 
viewing (FEV) and amblyopic eye viewing (AEV) 
conditions (within-subjects factor). As expected, am-
blyopic patients had significantly greater BCEA than 
controls under FEV (controls: -0.41 ± 0.39, amblyopes: 
0.32 ± 0.59; F=20.7, p<0.01) and AEV conditions 
(controls: -0.41 ± 0.38, amblyopes: -0.17 ± 0.38; 
F=20.7, p<0.01). The difference was more pronounced 
under AEV as indicated by a significant effect between 
viewing condition and subject group (F=12.9, p<0.01). 
These findings are in agreement with previous studies 
that have shown that amblyopic patients have increased 
BCEA of the amblyopic eye (Gonzalez et al., 2012; 
Shaikh et al., 2016; Subramanian et al., 2013). We also 
found increased BCEA values of the amblyopic eye 
during binocular viewing conditions (controls right 
eye: -0.55 ± 0.23, fellow eye: -0.20 ± 0.55, amblyopic 
eye: 0.10 ± 0.60; F=8.6, p<0.01). 
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Fig. 2: Representative horizontal and vertical eye position data in healthy controls (A) and subjects with amblyopia 

and no nystagmus (B), nystagmus but no FMN (C), and FMN (D) under fellow, amblyopic, and both eyes viewing 
conditions. BCEA values (in parentheses) provide a measure of fixational stability, or scatter. The greatest BCEA val-
ues are noted under amblyopic eye viewing conditions in both the viewing and non-viewing eye. Interestingly, greater 
fixational instability is also noted in the amblyopic eye of subjects under binocular viewing. This suggests that fixation-
al stability is affected in amblyopia even when subjects are using both eyes. 
 

Next we wanted to discern the effects of waveform 
and type of amblyopia on BCEA. We looked at BCEA 
values of controls and amblyopes grouped by eye 
movement waveform during both eyes viewing (BEV), 
fellow eye viewing (FEV) and amblyopic eye viewing 
(AEV) conditions (Figure 3). Under BEV (Fig 3A), the 
BCEA values were significantly higher in the ambly-
opic eye compared to controls (controls: -0.57 ± 0.19, 
no nystagmus: 0.06 ± 0.60, nystagmus no FMN: 0.12 
±0.79, FMN: 0.15 ± 0.55; F=6.6, p<0.01) with no sig-
nificant difference in the fellow eye (controls: -0.55 ± 
0.23, no nystagmus: -0.15 ± 0.55, nystagmus no FMN: 
-0.20 ± 0.76, FMN: -0.25 ± 0.44; F=2.1, p=0.10). 
When comparing the BCEA values between groups 
under FEV (Fig 3B), there was no significant differ-
ence between controls and amblyopic patients (con-
trols: -0.15 ± 0.23, no nystagmus: -0.11 ± 0.40, nys-
tagmus no FMN: -0.29 ± 0.35, FMN: -0.34 ± 0.32; 
F=1.6, p=0.18). In patients with nystagmus, the rhyth-
mic to-and-fro nature of the nystagmus results in 

densely packed eye positions thus producing less scat-
ter. Thus, during FEV conditions, despite having nys-
tagmus, the BCEA values were actually better for pa-
tients with FMN than controls. During AEV (Fig 3C), 
the BCEA values were higher in amblyopic patients 
compared to controls (controls: -0.41 ± 0.39, no nys-
tagmus: 0.19 ± 0.59, nystagmus no FMN: 0.46 ± 0.55, 
FMN: 0.33 ± 0.61; F=9.1; p<0.01). A planned contrast 
analysis identified differences between controls versus 
patients without nystagmus, controls versus patients 
with nystagmus without FMN, controls versus patients 
with FMN (all Helmert contrasts were significant at 
p<0.01). No differences were observed between pa-
tients without nystagmus versus those with nystagmus 
and patients without nystagmus without FMN and 
patients with FMN (p>0.05). Thus, under amblyopic 
eye viewing similar to fellow eye viewing data, BCEA 
measures do not reflect the fixation instability occur-
ring due to nystagmus. For the non-viewing eye, signif-
icant differences were noted between controls and 
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amblyopia patients across eye movement waveforms 
under AEV (controls: 0.12 ± 0.27, no nystagmus: 0.49 
± 0.57, nystagmus no FMN: 0.64 ± 0.48, FMN: 0.84 
±0.49; F=5.5, p<0.01). No such differences were seen 

in the non-viewing eye under FEV (controls: 0.12 ± 
0.27, no nystagmus: 0.27 ± 0.40, nystagmus no FMN: 
0.15 ± 0.29, FMN: 0.40 ± 0.30; F=1.8, p=0.14). 

 

 
Fig. 3: Mean and standard deviation of BCEA values in subjects categorized by fixation eye movement waveforms. 

Under both eyes viewing condition (A), the amblyopic eye had less stable fixation (positive values) compared to con-
trols (negative values) irrespective of the waveform type. Under fellow eye viewing condition (B), no differences were 
seen in the viewing and non-viewing eye between controls and amblyopic patients. Under amblyopic eye viewing con-
dition (C), the BCEA values were greater in both the viewing and non-viewing eye.  
*=p<0.05, one way ANOVA  
 

We also evaluated BCEA values as a function of 
type of amblyopia during BEV, FEV and AEV condi-
tions. Table 1 summarizes the BCEA values as a func-
tion of type of amblyopia. The amblyopic eye had 
greater BCEA values compared to controls under BEV 
irrespective of the type of amblyopia. During BEV, the 
BCEA values of the fellow eye and amblyopic eye in 
amblyopic patients were worse than controls irrespec-
tive of the type of amblyopia. A planned contrast anal-

ysis identified differences between controls and fellow 
eye of anisometropic amblyopia (p=0.04) and controls 
and patients with mixed/strabismic amblyopia 
(p=0.01). Similarly, differences were seen between 
controls and the amblyopic eye of amblyopes during 
BEV. No differences were observed between anisome-
tropic versus mixed/strabismic amblyopia in the fellow 
eye (p=0.78) and amblyopic eye (p=0.46).  

 
 
 
 
 
 
 

 
Both eyes viewing: top row: fellow eye, bottom row with parenthesis = amblyopic eye  
Fellow and Amblyopic eye viewing: top row: viewing eye, bottom row: non-viewing eye 
* = statistically significant values for planned contrast between controls and anisometropic amblyopia, x =statistically 
significant values for planned contrast between controls and strabismic/mixed amblyopia 

 

Table 1: BCEA and Amblyopia Type  
 Control Anisometropic Mixed/Strabismic Helmert contrast (p-

value) 
Both eyes  
viewing 

-0.55 ± 0.23* x 
(-0.57 ± 0.19)* x 

-0.21 ± 0.47* 
(0.03 ± 0.63)* 

-0.08 ± 0.62x 
(0.24 ± 0.57) x 

0.02 
(<0.01) 

Fellow Eye 
viewing 

-0.17 ± 0.15 
(0.03 ± 0.20) 

-0.20 ± 0.29 
(0.13 ± 0.30) 

-0.22 ± 0.42 
(0.35 ± 0.36) 

0.9 
(0.01) 

Amblyopic Eye 
viewing 

-0.17 ± 0.15* x 
(0.03± 0.20) 

0.19 ± 0.56* 
(0.43 ± 0.40) 

0.57 ± 0.71 x 
(0.77 ± 0.62) 

<0.01 
(<0.01) 
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During FEV, the BCEA values of the fellow eye 
were similar in amblyopic patients compared to con-
trols irrespective of the type of amblyopia. The ambly-
opic eye had greater BCEA values compared to con-
trols under AEV irrespective of the type of amblyopia. 
A planned contrast analysis identified differences be-
tween controls and amblyopic eye of anisometropic 
amblyopia (p<0.01), as well as controls and amblyopic 
eye of patients with mixed/strabismic amblyopia 
(p<0.01). No differences were observed between ani-
sometropic versus mixed/strabismic amblyopia 
(p=0.11). 

Next, we used a two-way between-subjects AN-
COVA to compare BCEA values of the amblyopic eye 
obtained under amblyopic eye viewing condition 
across different types of amblyopia (anisometropic and 
mixed/ strabismic) and nystagmus waveforms (no 
nystagmus, nystagmus no FMN, and FMN). We also 
included control subjects in this analysis as a control 
level of waveform and type. Previous studies have 
shown that BCEA values are affected by visual acuity 
and stereopsis (Gonzalez et al., 2012; Shaikh et al., 
2016; Subramanian et al., 2013). Thus, we included 
visual acuity and stereopsis as covariates to control for 
these factors. There was no significant effect of wave-
form and type on BCEA when we controlled for acuity 
of amblyopic eye and stereopsis (type: F=2.9, p=0.09; 
waveform: F=2.0, p=0.14). There was a significant 
effect of the covariate stereopsis (F=12.8, p=0.01) but 
not the visual acuity (F=0.8, p=0.77). 

Fixation instability has been reported in amblyopic 
patients under both eyes viewing condition (Kelly et 
al., 2018). We further calculated a vergence BCEA 
(right eye position minus left eye position) that assess-
es fixational stability between the two eyes obtained 
under both eyes viewing (BEV) conditions. We exam-
ined vergence BCEA across fixation waveforms and 
amblyopia types (Table 2). BCEA values were greater 
in amblyopic patients compared to controls. A planned 
contrast analysis identified differences between con-
trols versus patients without nystagmus, controls ver-
sus patients with nystagmus no FMN, and controls 
versus patients with FMN (all Helmert contrasts were 
significant at p<0.01). No differences were observed 
between patients without nystagmus versus those with 
nystagmus and patients without nystagmus no FMN 
and patients with FMN. A planned contrast analysis 
identified differences between controls and anisome-
tropic amblyopia patients (p=0.02), as well as controls 
and mixed/strabismic amblyopia patients (p<0.01). No 
differences were observed between anisometropic 
versus mixed/strabismic amblyopia (p=0.27). 

We also investigated the relationship between fixa-
tional eye movements by using vergence BCEA and 
stereopsis. A positive correlation was noted between 
smaller vergence BCEA suggestive of stable fixation 
and stereopsis function (Spearman’s rho correlation 
coefficient=0.64, p<0.01).  

 
Table 2: Vergence BCEA  
Controls No nystagmus Nystagmus no FMN FMN Helmert contrast (p-

value) 
-0.77 ± 0.21 -0.34 ± 0.61 0.09 ± 0.53* -0.06 ± 0.52* <0.01 

Controls Anisometropic Mixed/Strabismic   

-0.77 ± 0.21 -0.31 ± 0.71 -0.15 ± 0.40x  <0.01 

* = statistically significant values for planned contrast between controls and amblyopia patients across fixation eye 
movement waveforms , x = statistically significant values for planned contrast between controls and strabismic/mixed 
amblyopia.  
 

We used a two-way between-subjects ANCOVA to 
compare vergence BCEA values between amblyopic 
subjects, comparing between types of amblyopia (ani-
sometropic, mixed, and strabismic) and nystagmus 
waveforms (no nystagmus, nystagmus no FMN, and 
FMN). We also included control subjects in this analy-
sis as a control level of waveform and type. We includ-
ed visual acuity and stereopsis as covariates to control 
for these factors. There was no significant effect of 
waveform and type on BCEA when we controlled for 

acuity of amblyopic eye and stereopsis (type: F=0.19, 
p=0.66; waveform: F=0.44, p=0.65). 

Thus, BCEA and vergence BCEA are able to dis-
tinguish amblyopic patients from controls. However, 
the BCEA measures are not able to identify differences 
between amblyopic patients based on clinical type or 
fixation eye movement waveforms. This highlights the 
importance of incorporating dynamic eye movement 
parameters such as eye velocity, eye position variance, 
fixational saccade amplitude, and disconjugacy that 
would better reflect the fixation instability during mo-
nocular and binocular viewing conditions.  
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Comparison of Eye Movement Parameters 

as a function of type and fixation eye move-
ment waveforms  

We have previously shown that the amplitude of 
fixational saccades of the amblyopic eye of patients 
without nystagmus is increased compared to controls 
(Shaikh et al., 2016). The increase in amplitude is 
correlated with the severity of amblyopia. Increased 
eye velocity and variance of eye positions during drifts 
(epochs between two consecutive fixational saccades) 
are seen in patients with visual loss (Schneider et al., 
2013). We have previously found an increase in the 
drift velocity and eye position variance of both the 
fellow and amblyopic eye of amblyopic patients with-
out nystagmus, which correlate with an increase in 
amblyopia severity (Chen et al., 2018; Shaikh et al., 
2016). On the other hand, although the slow phase 
velocities in patients with fusion maldevelopment 
nystagmus are increased, the increase did not corre-
spond to an increase in the severity of amblyopia 
(Chen et al., 2018). Thus, in the current study, we in-
vestigated the effects of amblyopia severity and stere-
opsis function on the composite amplitude of fixational 
saccades in patients without nystagmus and quick 
phases in patients with nystagmus during both eyes 
viewing, fellow eye viewing and amblyopic eye view-
ing conditions. We did a similar analysis on the inter-
saccadic drift velocity in patients without nystagmus 
and slow phase velocity of patients with nystagmus 
with and without FMN. We will first describe the re-
sults obtained under both eyes viewing condition fol-
lowed by fellow and amblyopic eye viewing condi-
tions.  

 
Both eyes viewing condition 
Composite Amplitude  

       We found an increase in the amplitude of the fixa-
tional saccades of both the fellow and amblyopic eye 
during both eye viewing conditions. We found a simi-
lar increase in the amplitude of the quick phase of 
patients with nystagmus (Fig 4A). The differences 
were statistically significant across fixation eye move-
ment waveforms (fellow eye: controls: 0.43° ± 0.21°, 
no nystagmus: 0.59° ± 0.52°, nystagmus no FMN: 
0.55° ± 0.48°, FMN: 0.56°  ± 0.42°; F=10.9, p<0.01; 

amblyopic eye: controls: 0.44° ± 0.20°, no nystagmus: 
0.61° ± 0.61°, nystagmus no FMN: 0.52° ± 0.51°, 
FMN: 0.56° ± 0.48°; F=7.1, p<0.01). A planned con-
trast analysis identified differences between controls 
and patients without nystagmus, controls and patients 
with nystagmus no FMN and control and patients with 
FMN for fellow and amblyopic eye (Helmert contrasts 
were significant at p<0.05). No differences were seen 
between patients without nystagmus and patients with 
nystagmus, and patients with nystagmus with and 
without FMN for fellow and amblyopic eye (p>0.05). 

We also evaluated composite amplitude as a func-
tion of type of amblyopia during both eyes viewing 
condition. The fellow (controls: 0.43° ± 0.21°, aniso-
metropia: 0.57° ± 0.50°, mixed/strabismic: 0.57° ± 
0.47°; p<0.01) and amblyopic eye (controls: 0.44° ± 
0.29°, anisometropia: 0.56° ± 0.61°, mixed/strabismic: 
0.57° ± 0.52°, p<0.01) had greater amplitude compared 
to controls irrespective of the type of amblyopia. A 
planned contrast analysis identified differences be-
tween controls and fellow eye of patients with aniso-
metropia (p<0.01) and controls and patients with 
mixed/strabismic amblyopia (p<0.01). Similarly, dif-
ferences were seen between controls and amblyopic 
eye of anisometropic (p<0.01) and mixed/strabismic 
amblyopia (p<0.01) patients during BEV. No differ-
ences were observed between anisometropic versus 
mixed/strabismic amblyopia in the fellow eye (p=0.95) 
and amblyopic eye (p=0.43).  

A two-way between-subjects ANCOVA was car-
ried out to examine the effects of type and waveform 
on the amplitude of the fellow and amblyopic eye ob-
tained under both eye viewing. There was a statistically 
significant main effect of type (F=9.5, p<0.01) and 
waveform (F=6.3, p<0.01), on amplitude of the fellow 
eye whilst controlling for visual acuity and stereopsis. 
In addition, the covariates visual acuity (F=8.4, 
p<0.01) and stereopsis (F=8.1, p <0.01) did have sig-
nificant effects on the amplitude of the fellow eye. 
Similarly, there was a statistically significant main 
effect of type (F=6.2, p=0.01) and waveform 
(F=6.6, p<0.01), on amplitude of the amblyopic eye 
whilst controlling for visual acuity and stereopsis. In 
addition, the covariates acuity (F=5.9, p=0.01) and 
stereopsis (F=9.4, p<0.01) did have main effects on the 
amplitude of the amblyopic eye.  
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Fig. 4: Mean and standard deviation of eye movement parameters of fixational saccade amplitude, position variance, 

and drift velocity in subjects across eye movement waveforms under both eyes viewing condition. Composite amplitude 
(A) of fixational saccades in controls and patients without nystagmus and quick phases of patients with nystagmus 
shows increased amplitude in both the fellow and amblyopic eye of amblyopes. Similarly, position variance (B) of 
drifts in controls and patients without nystagmus and slow phases of patients with nystagmus is also increased in both 
the fellow and amblyopic eye, although the increase is more pronounced in the amblyopic eye. The drift velocity (C) in 
controls and patients without nystagmus and slow phase velocities in patients with nystagmus is also increased in am-
blyopes compared to controls. Those with and without nystagmus have greater velocity compared to controls.  
*=p<0.05, one way ANOVA 

Eye position variance during inter-saccadic 
drifts and slow phase velocity 
      We first compared position variance across eye 
movement waveforms. We found an increase in the eye 
position variance of the fellow eye of amblyopic pa-
tients under both eyes viewing conditions (controls: 
0.01° ± 0.01°, no nystagmus: 0.01° ± 0.03°, nystagmus 
no FMN: 0.01° ± 0.01°, FMN: 0.02° ± 0.09°; F=6.3, 
p<0.01). A similar increase was seen in the amblyopic 
eye across all eye movement waveforms (controls: 
0.01° ± 0.01°, no nystagmus: 0.02° ± 0.08°, nystagmus 
no FMN: 0.02° ± 0.06°, FMN: 0.04° ± 0.11°; F=13.8, 
p<0.01) (Fig 4B). A planned contrast analysis showed 
a significant increase in variance in patients without 
nystagmus compared to controls, patients with nystag-
mus without FMN compared to controls, patients with 
FMN compared to controls and FMN patients com-
pared to patients with nystagmus without FMN for 
both the fellow and amblyopic eye (all Helmert con-
trasts were significant at p<0.01).   

We also evaluated eye position variance as a func-
tion of type of amblyopia during both eyes viewing 
conditions. The fellow eye (controls: 0.01° ± 0.01°, 
anisometropia: 0.02° ± 0.03°, mixed/strabismic: 0.02° 

± 0.07°; F=11.3, p<0.01) and amblyopic eye (controls: 
0.01° ± 0.01°, anisometropia: 0.03° ± 0.11°, 
mixed/strabismic: 0.03° ± 0.08°; F=20.76, p<0.01) had 
greater eye position variance compared to controls 
irrespective of the type of amblyopia. A planned con-
trast analysis identified differences between controls 
and fellow eye of patients with anisometropia (p<0.01) 
and controls and patients with mixed/strabismic am-
blyopia (p<0.01). Similarly, differences were seen 
between controls and amblyopic eye of anisometropic 
(p<0.01) and mixed/strabismic amblyopia (p<0.01) 
patients during BEV. No differences were observed 
between anisometropic versus mixed/strabismic am-
blyopia in the fellow eye (p=0.72) and amblyopic eye 
(p=0.75).  

A two-way between-subjects ANCOVA was car-
ried out to examine the effects of type and waveform 
on the amplitude of the fellow and amblyopic eye ob-
tained under both eye viewing condition while control-
ling for visual acuity and stereopsis. There was no 
statistically significant main effect of the type 
(F=0.27, p=0.6) and waveform (F=0.94, p=0.39) on 
eye position variance of the fellow eye. On the other 
hand, for the amblyopic eye there was a statistically 
significant main effect of the type (F=10.1, p<0.01) 
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and waveform (F=9.5, p<0.01), whilst controlling for 
visual acuity and stereopsis. The covariate acuity of the 
amblyopic eye showed a significant effect on eye posi-
tion variance of the amblyopic eye under both eyes 
viewing condition (F=8.9, p<0.01). 

 
Eye velocity during inter-saccadic drifts 

and slow phase velocity 
      We also found an increase in the inter-saccadic 
drift and slow phase velocity of both the fellow and 
amblyopic eye during both eye viewing conditions 
across eye movement waveforms (Fig 4C). The differ-
ences were statistically significant for both the fellow 
eye (controls: 0.45°/s ± 0.43°/s, no nystagmus: 0.57°/s 
± 0.53°/s, nystagmus no FMN: 0.88°/s ± 0.85°/s, FMN: 
0.88°/s ± 0.92°/s; F=30.1, p<0.01) and amblyopic eye 
(controls: 0.51°/s ± 0.47°/s, no nystagmus: 0.68°/s ± 
0.61°/s, nystagmus no FMN: 0.90°/s ± 0.87°/s, FMN: 
0.99°/s ± 0.84°/s; F=34.3, p<0.01). A planned contrast 
analysis identified differences between controls and 
patients without nystagmus, controls and patients with 
nystagmus no FMN and control and patients with FMN 
for fellow and amblyopic eye (Helmert contrasts were 
significant at p<0.01). The eye velocities were greater 
in patients with nystagmus compared to patients with-
out nystagmus for fellow and amblyopic eye (p<0.01). 

We also evaluated eye velocity as a function of type 
of amblyopia during both eyes viewing conditions. The 
fellow (controls: 0.45°/s ± 0.43°/s, anisometropia: 
0.80°/s ± 0.84°/s, mixed/strabismic: 0.75°/s ± 0.77°/s; 
F=39.4, p<0.01) and amblyopic eye (controls: 0.51°/s ± 
0.47°/s, anisometropia: 0.80°/s ± 0.85°/s, 
mixed/strabismic: 0.87°/s ± 0.75°/s; F=46.3, p<0.01) 
had greater eye velocities compared to controls irre-
spective of the type of amblyopia. A planned contrast 
analysis identified differences between controls and 
fellow eye of patients with anisometropia and controls 
and patients with mixed/strabismic amblyopia. Similar-
ly, differences were seen between controls and ambly-
opic eye of anisometropic and mixed/strabismic am-
blyopia patients during BEV. All Helmert contrasts 
were significant at p<0.01. No differences were ob-
served between anisometropic versus mixed/strabismic 
amblyopia in the fellow eye (p=0.43) and amblyopic 
eye (p=0.37).  

A two-way between-subjects ANCOVA was car-
ried out to examine the effects of type and waveform 
on the eye velocity of the fellow and amblyopic eye 
obtained under both eye viewing condition while con-
trolling for visual acuity and stereopsis. There was a 
statistically significant main effect of type (F=13.9, 
p<0.01) and waveform (F=21.7, p<0.01) on the veloci-
ty of the fellow eye. A similar statistically significant 

main effect of type (F=8.1, p<0.01) and waveform 
(F=11.0, p<0.01) was seen on the velocity of the am-
blyopic eye while controlling for visual acuity and 
stereopsis. In addition, there was a significant effect of 
covariate stereopsis (F=6.4, p=0.01) but not the visual 
acuity (F=1.2, p=0.26) on the eye velocity of the am-
blyopic eye. 

 
Fellow and amblyopic eye viewing condi-

tions 
Composite Amplitude 
When comparing the composite amplitude be-

tween groups of nystagmus waveforms, the amplitude 
was greater in amblyopic patients during both fellow 
eye viewing (controls: 0.51° ± 0.27°, no nystagmus: 
0.61° ± 0.47°, nystagmus no FMN: 0.57° ± 0.36°, 
FMN: 0.83° ± 0.75°; F=58.9, p<0.01) and amblyopic 
eye viewing conditions (controls: 0.54° ± 0.30°, no 
nystagmus: 1.30° ± 1.60°, nystagmus no FMN: 1.20° ± 
1.20°, FMN: 1.70° ± 2.50°; F=25.1, p<0.01) (Figure 
5A). A planned contrast analysis identified differences 
during both fellow and amblyopic eye viewing condi-
tions between controls versus patients without nystag-
mus, controls versus patients with nystagmus no FMN, 
controls versus patients with FMN (Helmert contrasts 
were significant at p<0.01). Unlike the BCEA, signifi-
cant differences were observed between patients with-
out nystagmus versus those with nystagmus (p<0.01), 
and patients without nystagmus no FMN and patients 
with FMN (p<0.01) during both fellow and amblyopic 
eye viewing conditions.  

When comparing the composite amplitude between 
different types of amblyopia, the composite amplitude 
of the fellow eye was greater in amblyopic patients 
during FEV compared to controls irrespective of the 
type of amblyopia (controls: 0.50° ± 0.27°, anisome-
tropic: 0.56° ± 0.38°, mixed/strabismic: 0.71° ± 0.62°; 
F=48.3, p<0.01). A greater increase of composite am-
plitude of the amblyopic eye was seen during amblyop-
ic eye viewing condition irrespective of the type of 
amblyopia (controls: 0.54° ± 0.30°, anisometropic: 
1.09° ± 1.34°, mixed/strabismic: 1.50° ± 2.10°; F=40.6, 
p<0.01). A planned contrast analysis identified differ-
ences between controls and fellow eye and controls and 
amblyopic eye of anisometropic amblyopia (p<0.01). 
Similar differences were seen with planned contrast 
analysis with greater amplitude of the fellow and am-
blyopic eye of strabismic/mixed amblyopia patients 
compared to controls (p<0.01). We also found a greater 
increase in amplitude of the fellow and amblyopic eye 
of mixed/strabismic amblyopia patients compared to 
anisometropia patients (p<0.01, p<0.01). 
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A two-way between-subjects ANCOVA was car-
ried out to examine the effects of type and waveform 
on the amplitude of the fellow eye obtained during 
fellow eye viewing condition. There was a statistically 
significant main effect of the type (F=75.4, p<0.01) 
and waveform (F=28.5, p<0.01) on amplitude of the 
fellow eye whilst controlling for visual acuity and 
stereopsis. The covariates acuity (F=2.7, p=0.10) and 
stereopsis (F=0.1, p=0.80) did not have any significant 
effects on the amplitude of the fellow eye. A similar 

analysis was done for the amplitude of the amblyopic 
eye obtained during amblyopic eye viewing condition. 
There was a statistically significant main effect of the 
type (F=14.2, p<0.01) and waveform (F=13.06, 
p<0.01) on amplitude of the amblyopic eye whilst 
controlling for visual acuity and stereopsis. The covari-
ates acuity (F=28.8, p<0.01) and stereopsis (F=53.3, 
p<0.01) showed significant effects on the amplitude of 
the amblyopic eye. 

  

 
Fig. 5: Mean and standard deviation of eye movement parameters of fixational saccade amplitude, position vari-

ance, and drift velocity in subjects across eye movement waveforms under fellow and amblyopic eye viewing condi-
tions. Error bars represent one standard deviation. Composite amplitude (A) of fixational saccades in controls and pa-
tients without nystagmus and quick phases of patients with nystagmus shows increased amplitude in amblyopes under 
both fellow and amblyopic eye viewing. Similarly, position variance (B) of drifts in controls and patients without nys-
tagmus and slow phases of patients with nystagmus is also increased. The drift velocity (C) in controls and patients 
without nystagmus and slow phase velocities in patients with nystagmus is also increased in amblyopes compared to 
controls.   
*=p<0.05, one way ANOVA 
 
Eye position variance during inter-saccadic 
drifts and slow phase velocity 
      We found an increase in the eye position variance 
of the fellow eye of amblyopic patients (controls: 0.01° 
± 0.03°, no nystagmus: 0.01° ± 0.05°, nystagmus no 
FMN: 0.01° ± 0.04°, FMN: 0.04° ± 0.09°; F=11.6, 
p<0.01). A planned contrast analysis showed an in-
crease in variance of slow phases in patients with FMN 
compared to the other groups (p<0.01).  An increase 
was also seen in amblyopic eye across all fixation eye 
movement waveforms (controls: 0.01° ± 0.06°, no 
nystagmus: 0.04° ± 0.25°, nystagmus no FMN: 0.09° ± 
0.40°, FMN: 0.21° ± 0.69°; F=23.4, p<0.01) (Figure 

5B). A planned contrast analysis identified differences 
between controls and patients without nystagmus, 
controls and patients with nystagmus without FMN, 
controls and patients with FMN, patients with and 
without nystagmus, and patients with and without 
FMN (Helmert contrasts were significant at p<0.01).  
    When comparing the eye position variance between 
groups of type of amblyopia, the eye position variance 
of the fellow eye was greater in amblyopic patients 
during FEV compared to controls (controls: 0.01° ± 
0.03°, anisometropic: 0.01° ± 0.02°, mixed/strabismic: 
0.02° ± 0.08°; F=24.3, p<0.01). A planned contrast 
analysis identified differences between controls and 
fellow eye of patients with mixed/strabismic amblyo-
pia, and patients with anisometropia and those with 
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mixed/strabismic amblyopia (all Helmert contrasts 
were significant at p<0.01). A greater increase of eye 
position variance of the amblyopic eye was seen during 
amblyopic eye viewing condition irrespective of the 
type of amblyopia (controls: 0.01° ± 0.06°, anisome-
tropic: 0.03° ± 0.10°, mixed/strabismic: 0.14° ± 0.58°; 
F=33.6, p<0.01). A planned contrast analysis identified 
differences between controls and amblyopic eye of 
anisometropic amblyopia (p=0.03) and controls and 
amblyopic eye of mixed/strabismic amblyopia 
(p<0.01) and anisometropic and mixed/strabismic 
amblyopia (p<0.01).  

A two-way between-subjects ANCOVA was car-
ried out to examine the effects of type and waveform 
on the eye position variance of the fellow eye obtained 
during fellow eye viewing condition. We found a sta-
tistically significant main effect of type (F=13.4, p 
<0.01) and waveform (F=16.7, p<0.01) on eye position 
variance of the fellow eye (F=65.8, p<0.01) whilst 
controlling for visual acuity and stereopsis. The covari-
ates acuity (F=9.3, p=0.02) and stereopsis (F=3.7, 
p=0.05) also had significant effects on the eye position 
variance of the fellow eye. A similar analysis was done 
for eye position variance of the amblyopic eye obtained 
during amblyopic eye viewing condition. There was a 
statistically significant main effect of the waveform 
(F=7.4, p<0.01) but not the type of amblyopia (F=2.6, 
p=0.1) whilst controlling for visual acuity and stereop-
sis. The covariates stereopsis  (F=24.0, p<0.01) but not 
the visual acuity of the amblyopic eye  (F=0.2, p=0.64) 
had significant effects on the eye position variance of 
the amblyopic eye.  
 

Eye velocity during inter-saccadic drifts 
and slow phase velocity 
      When comparing the eye velocity between groups 
of eye movement waveforms, the velocity was greater 
under both fellow eye viewing (controls: 0.63°/s ± 
0.66°/s, no nystagmus: 0.71°/s ± 0.71°/s, nystagmus no 
FMN: 0.68°/s ± 0.68°/s, FMN: 2.50°/s ± 3.50°/s; 
F=66.1, p<0.01) and amblyopic eye viewing (controls: 
0.76°/s ± 0.65°/s, no nystagmus: 1.03°/s ± 2.0°/s, nys-
tagmus no FMN: 1.20°/s ± 1.80°/s, FMN: 3.60°/s ± 
6.90°/s; F=53.0, p<0.01) of amblyopic patients (Figure 
5C). A planned contrast analysis identified differences 
during both fellow and amblyopic eye viewing condi-
tions between controls versus patients without nystag-
mus (p<0.01) and controls versus patients with FMN 
(p<0.01). Unlike the BCEA, differences were observed 
between patients without nystagmus versus those with 
nystagmus, and patients without nystagmus no FMN 
and patients with FMN during both fellow and ambly-

opic eye viewing conditions (all Helmert contrasts 
were significant at p<0.01).  
    When comparing the eye velocity between groups of 
type of amblyopia, the eye velocity of the fellow eye 
was greater in amblyopic patients during FEV com-
pared to controls irrespective of the type of amblyopia 
(controls: 0.63°/s ± 0.66°/s, anisometropic: 0.67°/s ± 
0.74°/s, mixed/strabismic: 1.50°/s ± 2.50°/s; F=85.4, 
p<0.01). A greater increase of eye velocity of the am-
blyopic eye was seen during amblyopic eye viewing 
condition irrespective of the type of amblyopia (con-
trols: 0.67°/s ± 0.65°/s, anisometropic: 0.84°/s ± 
1.06°/s, mixed/strabismic: 2.40°/s ± 5.30°/s; F=78.4, 
p<0.01). A planned contrast analysis did not identify 
any difference between controls and anisometropic 
amblyopia under fellow eye or amblyopic eye viewing 
condition (p=0.20). However, strabismic/mixed am-
blyopia patients had significantly higher eye velocity 
of the fellow and amblyopic eye of compared to con-
trols (both Helmert contrasts were significant at 
p<0.01).  

A two-way between-subjects ANCOVA was car-
ried out to examine the effects of type and waveform 
on the eye velocity of the fellow eye under fellow eye 
viewing condition while controlling for visual acuity 
and stereopsis. There was a statistically significant 
main effect of type (F=83.3, p<0.01) and waveform 
(F=165.3, p<0.01) on the velocity of the fellow eye. In 
addition, significant effects of the covariates, visual 
acuity (F=120.9, p<0.01) and stereopsis (F=4.1, 
p=0.04) on the velocity of the fellow eye were ob-
served. There was a statistically significant main effect 
of waveform (F=31.4, p<0.01) and type (F=3.2, 
p=0.07) on the velocity of the amblyopic eye while 
controlling for visual acuity and stereopsis. In addition, 
there was a significant effect of covariate stereopsis 
(F=58.2, p<0.01) but not the visual acuity (F=2.8, 
p=0.08) on the eye velocity of the amblyopic eye.  

 
Disconjugacy of Microsaccades and Quick 
Phases of Nystagmus  

We have shown that patients with medium and 
large angle strabismus have an increase in the discon-
jugacy of fixational saccades in patients without nys-
tagmus and quick phase of patients with nystagmus 
(Shaikh et al., 2016). In the current paper, we wanted 
to investigate the effects of presence of microstrabis-
mus, severity of amblyopia and binocular function 
deficits on binocular coordination of the fixation eye 
movements. Thus, we analyzed the disconjugacy (dif-
ference in amplitude of the two eyes) of the fixational 
saccades in patients without nystagmus and quick 
phases in patients with nystagmus (Figure 6).  
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Fig.6: Mean and standard deviation of disconjugacy of composite amplitude of fixational saccades in controls and 

patients without nystagmus, and quick phases in patients with nystagmus across eye movement waveforms during both 
eyes viewing (A), fellow eye viewing (B) and amblyopic eye viewing (C) conditions. Amblyopic patients have in-
creased disconjugacy under all viewing conditions.  
*=p<0.05, one way ANOVA 

 
Both eyes viewing  
We found an increase in the disconjugacy of ampli-

tude of fixational saccades in patients without nystag-
mus and quick phases in patients with nystagmus com-
pared to controls (controls: 0.09° ± 0.08°, no nystag-
mus: 0.12° ± 0.17°, nystagmus no FMN: 0.15° ± 0.17°, 
FMN: 0.11° ± 0.11°; F=7.8, p<0.01) during both eyes 
viewing conditions (Fig 6A). A planned contrast analy-
sis identified differences between controls and patients 
without nystagmus (p=0.01), controls and patients with 
nystagmus no FMN (p<0.01), and control and patients 
with FMN (p=0.02). No differences were seen between 
patients without nystagmus and patients with nystag-
mus (p=0.39). There was a difference with quick phas-
es of patients with FMN being more disconjugate com-
pared to patients with nystagmus without FMN 
(p=0.04). 

We also evaluated the disconjugacy as a function of 
type of amblyopia during both eyes viewing condi-
tions. The disconjugacy of fixational saccades and 
quick phases of nystagmus was greater in both aniso-
metropic and mixed/strabismic amblyopic patients 
compared to controls (controls: 0.09° ± 0.08°, aniso-
metropic amblyopia: 0.13° ± 0.21°, mixed/strabismic 
amblyopia: 0.12° ± 0.13°; F=10.1, p<0.01). A planned 
contrast analysis identified differences between con-
trols and patients with anisometropia (p=0.01) and 
controls and patients with mixed/strabismic amblyopia 
(p<0.01). No difference in disconjugacy was observed 
between anisometropic versus mixed/strabismic am-
blyopia in the fellow eye (p=0.95) and amblyopic eye 
(p=0.43). A two-way between-subjects ANCOVA was 

carried out to examine the effects of type and wave-
form on the disconjugacy obtained under both eyes 
viewing conditions while controlling for visual acuity 
and stereopsis. No statistically significant differences 
were seen between type (p=0.3) and waveform 
(p=0.06) on the disconjugacy.  

 
Fellow Eye Viewing  

      When comparing the composite disconjugacy dur-
ing fellow eye viewing condition (Fig 6B), the discon-
jugacy was greater in amblyopic patients across all eye 
movement waveforms compared to controls (controls: 
0.11° ± 0.10°, no nystagmus: 0.15° ± 0.23°, nystagmus 
no FMN: 0.14° ± 0.18°, FMN: 0.17° ± 0.26°; F=16.3, 
p<0.01). A planned contrast analysis identified differ-
ences between controls and patients without nystagmus 
(p<0.01), controls and patients with nystagmus no 
FMN (p<0.01) and controls versus patients with FMN 
(p<0.01). No differences were observed between pa-
tients without nystagmus versus those with nystagmus 
(p=0.70). Patients with FMN had greater disconjugacy 
during fellow eye viewing condition than patients with 
nystagmus no FMN.  
    When comparing the composite disconjugacy across 
type of amblyopia, the disconjugacy was greater for 
anisometropic and strabismic/mixed amblyopia pa-
tients compared to controls (controls: 0.11° ± 0.10°, 
anisometropic amblyopia: 0.13° ± 0.20°, 
mixed/strabismic amblyopia: 0.16° ± 0.24°; F=27.0, 
p<0.01). A planned contrast analysis identified differ-
ences between controls and anisometropic amblyopia 
(p=0.03), controls and mixed/strabismic amblyopia 
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(p<0.01) and anisometropic and mixed/strabismic 
amblyopia (p<0.01).  

A two-way between-subjects ANCOVA was car-
ried out to examine the effects of type and waveform 
on disconjugacy obtained during fellow eye viewing 
condition. There was a statistically significant effect of 
type of amblyopia (F=4.8, p=0.01) but not the wave-
form (F=1.7, p=0.17) while controlling for visual acui-
ty and stereopsis.  As predicted per our hypothesis, 
there was a significant effect of the covariate stereopsis 
(F=8.5, p<0.01) but not visual acuity of the fellow eye 
(F=0.5, p=0.46). 

 
Amblyopic Eye Viewing  

      When comparing the composite disconjugacy dur-
ing amblyopic eye viewing condition (Fig 6C), the 
disconjugacy was greater in amblyopic patients across 
all eye movement waveforms compared to controls 
(controls: 0.12° ± 0.12°, no nystagmus: 0.27° ± 0.39°, 
nystagmus no FMN: 0.29° ± 0.40°, FMN: 0.39° ± 
0.80°; F=68.3, p<0.01). A planned contrast analysis 
identified differences between controls and patients 
without nystagmus, controls and patients with nystag-
mus no FMN and controls versus patients with FMN. 
Significant differences were observed between patients 
without nystagmus versus those with nystagmus and 
patients with nystagmus with and without FMN 
(Helmert contrasts were significant at p<0.01). 
    When comparing the composite disconjugacy across 
type of amblyopia, the disconjugacy was greater for 
anisometropic and strabismic/mixed amblyopia pa-
tients compared to controls (controls: 0.12° ± 0.12°, 
anisometropia: 0.19° ± 0.32°, mixed/strabismic: 0.36° 
± 0.63°; F=98.2, p<0.01). A planned contrast analysis 
identified differences between controls and anisome-
tropic amblyopia, controls and mixed/strabismic am-

blyopia, and anisometropic and mixed/strabismic am-
blyopia (Helmert contrasts were significant at p<0.01).  

A two-way between-subjects ANCOVA was car-
ried out to examine the effects of type and waveform 
on disconjugacy obtained under amblyopic eye view-
ing condition. There was a statistically significant 
effect of waveform of fixation eye movements (F=5.6, 
p<0.01) and type of amblyopia (F=25.0, p<0.01) while 
controlling for visual acuity and stereopsis. In addition, 
the covariates, stereopsis (F=42.2, p<0.01) and visual 
acuity of the amblyopic eye (F=6.3, p=0.01) showed 
significant effects. 

 
Correlation between drift velocity and 

fixational saccade amplitude in controls and 
patients without nystagmus and quick and 
slow phase in patients with nystagmus 

A Spearman correlation was performed between 
drift velocity and subsequent fixational saccade ampli-
tude of the corresponding eye in patients without nys-
tagmus and slow phase followed by the subsequent 
quick phase in patients with nystagmus. The greatest 
correlation	 coefficient (Spearman’s rho) values were 
seen under AEV, followed by FEV and then BEV in 
patients with FMN followed by nystagmus no FMN. In 
patients without nystagmus, the correlation coefficients 
were greater during AEV and BEV and least during 
FEV. Nevertheless, in all amblyopes this correlation 
between slow and fast eye movements was quite ro-
bust.  A similar but much weaker correlation was also 
seen in control subjects (Table 3). We also explored a 
similar correlation as a function of type of amblyopia 
(Table 4). The strabismic amblyopes had greatest cor-
relation followed by mixed and then anisometropic 
amblyopia (Tables 4).  

 
Table 3: Correlation between inter-saccadic drift velocity/slow phase velocity and fixational saccade/quick phase nys-
tagmus amplitude respectively by eye movement waveform 
 Controls No nystagmus Nystagmus no FMN FMN 
Both eyes viewing 0.07, p=0.08 

(0.08, p=0.06) 
0.23, p<0.01 
(0.04, p=0.06) 

0.14, p=0.03 
(0.28, p<0.01) 

0.24, p<0.01 
(0.27, p<0.01) 

Fellow Eye viewing 0.08, p=0.06 
(0.04, p=0.3) 

0.12, p<0.01 
(0.12, p<0.01) 

0.28, p<0.01 
(0.19, p<0.01) 

0.80, p<0.01 
(0.82, p<0.01) 

Amblyopic Eye viewing 0.08, p=0.06 
(0.04, p=0.3) 

0.25, p<0.01 
(0.17, p<0.01) 

0.33, p<0.01 
(0.28, p<0.01) 

0.84, p<0.01 
(0.85, p<0.01) 

Both eyes viewing: top row: fellow eye, bottom row with parenthesis = amblyopic eye  
Fellow and Amblyopic eye viewing: top row: viewing eye, bottom row: non-viewing eye 
First value in each cell is the rho and second is the p value obtained by performing Spearman correlation.  
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Table 4: Correlation between inter-saccadic drift velocity/slow phase velocity and fixational saccade/quick phase nys-
tagmus amplitude respectively by type 
 Controls Anisometropic Mixed Strabismic 
Both eyes  
viewing 

0.07, p=0.08 
(0.08, p=0.06) 

0.10, p=0.09 
(0.06, p=0.33) 

0.15, p<0.01 
(0.15, p<0.01) 

0.26, p=0.01 
(0.17, p=0.02) 

Fellow Eye  
viewing 

0.08, p=0.06 
(0.04, p=0.30) 

0.10, p=0.01 
(0.07, p=0.06) 

0.36, p<0.01 
(0.34, p<0.01) 

0.72, p<0.01 
(0.79, p<0.01) 

Amblyopic Eye viewing 0.08, p=0.06 
(0.04, p=0.30) 

0.13, p<0.01 
(0.11, p=0.01) 

0.17, p<0.01 
(0.16, p<0.01) 

0.66, p<0.01 
(0.71, p<0.01) 

Both eyes viewing: top row: fellow eye, bottom row with parenthesis = amblyopic eye  
Fellow and Amblyopic eye viewing: top row: viewing eye, bottom row: non-viewing eye 
First value in each cell is the rho and second is the p value obtained by performing Spearman correlation.  

 
Discussion 

The purpose of this study was to study the fixation-
al instability in amblyopia patients using the waveform 
characteristics. We identified three fixation eye move-
ment waveforms 1) patients with no nystagmus 2) 
patients with fusion maldevelopment nystagmus 3) 
patients with nystagmus but without the signature ocu-
lomotor markers of fusion maldevelopment nystagmus 
namely nasally directed slow phase under monocular 
viewing conditions and lack of reversal of direction of 
quick phase depending on the viewing eye. Our long-
term goal is to identify biomarkers that can be used for 
screening as well as help predict treatment effective-
ness and prognosis in amblyopia.  

 
BCEA as a measure of fixation stability: 
BCEA has been increasingly used as a measure of 

fixational stability in amblyopic patients (Chung et al., 
2015; Gonzalez et al., 2012; Shaikh et al., 2016; 
Subramanian et al., 2013). In accordance with these 
previous studies, we also found that the BCEA meas-
ure reflects the fixation instability in amblyopic pa-
tients and accurately differentiates them from control 
subjects. However, BCEA takes into account all eye 
movements measured during the fixation period. We 
found that despite having nystagmus, the BCEA values 
were comparable or better during fellow eye viewing 
condition in patients with nystagmus versus those 
without nystagmus. This could be because the stereo-
typed, back-and-forth eye movements seen in nystag-
mus produces less overall scatter and results in a lower 
BCEA value. In other words, BCEA alone may un-
derrepresent fixational instability in patients with nys-
tagmus or FMN. We also found that BCEA measures 
were not able to identify differences across clinical 
amblyopia types, similar to prior reports (Subramanian 
et al., 2013). We computed vergence BCEA values 
(right eye position minus left eye position) obtained 
under both eyes viewing condition and found it to be 
greater in amblyopic patients compared to controls. 

However, similar to regular BCEA, vergence BCEA 
did not identify differences across eye movement 
waveforms or the clinical type of amblyopia. Thus, this 
highlights the importance of systematic evaluation of 
the waveforms of eye movements to precisely charac-
terize the fixational instability in amblyopia patients.  

We did not find any correlation between regular 
and vergence BCEA and visual acuity of the amblyopic 
eye. It is known that amblyopic patients without nys-
tagmus have reduced microsaccade frequency with 
increased amplitude of fixational saccades, which cor-
relates with the severity of amblyopia (Shaikh et al., 
2016; Shi et al., 2012). We have also found increased 
eye position variance and eye velocities during inter-
saccadic drifts, which are most pronounced in patients 
with strabismus with poor stereopsis and severe am-
blyopia patients (Ghasia et al., 2017; Shaikh et al., 
2016). We have also found that amblyopic and stra-
bismic patients with FMN have increased slow phase 
velocities compared to the inter-saccadic drifts in pa-
tients without nystagmus (Chen et al., 2018; Ghasia et 
al., 2017). BCEA does not differentiate and quantify 
fixational saccade and quick phase amplitudes and 
inter-saccadic drifts and slow phase velocities. BCEA 
also does not take into account the velocities of the 
eyes during fixation, an important parameter that can 
have effects on visual functions (Chen et al., 2018). 
Thus, it is important to study eye movement parame-
ters such as amplitude of fast eye movements (fixation-
al saccades and quick phases) and slow eye movements 
(eye position variance and eye velocities of inter-
saccadic drifts and slow phase of nystagmus). Thus, to 
better understand the impact of type of amblyopia and 
presence of nystagmus on fixation stability, it is im-
portant to categorize fixational eye movements in am-
blyopia patients based on waveform, and parse the data 
into fast and slow eye movements. 
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Fixational eye movements in the fellow 
and amblyopic eye during fellow, amblyopic 
and both eyes viewing conditions 

We found that BCEA values are significantly 
greater in amblyopic patients compared to healthy 
controls under both eyes, fellow eye viewing and am-
blyopic eye viewing conditions. The instability as 
quantified by the BCEA measures were greater in the 
amblyopic eye compared to the fellow eye. This insta-
bility could arise due to an increase in the amplitude of 
fast eye movements and increase in the eye position 
variance and eye velocities during slow eye move-
ments. Thus, as expected we found an increase in the 
amplitude of the fixational saccades and quick phases 
in both the fellow and amblyopic eye during fellow and 
amblyopic eye viewing conditions. We found a similar 
increase in the eye position variance and eye velocities 
of both the fellow and amblyopic eye compared to 
controls.  

The fixation stability was better under both eyes 
viewing condition than monocular viewing conditions 
in normal subjects as measured by BCEA. This was 
also reflected by smaller fixational saccade/quick phase 
amplitude and disconjugacy and smaller eye position 
variance and lower drift velocity. These findings are 
consistent with previous studies that have shown that 
fixational stability is better under binocular viewing 
conditions than monocular (Gonzalez et al., 2012; 
Otero-Millan, Macknik, et al., 2014). Fixation instabil-
ity has been reported under binocular viewing condi-
tions in the amblyopic eye of anisometropic and stra-
bismic amblyopia patients (Kelly et al., 2018). We 
found that the composite amplitude, eye position vari-
ance and eye velocities were greater in both the fellow 
and amblyopic eye compared to controls during both 
eyes viewing condition.  

Besides these parameters, we also looked at the 
disconjugacy of fixational saccades in controls and 
patients without nystagmus and the quick phases of 
patients with nystagmus, defined as the absolute differ-
ence in composite amplitude between the two eyes. 
Earlier studies of microsaccades in normal subjects 
have showed them to be highly correlated, with discon-
jugacy in amplitude acting to correct disparities and 
reduce errors over time (Engbert & Kliegl, 2004; 
Moller, Laursen, & Sjolie, 2006; Moller, Laursen, 
Tygesen, & Sjolie, 2002). We hypothesized that coor-
dination of binocular vision is disrupted in amblyopia, 
which will then lead to greater disconjugacy, and that 
disconjugacy of fast eye movements is a reflection of 
fixational instability under binocular viewing condi-
tions in amblyopic patients. It would also suggest that 

the vergence is unstable in amblyopic patients and that 
the disconjugacy could be a measure of a microstra-
bismus as some studies have shown (Lysons & Tapley, 
2018). We found that, unsurprisingly, disconjugacy is 
increased in amblyopia, in both monocular and binocu-
lar eye viewing conditions with the greatest increase 
under amblyopic eye viewing condition. Thus, we have 
found several eye movement abnormalities in the fel-
low and amblyopic eye evident under both eyes view-
ing condition that could contribute to difficulties with 
reading and visuomotor task performance as has been 
reported in amblyopia patients (Birch et al., 2018; 
Grant, Suttle, Melmoth, Conway, & Sloper, 2014).   

 
Fixational Eye Movements as a function of 

waveform and type of amblyopia 
BCEA measures did not accurately distinguish pa-

tients with nystagmus from those without nystagmus. It 
also does not categorize patients based on the type of 
amblyopia. We found that the composite amplitude of 
fixational saccades and quick phases were greater in 
amblyopic patients. This increase in amplitude corre-
sponds to the eye movement waveforms, with the 
greatest increase in FMN patients during fellow and 
amblyopic eye viewing conditions. We also found an 
increase in eye position variance and eye velocity in 
amblyopic patients, with the highest values in FMN 
patients. This is expected, as there is an increase in the 
nystagmus under monocular viewing conditions in 
FMN patients. On the other hand, the increase in am-
plitude was similar in the fellow and amblyopic eye of 
patients with and without nystagmus during both eyes 
viewing condition. This is likely due to a combination 
of increased amplitude of fixational saccades in am-
blyopic patients without nystagmus in conjunction with 
reduced nystagmus intensity in FMN patients under 
binocular viewing conditions. We also found a greater 
increase in the eye position variance and eye velocities 
in the amblyopic eye of patients with and without nys-
tagmus compared to the fellow eye under both eyes 
viewing and monocular viewing conditions. Again, the 
increase in these parameters was greatest in FMN pa-
tients.  

We also evaluated these parameters as a function of 
clinical type of amblyopia across all three viewing 
conditions. During both eyes viewing conditions, there 
was a similar increase in the amplitude of both the 
fellow and amblyopic eye of patients with anisome-
tropic and mixed/strabismic amblyopia compared to 
controls. On the other hand, during fellow and ambly-
opic eye viewing condition, there was a greater in-
crease in the amplitude of fellow and amblyopic eye of 
patients with mixed/strabismic amblyopia compared to 
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anisometropic amblyopia. A similar trend was seen in 
the eye position variance and eye velocity increase 
under both eyes viewing and monocular viewing con-
ditions. This suggests that presence of strabismus has 
greater deleterious effects on fixation stability during 
monocular viewing conditions irrespective of the eye 
movement waveform. We also found an increase in 
disconjugacy in patients with mixed/strabismic ambly-
opia compared to controls. This is expected as it has 
been shown previously that the presence of strabismus 
results in increased disconjugacy of fixational sac-
cades/quick phases of nystagmus (Ghasia et al., 2017; 
Upadhyaya et al., 2017). We also found that anisome-
tropic amblyopia patients had increased disconjugacy 
during both eyes viewing, fellow and amblyopic eye 
viewing conditions. Since they had greater disconjuga-
cy compared to controls, this could possibly represent a 
microstrabismus. This suggests that the three different 
types of amblyopia are a spectrum rather than distinct 
categories. Alternatively, amblyopia alone, strabismus 
alone or both amblyopia and strabismus can disrupt the 
binocular co-ordination of fixational eye movements 
resulting in the increase in disconjugacy. In the future, 
a larger cohort of patients will allow us to independent-
ly analyze the effects of eye movement waveforms 
within each clinical subtype of amblyopia as well as 
delineate the effects of severity of amblyopia on the 
disconjugacy of fixational eye movements.   

We also evaluated the disconjugacy of fast eye 
movements in patients separated by eye movement 
waveforms. We found that patients with nystagmus 
without FMN had the greatest disconjugacy under 
binocular viewing conditions compared to FMN pa-
tients. On the other hand, under monocular viewing 
conditions, the disconjugacy was greatest in patients 
with FMN. One potential explanation for this increased 
disconjugacy in patients without FMN is that mi-
crosaccades/fixational saccades are acting as a correc-
tive measure for inter-saccadic drifts. Early studies of 
drifts suggested that, like microsaccades, they correct-
ed fixational disparity (St Cyr & Fender, 1969; Stein-
man, Cunitz, Timberlake, & Herman, 1967). Thus, in 
normal vision, both microsaccades and drifts work to 
correct binocular disparities and maintain visual fusion. 
However, whereas microsaccades are so brief that they 
are not controlled with visual feedback (Otero-Millan, 
Troncoso, Macknik, Serrano-Pedraza, & Martinez-
Conde, 2008), drifts depend on visual feedback for 
control. Because of this, it follows that regulation of 
drifts would be impaired in amblyopia where visual 
acuity is affected. Thus, the next question is whether 
these fixational saccades/quick phases are acting as a 
corrective measure for increased drift velocity. As 

outlined above, we found that patients with FMN and 
strabismus had higher drift velocities and greater in-
crease in the microsaccade or quick phase amplitude. 
When we looked at the correlation between drift veloc-
ity and amplitude of the subsequent microsac-
cade/quick phase, we found that whereas there was 
almost no correlation in controls, there was a strong 
correlation for those subjects with FMN and strabis-
mus. This supports our proposition that increased quick 
phase amplitude of nystagmus in amblyopes acts as a 
corrective measure for the increased slow phase drift 
velocity. This correlation was less marked in amblyop-
ic patients with no nystagmus, suggesting that the in-
creased amplitude and increased inter-saccadic drift are 
both secondary to amblyopia as opposed to the fixa-
tional saccades serving as a compensatory mechanism 
for the increased drift (Shaikh et al., 2016). This is 
further supported by the fact that the increase in ampli-
tude was seen primarily under amblyopic eye viewing 
conditions in conjunction with increased disconjugacy 
of the fixational saccades.  

 
Effects of visual acuity and stereopsis on 

fixational eye movements 
It remains controversial what role visual acuity 

plays in contributing to fixational instability. A recent 
study of fixational eye movements in amblyopes found 
that reducing the visual acuity of the fellow eye to 
match that of the amblyopic eye did not result in a loss 
of fixational stability, as measured by BCEA 
(Raveendran, Bobier, & Thompson, 2018). These find-
ings seem to suggest that reduced visual acuity is not 
responsible for a reduction in fixational stability. In the 
same study they reported that the higher BCEA values 
are related with worse visual acuity of the amblyopic 
eye. Subramanian et al. have found that visual acuity is 
correlated with worse BCEA in patients with strabis-
mic but not anisometropic amblyopia (Subramanian et 
al., 2013). They also found that the fixation instability 
under binocular viewing condition as measured by 
vergence BCEA is related to stereopsis but not visual 
acuity. To date, very few studies have examined fixa-
tional saccades in amblyopia patients (Chung et al., 
2015; Gonzalez et al., 2012; Raveendran et al., 2018). 
Gonzalez et al. did not find any correlation between 
microsaccade amplitude and severity of amblyopia. 
However, they had only mild to moderate amblyopia 
patients in their cohort. On the other hand, multiple 
studies have shown that fixational saccade amplitude 
correlates with severity of amblyopia. Only one study 
to date has analyzed drifts in amblyopia patients and 
found that the drifts correlated with severity of ambly-
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opia. They did not separate patients with nystagmus 
from those without nystagmus, a distinction that is 
necessary as outlined by our current paper. In addition, 
they measured the eye movements using a scanning 
laser ophthalmoscope and reported very high frequen-
cies of fixational saccades (4-5 Hz). The authors have 
speculated that subtle head motion during the experi-
ments could account for the increased frequency and 
possibly can also result in accurate drift assessments 
(Chung et al., 2015).  

We evaluated fixational eye movement in subjects 
with corrected and uncorrected refractive errors and 
found a systematic increase in the amplitude of fixa-
tional saccades in the uncorrected state that correlated 
with the magnitude of the refractive error (Ghasia & 
Shaikh, 2015). We have also previously shown that the 
increase in fixational saccade amplitude correlates with 
severity of amblyopia. In the current paper, we found 
that both visual acuity of the amblyopic eye and stere-
opsis had effects on composite amplitude of fast eye 
movements of fellow and amblyopic eye under both 
eye viewing and amblyopic eye viewing conditions. 
Acuity of the amblyopic eye had a significant effect on 
eye position variance and stereopsis had a significant 
effect on eye velocity of the amblyopic eye under both 
eyes viewing condition. During fellow eye viewing, 
both fellow eye acuity and stereopsis had a significant 
effect on eye position variance and eye velocity of the 
fellow eye. On the other hand, under amblyopic eye 
viewing, stereopsis but not visual acuity of the ambly-
opic eye had effects on the eye velocity of the ambly-
opic eye. For disconjugacy, no effects of stereopsis or 
acuity of the amblyopic eye were seen when taking 
into account both the waveform and type of amblyopia. 
On the other hand, during fellow eye viewing, stereop-
sis but not the visual acuity of the fellow eye had an 
effect on disconjugacy, and during amblyopic eye 
viewing both stereopsis and visual acuity of the ambly-

opic eye had effects on the disconjugacy. These results 
suggest that amplitude of fast eye movements can 
reliably predict the severity of amblyopia. The pres-
ence of increased eye velocities of slow eye move-
ments of the amblyopic eye can be used as a marker of 
stereopsis function.  

 
Conclusions 

The findings from our current study highlight the 
need to characterize the fixational eye movements in 
amblyopia patients by their waveforms. This approach 
has allowed us to identify specific eye movement bi-
omarkers that better predict the type and severity of 
amblyopia and are reflective of the measures of both 
visual acuity and stereopsis. Future studies would focus 
on using these eye movement waveforms and fast and 
slow fixational eye movements to assess visuomotor 
function deficits seen in amblyopia children. These 
parameters can also be used to predict prognosis of 
monocular and binocular amblyopia treatment. 
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