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Abstract

Objective: This study was performed to establish a quantitative evaluation and comparison of
fixation stability, as measured by an eye tracker, using image-based areas determined by the
bivariate contour ellipse area (BCEA), kernel density estimation (KDE), and Scanpath methods.
Methods: This prospective cross-sectional study included 45 and 20 participants with abnormal
and normal phoria, respectively. Eye movements were recorded using a remote eye tracker and
were plotted using RStudio software. Image-based areas were evaluated using Image) software.
Results: The image-based areas used to evaluate fixation stability exhibited decreasing stability in
the abnormal phoria group in the following order: KDE with 41 standard deviation (SD), BCEA
with =1 SD, KDE with +2 SD or Scanpath, and BCEA with £2 SD. The BCEA tended to be
overestimated, and the KDE tended to be underestimated at high density. The Scanpath method
had a very high probability area because the area spans all gaze points.

Conclusions: Fixation stability could be quantified as image-based areas by the KDE, BCEA, and
Scanpath methods. Our findings suggest that fixation stability may be evaluated using one or more
methods.
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Introduction

Fixation stability evaluates the ability of the
eyes to maintain steady fixation on a target.
Fixation disorders can indicate organic or
functional anomalies, such as nystagmus,
strabismus, amblyopia, cataract, glaucoma,
maculopathy, and ocular myasthenia
gravis.' > Clinical evaluation of fixation sta-
bility may involve direct observations by
clinicians and the objective recording of
eye movements using electrooculographic
instruments, such as the Readalyzer and
Visagraph I1.7 The use of an eye tracker
to evaluate visual functions, including eye
fixation and movements, is increasing.
Modern eye-tracking systems can measure
fixation stability during binocular viewing
under natural viewing conditions and can
be worn with spectacles or contact lenses.®’

The quantification of fixation stability
using an eye tracker can be performed
using several methods: standard deviation
(SD) of eye gaze positions from the mean
eye gaze;'® mean Euclidean distance, which
is a measure of the central dispersion of fix-
ation positions around the mean position of
gaze points;'! bivariate contour ellipse area
(BCEA) of horizontal and vertical compo-
nents;'>'? and kernel density estimation
(KDE) of the probability density func-
tion.'*!> The BCEA is considered the gold
standard measure of fixation stability.'® As
per previous studies, although the BCEA is
the most commonly used metric, the KDE
describes fixation more fully than the
BCEA in macular disease.'> Euclidean dis-
tance, based on sequential fixation loca-
tions, 1s better than the BCEA for
evaluating fixation stability in glaucoma.'’
Fixation instability can also be a useful tool
for mass screening children to diagnose
strabismus in the absence of amblyopia
and latent nystagmus.'®

In studies, comparisons between current
tools using methods such as the BCEA and
KDE might be inadequate to evaluate and

characterize fixation patterns because of the
varying conditions used to diagnose and
evaluate organic or functional anomalies.
In addition, it is expected that the fixation
stability determined by Scanpaths (capital-
ized for clarity as the name of a method)
related to the gaze path can be evaluated
by areas. The Scanpath method is shown
as the sequence of positions and connecting
lines for gaze points and evaluated as the
area surrounded by them.

The purpose of our study was to quanti-
fy fixation stability according to image-
based areas using the BCEA, KDE, and
Scanpath methods, with the help of an eye
tracker, in patients with abnormal phoria
and to compare the characteristics among
methods.

Materials and methods

Participants

This was a prospective cross-sectional
study. The minimum required sample size
was estimated using G*Power version
3.1 software (Heinrich-Heine-Universitit
Diisseldorf, Diisseldorf, Germany). The
required sample size was calculated using
a power analysis by applying the criteria
for classifying normal (mean=3A, prism
diopter; range=0 to 6A exophoria) and
abnormal phoria (more than 7 A exophoria)
and the SD (£5A) at near. The effect size, o
error, power (1— beta), and allocation ratio
were 0.8, 0.05, 0.80, and 2, respectively. The
required sample size was 19 and 39 partic-
ipants with normal and abnormal phoria,
respectively, for an independent samples
t-test. However, in this study, 65 partici-
pants (29 women and 36 men; 55% male)
between the ages of 19 and 26 years (mean
21.5+ 1.9 years) were selectively recruited
among college students with visual com-
plaints and symptoms and those who
arrived for a periodic eye examination at
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the Department of Optometry, Kangwon
National University.

Twenty participants (9 women and
11 men) and 45 participants (20 women
and 25 men) had normal and abnormal
phoria, respectively. All participant details
were de-identified. The inclusion criteria
were normal and abnormal phoria where
binocular viewing was possible and the
absence of strabismus and amblyopia.
Participants with a history of prior surgery
or strabismus were also included if they
exhibited temporary binocular vision, such
as an intermittent or alternating tropia
(if not constant strabismus). The included
participants had habitual visual acuity
ranging from 0.15 logMAR (0.7 decimal)
to —0.08 logMAR (1.2 decimal). Patients
who exhibited strabismus and in whom bin-
ocular viewing was not possible were
excluded. Written consent was obtained
after a verbal explanation of the nature of
the research. This study was approved by the
Institutional Review Board of Kangwon
National University, Chuncheon, Korea
(Approval No. KWNUIRB-2018-10-002-
002; date of approval, 21 Jan 2020) and
was performed in accordance with
the tenets of the Declaration of Helsinki.

This prospective study complies with
the Strengthening the Reporting of
Observational Studies in Epidemiology

(STROBE) Statement guidelines. '’
Participants with good ocular health and
those not taking ocular medications under-
went the following preliminary examina-
tions: evaluation of habitual corrected or
uncorrected visual acuity, refractive power
for the ophthalmic lenses of habitual spec-
tacles, and inter-pupillary distance. The test
for phoria was performed using prism bars
at near (40 cm) and distance (6 m). Negative
and positive values for phoria indicated
exophoria and esophoria, respectively. The
normal criteria for distance and near phoria
are 1 exophoria £1A and 3 exophoria
+3 A, respectively.?’ The calculated

accommodative convergence to accommo-
dation (AC/A) ratio was the sum of the
inter-pupillary distance (cm) and the differ-
ence between the near and distance phoria
divided by 2.50 diopters (D).

All participants were classified into
abnormal and normal phoria groups on
the basis of their phoria at near and dis-
tance and the AC/A ratio according to
Scheiman and Wick’s study.?!

Measurement of fixation stability using
an eye tracker

According to a procedure described in our
previous study,”? eye movements were
recorded using the Clinical Eye Tracker
system (Version 18.04, Thomson Software
Solutions, Hatfield, UK) equipped with a
non-invasive and measurable remote eye
tracker. This eye tracking system recorded
horizontal (x-axis) and vertical (y-axis) gaze
positions with a frequency of 70 Hz. The
distance between the display (27 inches,
1920 x 1080 pixels, 100cd/m?) and the
eyes was 550mm. The participants were
instructed to place their chin in the chin
rest and forehead against the forehead rest
to avoid head movements during fixation
stability evaluation. The central fixation
target was a red dot 3.7mm in diameter
(12 pixels, 0.38 degrees (deg)) correspond-
ing to a visual acuity of 0.66 logMAR
(0.22 decimal).

The gaze positions for a participant were
selected at random and measured for 15s
during binocular viewing of the target
under normal room illumination. The mea-
surement value after two simulations for
each participant was recorded without
using the average value of repeated meas-
urements. The binocular gaze position was
calculated from the mean gaze position of
the right and left eyes. Recorded data were
exported in an Excel file, and data for anal-
ysis were collected for 10s, from 1s to 11s
after the start. Blinks were detected by the
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Clinical Eye Tracker, and any data with
blinks were excluded from the analysis.
The collected data were transformed into
a Cartesian coordinate (X, y) system so
that the center of the display corresponded
to the zero point. In this study, pixel units
were converted to deg units using a conver-
sion factor of 0.032 deg/pixel as needed.?

Experimental protocol

The differences observed in the fixation sta-
bility between the abnormal and normal
phoria groups were measured for each

method. In the absence of differences, the
fixation stability for each method in the
abnormal phoria group, which had more
clinical signs and symptoms, was compared
with that in the normal phoria group. As
shown in Figure 1, the experimental proce-
dures for fixation stability comparison
between the abnormal and normal phoria
(control) group and for comparisons
among methods using image-based areas
were as follows: calculation of the BCEA
using the formula (calculated BCEA,
CalBCEA), plotting of images obtained by
each method wusing RStudio software

Abnormal phorias
n=

Normal phorias
n=20

l

!

Measurement of fixation stability
Using an eye tracker

!

!

Calculating BCEA (CalBCEA)

Difference
between both CalBCEAs

Not exist

Exist

Processing image-
based data for
abnormal phoria
Method: BCEA, KDE,
Scanpath

Processing image-
based data for normal
and abnormal phoria
Method: BCEA, KDE,
Scanpath

Difference
between CalBCEA and BCEA

Not processing
image-based data

Not exist

Comaprisons of image-based areas
among BCEA, KDE, and Scanpath

Finding out the

BCEA: bivariate contour ellipse area
KDE: kernel density estimation
Scanpath: gazing route with a certain timespan

differences
among methods

Figure |. Flow chart for the comparison of fixation stability by image-based areas.
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(version 1.3.1093; RStudio, Boston, MA,
USA),>* and measuring the image-based
areas using Image] software (version
1.52a; NIH, Bethesda, MD, USA).»
Thus, the fixation stability was evaluated
not only by the CalBCEA but also by the
BCEA, KDE, and Scanpath methods using
image-based areas.

The BCEA encompasses a given propor-
tion of all fixation points and is calculated
using a formula relating the SD (o, and o),
correlation (p), and probability area (k)
over the horizontal and vertical positions
of given points as follows (Eq. 1):

BCEA = 2knonoy(1 — p»)'? (1)

Mathematically, the basic concept for
KDE is derived from a univariate distribu-
tion with a density function at any given
point (X1,X»,...,X,). It consists of a kernel
function (K) as the probability density and
a bandwidth (h) as a smoothing parameter
as follows (Eq. 2):

=gk () e

Using the CalBCEA, the fixation stabil-
ity was calculated using Eq. 1."* In this
equation, o, and o, are the SDs of the
gaze points in the horizontal (x-axis) and
vertical positions (y-axis), respectively; p is
the product-moment correlation of the two
positional components; and k is dependent
upon the probability area chosen (P) (Eq. 3).

P=1-¢F (3)

In Eq. 3, e is the base of the natural log-
arithm. Therefore, k is 1.146 for a probabil-
ity of 68.2%, corresponding to +1 SD,
and is 3.079 for a probability of 95.4%,

corresponding to +2 SD. A smaller BCEA
indicates better fixation stability. Log trans-
formed data were used to perform paramet-
ric statistical analyses. The BCEA obtained
with the image-based area was compared
with the CalBCEA to evaluate their
agreement.

The fixation stability of the image-based
areas determined by the BCEA, KDE, and
Scanpath methods (Figure 2) was plotted
using RStudio software and evaluated
using ImageJ software. The calculation of
areas by ImageJ software was performed as
follows: (1) images obtained by each
method were plotted without gaze points
using RStudio software and transferred to
Imagel] software; (2) images were traced
using a tracing tool and measured on hori-
zontal and vertical scales (pixels); (3) a pixel
aspect ratio and a scale were set for the
images, and the area was analyzed. Areas
with pixels were converted to areas with
deg units using a conversion factor of
0.032 deg/pixel.

KDE is a method used to visualize the
probability density function for gaze points
of fixation," while the Scanpath, as a new
method applied in this study, is an area
enclosed by the gaze path for a particular
timespan.

Statistical analysis

There were no missing data for any partic-
ipants. All data were collected and statisti-
cally analyzed using MedCalc software
(Version 12.7.7.0; MedCalc Software,
Mariakerke, Belgium). The Kolmogorov—
Smirnov test was used to assess normality.
An independent samples t-test was used
to compare the mean values of the abnor-
mal and normal phoria groups. A paired
t-test was performed for comparisons
between two methods in the same group.
Repeated-measures analysis of variance
(ANOVA) followed by Bonferroni’s
post-hoc  test was performed for
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Figure 2. Examples of several fixation stabilities according to image-based area. In this study, the factor
used to convert from pixels to angles was 0.032. (a) Bivariate contour ellipse area (BCEA) with 68.2% for the
inner ellipse and 95.4% for the outer ellipse. (b) Kernel density estimation (KDE) for 68.2%. (c) KDE for
95.4% and (d) Scanpath. Each fixation stability was evaluated as an area using Image) software.

comparisons among methods used to deter-
mine image-based areas in abnormal phoria.
The reliability and agreement between meth-
ods were evaluated using a Bland—Altman
analysis. Pearson’s correlation coefficient
and regression lines were used to evaluate
the degree and strength of associations
between methods used to determine image-
based areas. A p-value less than 0.05 was
considered statistically significant.

Results

Differences in demographic and clinical
characteristics

Regarding the demographic and clinical
characteristics of participants as shown in
Table 1, no significant differences in mean
values were observed between the abnormal
(n=45) and normal phoria (n=20) groups,

except in distance phoria, near phoria, and
ages. Furthermore, unlike the normal
phoria group, the abnormal phoria group
had symptoms and signs of near binocular
anomalies, including convergence insuffi-
ciency (n=24), convergence excess (n=9),
basic exophoria, and esophoria (n=8 and
4, respectively).

Comparisons between BCEAs in
phoria groups

Evaluation of the fixation stability using an
image-based area can be applied to the
forms plotted by various measurement
methods, especially Scanpaths, which
cannot be performed by calculation meth-
ods. To verify the possibility of the applica-
tion of image-based areas for evaluation
of fixation stability, we investigated
whether any difference existed between
the CalBCEA and the BCEA using
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Table |I. Demographic and clinical characteristics of participants.

Abnormal phoria Normal phoria

Parameter (n=45) (n=20) p-value
Sex (male/female, n) 25/20 1/9
Age (years) 21.93£1.98 20.65 £ 1.27 te3=—2.658, 0.010
Visual acuity (logMAR)
Right eye 0.02 +0.04 0.03 +0.06 te3=1.250, 0.216
Left eye 0.01 £0.04 0.02+0.05 te3 =0.236, 0.814
Optical correction (diopters)
Spherical equivalent for right eye —4.54+2.55 —4.39+£297 tyg=0.174, 0.863
Spherical equivalent for left eye —4.16+:2.78 —455+2.11 ty7=—0.453, 0.653
Phoria (prism diopters)
Distance —3.44+5.00 —0.854+0.81 te3 =2.296, 0.025
Near —8.73£5.53 —3.60+£2.33 te3 =2.368, 0.021
Calculated AC/A 426+2.19 5.244+0.99 tez3=1.911, 0.061

Data are presented as the mean =+ standard deviation and the number of participants.
Minus and plus signs for phoria indicate exophoria and esophoria, respectively.
Calculated accommodative convergence to accommodation (calculated AC/A).

The p-values were determined using an independent samples t-test.

Table 2. Fixation stability based on the calculated bivariate contour ellipse area in the two phoria groups.

Abnormal phoria (n=45) Normal phoria (n =20)

Mean + SD (95% Cl), deg’

CalBCEAISD 0.69 £0.56 (0.52-0.86) 0.67 £0.38 (0.39-1.06)
CalBCEA2SD 1.86 4+ 1.50 (1.41-2.31) 1.80 4 1.02 (1.05-2.83)
Mean + SD (95% Cl), log deg®

CalBCEAISD —0.284+0.31 (—0.37 to —0.18) —0.254+0.27 (—0.41 to 0.02)
CalBCEA2SD 0.15+0.31 (0.06-0.25) 0.18 +0.27 (0.02-0.45)
Independent CalBCEAISD between groups: t=—0.35 (p =0.729)

samples t-test CalBCEA2SD between groups: t=—0.34 (p =0.738)

CalBCEAISD and CalBCEA2SD = calculated BCEA for £1 SD (68.2%) and +2 SD (95.4%), SD = standard deviation,
Cl = confidence interval, BCEA = bivariate contour ellipse area.

image-based areas from the two groups.
First, we compared the fixation stability
between the two groups and then evaluated
the interchangeability of the CalBCEA
and BCEA.

The means and deviations of CalBCEAs
for the abnormal and normal phoria groups
are shown in Table 2. The mean values of
the abnormal and normal groups were
—0.28 log deg” (0.69 deg®) and —0.25 log
deg® (0.67 deg®) for +1 SD (68.2%) as
expressed by the CalBCEAISD and 0.15

log deg® (1.86 deg®) and 0.18 log deg’
(1.80 deg?) for +2 SD (95.4%) as indicated
by the CalBCEA2SD. There were no signif-
icant differences in the CalBCEA1SD or
CalBCEA2SD between the two groups.
Comparison of the CalBCEA and BCEA
in the abnormal phoria group, which
showed a larger degree of phoria than the
control group, yielded the following results.
A paired t-test showed no significant differ-
ence between CalBCEA1SD (—0.28 +0.31
log deg?) and BCEA1SD (—0.28 £0.31 log
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deg?) and between the CalBCE2SD (0.15 +
0.31 log deg?) and BCEA2SD (0.15+0.32
log deg®) (t=1.50, p=0.141 for+1 SD;
t=0.58, p=0.568 for+2 SD). Pearson’s
correlation  coefficient  between  the
CalBCEAISD and BCEAISD and that
between the CalBCEA2SD and BCEA2SD
indicated strong positive correlations of
0.999 (p<0.0001) and 0.997 (p <0.0001),
respectively.

The agreement between the CalBCEA
and BCEA is shown in Figure 3 as
Bland-Altman plots. The CalBCEA1SD
vs BCEAISD and CalBCEA2SD vs
BCEA2SD showed mean differences of
0.003 and 0.002 log deg?, respectively, indi-
cating a very small systematic error, and the
95% limits of agreement were —0.02 to 0.03
and —0.05 to 0.05, respectively, indicating a
small range of error that may be clinically
acceptable. Hence, the CalBCEA and
BCEA with 1 SD and 2 SD highly agree
and can be used interchangeably.

Comparisons between methods in the
abnormal phoria group

Comparisons between methods to deter-
mine fixation stability using image-based

areas in the abnormal phoria group are
shown in Table 3.

The comparative results of methods to
determine image-based areas in the abnor-
mal phoria group are shown in Table 4. The
means (95% CI for mean) after log;, trans-
formation were —0.28 log deg® (—0.37 to
—0.18) for BCEAISD, —0.54 log deg’
(—=0.63 to —0.45) for KDEISD, 0.15 log
deg® (0.06-0.25) for BCEA2SD, 0.04 log
deg® (—0.06 to 0.13) for KDE2SD, and
0.05 log deg® (—0.05 to 0.16) for
Scanpath. Repeated measures ANOVA
indicated that the differences among the
image-based areas (log deg”) were signifi-
cant (F=228.68, p<0.001). Post-hoc tests
with Bonferroni corrections indicated that
differences of —0.26 log deg® between
KDEISD and BCEAISD, —0.12 log deg’
between KDE2SD and BCEA2SD, and
—0.10 log deg® between Scanpath and
BCEA2SD were significant (p <0.001 for
all). The difference of —0.02 log deg?
between Scanpath and KDE2SD was not
significant. According to the results, the
image-based areas, indicating the size of fix-
ation, increased in the following order:
KDEISD, BCEAISD, KDE2SD or
Scanpath, and BCEA2SD.
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Figure 3. Comparisons of the calculated bivariate contour ellipse area (CalBCEA) and bivariate contour
ellipse area (BCEA) in participants with abnormal phoria. The dotted lines represent the mean CalBCEA and
BCEA with the upper and lower 95% limits of agreement (mean difference £1.96 x standard deviation (SD)
of the difference). (a) CalBCEAISD and BCEAISD +1 SD and (b) CalBCEA2SD and BCEA2SD +2 SD.
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Table 3. Comparisons among the different methods.

Difference (deg?) Positive value (n)

Negative value (n) Equal value (n)

BCEAISD - KDEISD 41
BCEA2SD - KDE2SD 41
BCEA2SD — Scanpath 35
KDE2SD — Scanpath 22

N O »h W

3

BCEAISD and BCEA2SD = image-based bivariate contour ellipse area for £ | standard deviation (SD) and +2 SD,
KDEISD and KDE2SD = image-based area determined by kernel density estimation for =1 SD and 42 SD.

Table 4. Comparisons among various methods to determine image-based areas.

Mean£SD  (95% Cl), deg> Mean+SD 1z (95% Cl), log deg”> F, p-value (post-hoc)
a. BCEAISD 0.69+0.56  (0.52-0.86) —028+£031 (—0.37to —0.18) F=228.68, p<0.001
b. KDEISD  0.36+0.25  (0.28-0.43) —0.54+029 (—0.63 to —0.45) (c>d,e>a>b)
c. BCEA2SD 1.86+ 1.51  (1.40-2.31) 0.15+0.32  (0.06-0.25)
d. KDE2SD  1.44+1.29  (1.05-1.83) 0.04+0.32 (—0.06 to 0.13)
e. Scanpath .54+ 131  (1.15-1.93) 0.05+0.35 (—0.05 to 0.16)

BCEAISD and BCEA2SD = image-based BCEA for & | SD and &2 SD, KDEISD and KDE2SD = image-based area by the
kernel density estimation for | SD and £ 2 SD, SD = standard deviation, Cl = confidence interval, BCEA = bivariate

contour ellipse area , KDE = kernel density estimation.

The p-values were determined using repeated measures analysis of variance followed by Bonferroni’s post-hoc test.

Relationship and agreement among
methods

In comparisons between different methods
for determining the image-based area (log
deg?) in the abnormal phoria group, the
Pearson’s correlation coefficients exhibited
high  positive  correlations  between
KDEISD and BCEAI1SD (0.71,
p<0.0001), KDE2SD and BCEA2SD
(0.89, p <0.0001), Scanpath and
BCEA2SD (094, p<0.0001), and
Scanpath and KDE2SD (0.81, p < 0.0001).

In scatter diagrams with regression lines
(Figure 4), the regression line obtained
using ANOVA was statistically significant
in comparisons of KDEISD and
BCEAISD (F=44.48, p<0.001),
KDE2SD and BCEA2SD (F=172.94,
p<0.001), Scanpath and BCEA2SD
(F=301.15, p<0.001), and Scanpath and
KDE2SD (F=82.74, p<0.001). The coef-
ficients of determination between KDE1SD

and BCEA1SD, KDE2SD and BCEA2SD,
Scanpath and BCEA2SD, and Scanpath
and KDE2SD were 0.509, 0.801, 0.875,
and 0.657, respectively. KDE2SD and
Scanpath accounted for 80.1% and 87.4%
of the BCEA2SD wvalue, respectively.
However, 50.8% of the BCEAI1SD value
was determined by KDEISD, and 65.6%
of the KDE2SD value was determined by
Scanpath.

In the Bland—Altman plots for agree-
ment analysis between different methods
of determining the image-based areas in
the abnormal phoria group (Figure 5), the
bias was lowest for the mean difference
between Scanpath and KDE2SD (0.02 log
deg?) and highest for the mean difference
between KDEISD and BCEAISD (—0.26
log deg?). The bias between KDE1SD and
BCEAI1SD was not significant because the
line of equality (zero) was within the inter-
val of the mean difference. The 95% limits
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Figure 5. Bland—Altman plots comparing methods for determining the image-based areas. (a) Kernel
density estimation with | standard deviation (KDEISD) and bivariate contour ellipse area with | standard
deviation (BCEAISD). (b) KDE2SD and BCEA2SD. (c) Scanpath and BCEA2SD and (d) Scanpath and
KDE2SD. The dotted lines represent the mean calculated BCEA and BCEA with the upper and lower 95%
limits of agreement (mean difference £1.96 x SD of the difference). Green dotted/broken lines indicate the
95% confidence interval for mean differences.



Kim et al.

of agreement between methods increased
in the following order: Scanpath and
BCEA2SD  (—0.10+£0.24 log deg?),
KDE2SD and BCEA2SD (—0.12+0.28 log
deg?), Scanpath and KDE2SD (0.02 + 0.40
log deg?), and KDEISD and BCEAISD
(0.26 £ 0.45 log deg?).

Discussion

The difference between the BCEA and
KDE is that in the former, only the proba-
bility based on the overall shape is consid-
ered, while the latter is determined by the
probability density. In contrast, Scanpath is
a method based on traces of points over
time and not on a mathematical formula.
However, because of differences in condi-
tions, relative comparisons between these
methods are not easy. No study to date
has characterized the ability of image-
based quantification to evaluate fixation
stability in abnormal phoria with binocular
vision without strabismus and amblyopia.
Specifically, if each method is character-
ized on the basis of SDs, density functions,
and traces of points over time, then fixation
stability determined using image-based
areas in abnormal phoria will show similar
characteristics and significant differences
among the BCEA, KDE, and Scanpath
methods of evaluation. Phoria for non-
strabismic binocular anomalies cannot be
detected by clinical tests such as a direct
observation during binocular viewing. Eye
movements using eye-tracking systems
could be a new clinical test for evaluation
of phorias. Fixation stability may vary with
characteristics of the presenting anomaly.
Fixation on gaze distance may be central-
ized or delocalized depending on phoria at
distance and near, fusional vergence, and
the AC/A ratio for abnormal phorias such
as convergence excess, convergence insuffi-
ciency, divergence excess, divergence insuf-
ficiency, basic exophoria, basic esophoria,
and other binocular anomalies. In this

study, however, image-based evaluations
of fixation stability were compared as a
whole and were not based on each charac-
teristic as a means to classify binocular
vision disorders for individuals.

Reliability of image-based quantification

The BCEA, quantified as an image-based
area, can be interchanged with the
CalBCEA. Although a mean difference in
phoria existed between the two groups, the
mean difference in fixation stability, as
determined by the CalBCEA, was not sig-
nificantly different between the two groups.

Fixation stability varied according to the
measurement conditions in several studies.
For eye position stability in amblyopia and
in normal binocular vision,?® the binocular
fixation stability (—0.88 log deg®) for
normal binocular vision was better than
that for monocular fixation stability
(—0.59 log deg?), while that for the ambly-
opic eye was —0.44 log deg’. Another
study?’ reported that while the best fixation
stability was evident in healthy controls
(average —0.46 log deg® for monocular
viewing conditions), the fixation instability
increased with increasing severity of ambly-
opia. In a previous study of monocular
viewing,?® fixation stability with £1 SD in
strabismus without binocular vision was
larger for both the non-preferred and pre-
ferred eyes (0.10 log deg® and —0.17 log
deg®, respectively) than that in our study.
Many previous studies showed that fixation
under binocular viewing conditions is more
stable than that in monocular viewing
conditions.?¢-**-3°

With regard to the BCEA values for bin-
ocular viewing, our results exhibited
decreased fixation stability compared with
those of previous studies. This lower fixa-
tion stability could not be explained clearly
except by the differences in observer and
experimental conditions, but a relative com-
parison among the methods for evaluation
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of fixation stability of binocular vision was
possible.

The correlation between the CalBCEA
and BCEA values for fixation stability
was evaluated in the abnormal phoria
group. Both the Pearson’s correlation coef-
ficient, as a measure of relative reliability,
and Bland-Altman analysis, as a measure of
absolute reliability,>! revealed that the
BCEA and CalBCEA can be used inter-
changeably for the quantification of fixa-
tion stability.

Comparison of characteristics among
image-based methods

In the comparison of the characteristics of
the three image-based area methods for
evaluating fixation stability in the abnormal
phoria group, the BCEA was relatively
overestimated because of the inclusion of
the space without gaze positions, the KDE
was relatively underestimated because of
the influence of gaze density, and
Scanpath showed a tendency to be close
to the KDE2SD value (KDE with +2 SD).

A previous study on fixation stability™
reported that it is difficult to compare fixa-
tion stability across studies because of the
different methodologies used for data col-
lection and quantification. Therefore, the
study suggested that a single metric can be
used to unify the quantification of fixation
stability for data obtained using different
eye-trackers, facilitating the comparison of
fixation stability across studies. Another
evaluation of fixation stability based on
the BCEA™ reported that the calibration
method, operator, participant’s eye physiol-
ogy, and visual aids affect the quality of
data recorded with a video-based eye track-
er. Unlike the aforementioned studies, our
study quantified and compared image-
based methods including the BCEA,
KDE, and Scanpath. In our study, it is rea-
sonable that the mean differences between
methods, such as those with +£2 SD being

greater than those with =1 SD,'? indicated
that the BCEA2SD value was greater than
the BCEAISD value and the KDE2SD
value was greater than the KDEISD value.

The Scanpath value was greater than the
BCEAISD and KDEISD values and was
between the KDE2SD and BCEA2SD
values, suggesting that areas determined
by traces of points over time are usually
determined between areas based on SDs
and density functions.'*'? In the evaluation
of the degree of association between meth-
ods, the Scanpath method showed a very
high positive relationship with the
BCEA2SD. Therefore, regarding the coeffi-
cient of determination denoted by r* the
BCEA2SD result was highly explained
because Scanpath and KDEISD (2 SD)
had a high positive correlation with
BCEAISD (2 SD). These results suggest
that some similarity exists between the two
methods in determining the probability area
and the probability density.'*'> A high pos-
itive correlation and a good fit of linear
regression in Scanpath vs BCEA2SD do
not signify the extent of agreement but pro-
vide information about the degree of asso-
ciation between them.™

In Bland—-Altman plots, Scanpath was
similar to KDE2SD for systematic error,
representing bias, but also similar to
BCEA2SD in 95% limits of agreement,
which is related to clinical acceptability.
KDEISD was highly different from
BCEAI1SD in both systematic error and
the 95% limits of agreement. The clinically
acceptable value for fixation stability is
unknown, but the value is assumed to be
+0.40 log deg® (1.96 x SD) for the 95%
limits of agreement when calculated based
on the SD of mean values of —0.88 log
deg®?® —0.35 log deg**® —0.39 log deg>®
—0.24 log deg*** —0.77 log deg>'® —0.52
log deg®'® —0.68 log deg*>" —0.52 log
deg>® and —0.57 log deg>*° for control
or normal groups in previous studies with
different conditions such as binocular
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anomalies,”! longer fixations,?” and various
stimuli.’® In analyses based on clinical
acceptance, it is not easy to choose one
among these three methods, even if bias is
taken into account.

In a study evaluating fixational eye
movements in people with macular dis-
ease,’’ the BCEA and the KDE, as isolines
that correspond to 68% in the probability
density function, agree reasonably well in
representing fixation stability. However,
our findings showed that at the same prob-
ability (&1 SD, +2 SD), the BCEA tended
to be larger than the KDE, and at higher
probability, the BCEA was also larger. The
Scanpath was affected by the sequence of
gaze paths, and the mean differences were
less with KDE2D than with BCEA2SD, but
the 95% limits of agreement were larger
with KDE2D than with BCEA2SD. In
cases of crowded gaze points, the KDE
was small; therefore, the fixation stability
was increased. In cases with dispersed gaze
points, the KDE appeared as isolated con-
tours."> A larger Scanpath than BCEA2SD
indicated that the path of gaze departed
largely and frequently from crowded gaze
positions. Furthermore, regarding image-
based methods, the BCEA tended to show
a wide area because a data-free space was
included, which can simplify the main direc-
tion of gaze. The KDE appeared as a nar-
rower area for +£1 SD and occasionally as
isolated contours for £2 SD because of the
density of gaze points, but this method
cannot simplify the main direction of gaze
similar to the BCEA. Unlike the BCEA and
KDE, which show patterns regardless of
time, the Scanpath represents an area that
spans all gaze points over time and can be
applied to +2 SD but not to =1 SD, i.e., it
cannot be applied with various probabili-
ties. Unlike other methods, it is difficult to
find the density of gaze points and the main
direction of gaze with the Scanpath.

This study had some limitations. First,
our study was limited to patients with

abnormal phoria with binocular vision.
Therefore, fixation stability was not poor,
and distinct differences distinguishing it
from normal phoria, such as strabismus
without binocular vision,”® were not
observed. Therefore, further studies are
needed to quantify fixation stability using
image-based areas in patients with ambly-
opia and strabismus, as well as in patients
with various binocular vision anomalies.
Second, fixation stability was evaluated
over a short interval; therefore, the variabil-
ity depending on time, such as more than
30s,'**” was not evaluated. Finally,
although our study was conducted on par-
ticipants without eye diseases, mental
illness-related fixation stability is a variable
that remains to be evaluated in the future,
as phoria is affected by the convergence def-
icits in schizophrenia,* and eye movement
deficits are present among patients with
schizophrenia.*' Regardless of these limita-
tions, this study showed various applica-
tions of the evaluation of fixation stability
using image-based areas.

In summary, the clinical introduction of
eye trackers in ophthalmology and optom-
etry has enabled improved evaluation of
eye movements and visual performance to
develop a means to prevent, diagnose, and
treat abnormalities or ocular disease, such
as cataract, glaucoma, amblyopia, and stra-
bismus. In this study, we examined and
compared the use of image-based quantifi-
cation via several methods of evaluating fix-
ation stability using an eye tracker. This
image-based quantification can be applied
to various types of fixation analyses such as
the BCEA, KDE, and Scanpath methods.
The BCEA method of quantifying fixation
stability was relatively overestimated
because of the inclusion of the space with-
out gaze positions; the KDE was relatively
underestimated because of the influence of
gaze density; and Scanpath showed a ten-
dency to be similar to KDE2SD (KDE with
+2 SD). Fixation stability should be



14

Journal of International Medical Research

evaluated while considering the character-
istics of each method, and it is recom-
mended to use more than one method.
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