8 Original article

Fixation stability of the upward gaze in
patients with myasthenia gravis: an eye-

BM)J Open

Ophthalmology

To cite: Mihara M, Hayashi A,
Fujita K, et al. Fixation
stability of the upward gaze

in patients with myasthenia
gravis: an eye-tracker study.
BMJ Open Ophthalmology
2016;2:€000072. doi:10.1136/
bmjophth-2017-000072

Received 29 January 2017
Revised 29 September 2017
Accepted 30 October 2017

CrossMark

'Department of Ophthalmology,
Graduate School of Medicine
and Pharmaceutical Sciences,
University of Toyama, Toyama,
Japan

2Department of Integrative
Neuroscience, Graduate School
of Medicine and Pharmaceutical
Sciences, University of Toyama,
Toyama, Japan

Correspondence to

Professor Ryoi Tamura,
Department of Integrative
Neuroscience, Graduate School
of Medicine and Pharmaceutical
Sciences, University of Toyama,
Toyama, Japan; rtamura@med.
u-toyama.ac.jp

tracker study

Miharu Mihara,'? Atsushi Hayashi,' Kazuya Fuijita,’ Ken Kakeue,' Ryoi Tamura®

ABSTRACT

Objective To quantify fixation stability of the upward
gaze in patients with myasthenia gravis (MG) using an eye
tracker.

Methods and analysis In this study, 21 normal
subjects, 5 patients with MG with diplopia, 5 patients with
MG without diplopia and 6 patients with superior oblique
(S0) palsy were included. Subjects fixated on a target

in the upward direction for 1 min. The horizontal (X) and
vertical (Y) eye positions were recorded using an eye
tracker. Fixation stability was first quantified using the
bivariate contour ellipse areas (BCEA) of fixation points as
an index of whole stability. Then, the SDs of the X and Y
eye positions (SDX and SDY, respectively) were quantified
as indices of directional stability, with the data divided into
three 20 s fractions to detect temporal fixation fluctuation.
Results BCEAs were larger in patients with MG (both
with and without diplopia) than normal subjects and
patients with SO palsy, without significant differences
among the three 20's fractions. Compared with normal
subjects, SDXs were larger only in patients with MG with
diplopia; SDYs were larger in both patients with MG with
and without diplopia. In addition, SDYs in patients with MG
with diplopia were larger than those in patients with MG
without diplopia and patients with SO palsy. Furthermore,
a significant difference among the three 20's fractions was
detected for SDYs in patients with MG with diplopia.
Conclusion Patients with MG, especially those with
diplopia, exhibit fixation instability in the upward gaze.
Non-invasive quantification of fixation stability with an
eye tracker is useful for precisely identifying MG-specific
fatigue characteristics.

Trial registration number UMIN000023468; pre-
results.

INTRODUCTION

Approximately 60% of patients with myas-
thenia gravis (MG) have diplopia at the time of
diagnosis." Therefore, the majority of patients
with MG with diplopia are first examined by
an ophthalmologist. Zambelis et al’ reported
that 38% of patients with isolated ptosis and/
or diplopia who are referred for electrophys-
iological evaluation have MG. Furthermore,
they stated that the presence of both diplopia
and ptosis was more likely due to MG than
any other disease. If MG is suspected, addi-
tional examinations are needed to obtain a
definitive MG diagnosis. These examinations

Key messages

What is already known about this subject?
Subjects with myasthenia gravis (MG) often present
with ocular symptoms, including diplopia and ptosis.
Because these symptoms greatly impact patient
quality of life, knowing how treatments affect them is
important. Current clinical evaluations of MG diplopia
are subjective and poor quantification of variability
caused by MG fatigability, which make it difficult to
study diplopia and evaluate treatment efficacy.

What are the new findings?

Eye-tracking systems can be used to objectively
quantify fixation stability. Using these measurements,

it was found that fixation of upward gaze was less
stable in the vertical eye position than in the horizontal
eye position. Additionally, MG subjects with diplopia
have worse fixation stability than both normal subjects
and those with a superior oblique palsy. Interestingly,
fluctuation in upward gaze fixation seemed to decrease
over time in patients with MG.

How might these results change the focus of
research or clinical practice?

Gaze instability caused by fatigability associated with
MG can be more accurately evaluated by quantifying
fixation with eye tracking and considering how fixation
changes over time.

included ptosis evaluation before and after
an edrophonium test and an ice pack test.’
Additionally, the presence of acetylcho-
line receptor antibodies or muscle-specific
receptor tyrosine kinase antibodies in the
serum, ‘waning’ during repetitive nerve stim-
ulation and ‘increased jitter’ on a single-fibre
electromyography can confirm the presence
of MG.”

A quantitative MG score and an MG
composite scale are used to evaluate disease
severity. For these measures, diplopia is eval-
uated by asking the patient to gaze in one
direction. The time from gaze to subjec-
tively determined diplopia appearance is
measured.*’ The 1 min upper gaze test is used
to identify ptosis and diplopia and to deter-
mine whether the MG fatigue phenomenon
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is present.” However, these evaluations are subjective
with the patient condition determined using physician
observation or patient symptom reporting. In clinical
observation, ophthalmologists infer the presence of
diplopia and its severity by measuring ocular alignment
and motion using the alternate prism cover test (APCT)
and the Hess screen test, respectively.” These tests,
however, are not objective and have poor reproducibility
in patients with MG because ocular alignment is quan-
tified using only one data point (ocular position). This
is problematic because ocular alignment and range of
ocular motion change over time in patients with MG’
because their muscles easily fatigue which is a charac-
teristic of MG. Therefore, objective and reproducible
evaluations of gaze instability caused by fatigability in
patients with MG are needed and should include sequen-
tial eye position data obtained with a reasonably high
sampling frequency (more than 200Hz).""" There are
several studies that have examined saccadic eye move-
ments of patients with MG using electro-oculography or
infrared scleral reflection or scleral search coil''™"* and
reported that the peak velocity of saccade in patients
with MG was similar to or greater than that of normal
subjects.11 2 These studies, however, did not evaluate
gaze stability of patients with MG by measuring fixation
position, although fixation methods are more widely
used and meaningful clinical tests (eg, the Quantitative
MG score, MG composite scale) for the gaze stability of
patients with MG.

An eye tracker is capable of measuring ocular position
continuously for a long enough period with relatively
high time resolution. Upward is the most sensitive gaze
direction for detecting the ocular MG symptoms (ie,
diplopia and ptosis) because extraocular muscle weak-
ness is known to appear most prominently in the elevator
muscles of patients with MG.® '” '° Therefore, in the
present study, fixation stability in upward gaze was quan-
tified by using an eye tracker in subjects with and without
MG.

MATERIALS AND METHODS

All study subjects provided written informed consent to
participate in the study and all study conduct adhered to
the tenets of the Declaration of Helsinki.

Participants

Four groups of volunteers (normal subjects, patients with
MG with diplopia, patients with MG without diplopia and
patients with superior oblique (SO) palsy) were recruited
for the study; the SO palsy group was included to deter-
mine whether the presence of diplopia itself affects the
fixation stability. The diagnosis of MG was made based on
clinical (fluctuating symptoms with easy fatigability and
recovery after rest), immunological and neurophysiolog-
ical findings.” Diagnostic tests included anti-acetylcholine
receptor antibodies, anti-muscle-specific tyrosine kinase
antibodies, edrophonium test and decremental muscle
response to a train of low-frequency repetitive nerve

Subject

“

CCD camera

Display

Figure 1 The fixation target was positioned 20° above each
subject's horizontal plane (primary position) to induce an
upward gaze and was displayed on a computer monitor at a
distance of 40cm. CCD, charge-coupled device.

stimuli. Participants in all groups did not have dyscoria
and could clearly watch the target when vision was uncor-
rected or corrected using soft contact lenses. Patients
whose best corrected decimal visual acuity was less than
1.0 (Snellen: 20/20) were not included because of the
possible disturbance in visual fixation caused by lowered
visual acuity. Patients were not excluded because of age,
MG type or disease duration, except for those who could
not fixate the target of upward from the beginning.

Set-up for eye position monitoring

The horizontal (X) and vertical (Y) positions of both eyes
were recorded using the ViewPoint EyeTracker system
(Arrington Research, Scottsdale, AZ, USA) at a sampling
rate of 220Hz, as was previously done by Crossland et
al™ " The ViewPoint system consists of a display for visual
stimulation (Diamondcrysta, RDT222WM-S, Mitsub-
ishi, Tokyo, Japan, resolution was 1680x1050 pixels, and
refresh rate was 60Hz) and two infrared cameras that
were mounted on the head positioner. Each subject sat
in a chair facing the display set at a distance of 40cm
from the subject, with horizontal eye level even with the
centre of the display, the primary position (figure 1).
The subject’s head was stabilised against a head and chin
rest. The cameras sent images of the eye to a computer
via a USB cable. The eye tracker determined eye posi-
tion using the dark pupil technique and eye-tracking
data were stored on a hard disk for offline data analysis.
Prior to the fixation stability testing described in the next
section, a 16-point grid (4x4matrix) calibration and a
subsequent validation procedure was performed for each
subject using software supplied by the eye-tracker manu-
facturer (ViewPoint EyeTracker Software User Guide).

Assessing fixation stability
The fixation target consisted of a red inner circle (0.2°
in diameter) superimposed at the centre of a black
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circle (1.5° in diameter) and a white cross was located
in the centre of the circular target (figure 1), as previ-
ously reported by Thaler et al.'” The target was positioned
20° above each subject's horizontal plane (primary posi-
tion) to induce an upward gaze and was displayed on a
computer monitor. Subjects were instructed to keep their
gaze fixed on the target for 1 min with both eyes. During
examinations, patients with ptosis were examined with
their eyelids mildly lifted using a surgical tape (to the
extent that eyes did not dry) so that the eye tracker could
detect the pupil of the subject even when gazing at 20°
upward, and therefore, the eyelid descent itself was not
a problem.

Data analysis and statistical methods
Data obtained immediately after initiating target presen-
tation were discarded because these data included
saccadic eye movements related to beginning fixations.
As this period of eye movements varied from subject to
subject, the data that accompanied the eye movements
were discarded manually by visual inspection of the eye
position chart in each subject. Data that contained arte-
fact noise, related to blinking or erroneous pupil image
capture, were also excluded after manual confirmation
of artefact presence using stored data. For blinks and
erroneous pupil image capture, the data obtained 100 ms
before and after the onset of these events were removed
from analysis.'” Data were selected on the dominant eye
in all patients. The dominant eye was determined using
the Hole-in-Card test."’ Approximately 5% of the overall
data were excluded due to blinks and noisy recording.
Fixation stability was first quantified using bivariate
contour ellipse areas (BCEA) encompassing fixation
points as an index of whole fixation stability, with the data
divided into three 20s fractions (ie, 0-20s, 20-40s and
40-60s). 7
The BCEA was calculated using the following formula®:

BCEA = 2knopoy(l — p?)1/2 (1)

where 6, and o, are the SDs of the horizontal and
vertical eye positions, respectively, and p is their Pearson
product-moment correlation. The k is dependent on
the probability area chosen and is calculated using the
following equation:

P=1—¢F (2)

where ¢ is the base of the natural logarithm. For this
study, fixation data were calculated using P values of 0.68
(ie, 1 SD), which led to kvalues of 1.14.

Then the SDs of the X and Y eye positions were calcu-
lated as indices of detailed (individual direction) stability
with the data divided into the three 20s fractions.
Although BCEA and SDs are not independent measures,
both parameters were used, because BCEA is presently
one of the standard indexes for evaluation of whole fixa-
tion stability as described in previous studies.” "%

A repeated measures analysis of variance (ANOVA)
was performed for the data on 68% BCEA and SDs with

groups as a between-subjects variable and the 20's fractions
as a within-subjects variable. If a significant difference was
identified, pairwise comparisons were performed using
a two-tailed t-test with Bonferroni correction. All statis-
tical analyses were performed using the JMP Pro software
package (V.11.2.0, SAS Institute, Cary, NC, USA). P value
less than 0.05 was considered statistically significant.

RESULTS
Study subjects
Atotal of 21 normal, healthysubjects (mean age=48.9+18.6
years, nine women) who had no strabismus or oculomotor
abnormalities were included in the study as a control
group. The MG group consisted of 10 patients with MG
(mean age=54.7+16.5 years, six women) with diplopia
(n=5) and without diplopia (n=5) at disease presenta-
tion. These patients were diagnosed with MG based on
the presence of antibodies in their serum (eight patients
were acetylcholine receptor antibody positive, one was
muscle-specific kinase antibody positive and one was
seronegative), edrophonium test results (eight of nine
patients tested positive and one patient was not tested)
and repetitive nerve stimulation results (five of eight
patients tested positive and two patients were not tested).
The primary ocular deviations of the patients with MG
without diplopia measured by APCT were orthophoria or
slightly exophoria. In the patients with MG with diplopia,
two patients exhibited exotropia: one was 45 prism diop-
tres (PD) exotropic, the other was both 20 PD exotropic
and 3 PD left hypertrophic. Another patient exhibited
14 PD right hypertropia, one exhibited 16 PD exophoria
and one was orthophoric but presented with distur-
bances of adduction and abduction in his right eye. The
SO palsy group consisted of six patients with SO palsy
with diplopia (mean age=53.5+16.3 years, four women).
Patients with SO palsy in this study were unilateral palsy.
This group consisted of patients with acquired SO palsy
and patients with decompensated congenital SO palsy.
They had awareness of diplopia in the upward gaze.
Their ocular deviation measured by the synoptophore in
the upward gaze was 3.5+5.22° of the horizontal devia-
tion, 4.83+5.24° of the vertical deviation and 3.17+3.44°
of the cyclodeviation.

There were no statistically significant differences in
subject ages among groups (ANOVA; F, . =0.4, P=0.75).

3, 33)

Upward gaze stability based on the measure of BCEAs

A repeated measures ANOVA test revealed that there
was a significant main effect of study groups for the
68% BCEA (F, 43 =1-46, P<0.0001). The 68% BCEA
was signiﬁcantiy’ larger in the MG groups (both with
diplopia and without diplopia) than in the normal
group (two-tailed t-test with Bonferroni correction:
Ps<0.05; figure 2). In contrast, there were no significant
main effects of 20s fractions or interaction of groupsx-
fractions (F ,66)=1.32, P=0.27 or F(G’ 66)=1.02, P=0.42,
respectively; table 1).
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Figure 2 Results of 1 min fixation stability testing for normal
subjects (white bars), patients with myasthenia gravis (MG)
with diplopia (hatched bars), patients with MG without
diplopia (black bars) and patients with superior oblique

(SO) palsy (grey bars). The 68% bivariate contour ellipse
area (BCEA) was significantly larger in the MG with diplopia
and MG without diplopia groups than in the normal group
(P<0.05). The SD of X position was significantly larger in the
MG with diplopia group than in the normal group (P<0.05).
The SD of Y position was significantly larger in the MG with
diplopia group than other groups and in the MG without
diplopia group than in the normal group (P<0.05). Means are
shown and error bars indicate SDs. *Indicates P<0.05.

Typical fixation scatter plots are shown for each
group in figure 3. By observation, the variation in
the normal group was smaller (figure 3A) than in all
other groups (figure 3B-E). Individual variation was
markedly greater in the MG group (figure 3B,C) than
in other groups, particularly in the vertical direction.
A patient with MG with diplopia was examined before
and after MG treatment, which was accompanied with
amelioration of the disease state as observed in the clin-
ical symptoms, such as diplopia and ptosis. After the

8

treatment, the BCEAs were markedly decreased from
those of the pretreatment values (figure 3E).

Upward gaze stability based on the measure of vertical and
horizontal SDs

A repeated measures ANOVA test revealed that there was
a significant main effect of study groups for SD in both
the X and Y eye positions (for X, F(3 33)=8.90, P=0.0002;
for, F(3 33)=17.1, P<0.0001). The SD of X position was
significantly larger in the MG with diplopia group than
in the normal group (two-tailed t-test with Bonferroni
correction, P<0.05; figure 2). The SD of Y position was
significantly larger in the MG with diplopia group than
the other groups including the MG without diplopia
group (two-tailed t-test with Bonferroni correction, all
Ps<0.05); the SD of Y position in the MG without diplopia
group was also significantly larger than the normal group
(two-tailed t-test with Bonferroni correction, P<0.05;
figure 2).

For the SDs of X position, there was a main effect of
fractions (F( » 6)=4.81, P=0.011) but no interaction of
groupsxfractions (F, .. =1.64, P=0.15; table 1). For the
SD of Y eye position, there were both main effect of frac-
tions and interaction of groupsxfractions (F, 66)=7.88,
P=0.0009 and F(e, 66)=5.52, P=0.0001, respectively; table 1).
The SD of Y eye position in the MG with diplopia group
was significantly larger during the first 20s period than
that in the third 20s period (two-tailed t-test with Bonfer-
roni correction, P<0.05; table 1).

DISCUSSION

Directional selectivity of fixation stability during the upward
gaze

This study showed that fixation fluctuation during the
upward gaze was larger in the vertical direction than in
the horizontal direction in all subjects. The upper gaze
was used in the current study because it has been shown to
be suitable for detecting the MG fatigue phenomenon.’

Normal (n=21)

MG diplopia- (n=5)

MG diplopia+ (n=5) SO palsy (n=6)

68% BCEA ()2

SD ()

*Two-tailed t-test with Bonferroni correction P<0.05 versus the third fraction of MG diplopia+.
BCEA, bivariate contour ellipse area; MG, myasthenia gravis; SO, superior oblique.

=Y
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Vertical position

Horizontal position

Vertical position

Horizontal position

Figure 3 Typical fixation testing results in a normal subject (A), a patient with myasthenia gravis (MG) without diplopia (B), a
patient with MG with diplopia (C) and a patient with superior oblique (SO) palsy (D). Results are also compared in a patient with
MG before (E-a) and 2 months after (E-b) initiating MG treatment. Each dot on all plots represents eye position, as measured
by the eye tracker. Blue and red ellipses represent the 68% and 95%, respectively, of the bivariate contour ellipse areas (BCEA)

encompassing the fixation points.

To the best of our knowledge, this is the first study to
examine upward gaze stability in healthy subjects and
patients with MG. Therefore, the difference in fixation
stability between the vertical and horizontal directions
observed in the present study could be related to the
direction of the gaze, although, to get solid evidence for
this relation, additional tests using gazes in left and right
directions are necessary. The directional selectivity of
fixation stability observed in the present study may stem
from the peripheral mechanism needed to maintain
the upward gaze. Anatomical factors could play a role:
muscle bulk is greater for the superior rectus (SR) muscle
than for the other recti2l; the SR muscle load is greater
than for the other vertically acting muscle in rabbits*;
the SR has fewer muscle spindles than the other recti.”’
During upward fixation, the SR and the inferior oblique
(IO) contract. Persistent contraction of the SR and the
IO may produce fatigue in these extraocular muscles,
which could lead to larger fluctuation of eye position in
the vertical direction. Indeed, this speculation is consis-
tent with the present observation that the fluctuation in
vertical direction was much larger in patients with MG
than normal subjects.

Fixation instability in subjects with MG

The present study showed that the upward gaze in
patients with MG was more unstable in the vertical posi-
tion than in normal subjects or patients with SO palsy.
Vertical position instability was especially high in the MG

with diplopia group. Cleary e/ al have demonstrated that
in patients with MG, weakness of the elevator muscles
(ie, the SR and the IO) is significantly greater than that
of other extraocular muscles.'” Almog et al also showed
that the IO was involved more often than any other
extraocular muscle in patients with MG."® Such a trend
of extraocular muscle dysfunction (more severe and
frequent impairment of the elevator muscles) in patients
with MG, which was the reason for using upward gaze in
the present testing, may underlie the fixation instability
of patients with MG in upward gaze.

In spite of the well-known ocular symptoms of patients
with MG, no reports on gaze stability in patients with
MG were identified in the academic literature. However,
some studies that evaluated central fixation stability
using BCEAs in patients with amblyopia and macular
degeneration found that visual fixation was unstable
in eyes with visual impairments.® '’ *’ Patients with stra-
bismus have unstable fixation in the deviated eye.”’
Diplopia may also have unstable fixation because of
retinal image fusion attempts. However, diplopia is not
the underlying cause of the fixation instability observed
here in MG subjects because SO palsy subjects (who also
had diplopia) did not have the same degree of instability.
In addition, the fixation in patients with MG without
diplopia was more stable than that in patients with MG
with diplopia, but not similar to normal subject. There-
fore, it is likely that the marked fixation fluctuation in
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MG subjects with diplopia was caused by MG fatigability
and not by diplopia.

The present study showed no significant changes in
BCEA and SD of Y over time (determined by comparing
three consecutive 20s periods) in normal subjects, in MG
subjects without diplopia and in SO palsy subjects. In
contrast, patients with MG with diplopia had a tendency
to show increased BCEA and SD of Y during the first
20s period in MG subjects with diplopia. This result was
surprising because in the present study it was initially
expected that easily fatigued muscles in MG subjects
would cause fixation to become more unstable over time.
Not yet fully understood, but it may be that extraocular
muscles, which at least partially functioned during the
first 20s period, attempted to correct eye position drift
towards the upward gaze. However, as muscles became
fatigued, ocular position corrections would have become
smaller and less frequent, resulting in a smaller fluctu-
ation of eye positions during the second and third 20s
periods compared with those during the first 20s period.
That is, the unexpected result may have been caused
by the decrease in eye position correction ability of the
patients with MG with diplopia along with the lapse of
time. In support of this theory, Feldon et al have reported
that patients with MG exhibit commonly substantial
instability of eye positions immediately after saccadic
movements (they called this ‘wavering fixation’).” They
commented that wavering fixation was the expression
of varying levels of tonic innervation to agonist and
antagonist resulting from fatigue that caused the eye to
drift. Also, in the present study, the vertical eye position
in some of the participants of MG group drifted from
the target position (data not shown). Furthermore, the
vertical SD value of this group further decreased from
the second 20s period (2.41) to the third 20s period
(1.65), although this did not reach the level of the statis-
tical significance. To confirm the present finding, it was
necessary to further investigate by increasing the number
of cases of MG.

Usefulness of eye tracking in evaluating fixation stability in
patients with MG

Currentclinical evaluations of ocular symptomsin patients
with MG with diplopia (initial diplopia and residual
diplopia following treatment) are subjective. A published
report on the diagnosis and evaluation of MG-associated
diplopia describes methods for confirming acquired stra-
bismus caused by MG. These include comparing ocular
deviation in the Hess screen test before and after edro-
phonium infusion.” Electromyography demonstrates the
fatigue phenomena electrophysiologically and the edro-
phonium test shows the pharmacological condition of the
fatigue phenomenon. However, these tests are diagnostic
invasive methods (ie, electromyography is painful®’;
edrophonium has effect on cardiovascular system”’),
and therefore, ophthalmologists avoid repeated use of
these tests if alternative, non-invasive methods are avail-
able. The ice pack test, which involves cooling the orbital

cavity through the application of ice over closed eyelids
for 2min, is less invasive for diagnosing myasthenic
ptosis.”® In contrast, the ice pack test for diagnosing
myasthenic diplopia is more invasive because it requires
a bmin or longer cooling time because extraocular
muscles are located in the deeper portion of the orbital
cavity.” * Unfortunately, the ice pack test becomes
increasingly uncomfortable for the patient when cooling
times are longer than 2min.”* Compared with these
clinical tests, the present quantification method using
the eye-tracking system can non-invasively evaluate gaze
stability in patients with MG almost without discomforts.
As an improvement in gaze stability indicates an improve-
ment in the MG disease state,” eye tracking is especially
suitable for evaluating treatment efficacy in patients with
MG.

Although all the patients met the diagnostic criteria
of MG” in the present study, not all patients have under-
gone all tests. This is one of the limitations of this study,
making it impossible to further analyse relationships
between the degree of fixation instability of the patients
with MG and their disease states.

Ocular symptoms associated with MG strongly
contribute to the quality of life decline observed in
patients with MG.”" Therefore, evaluating diplopia is
important, even after treatment has been initiated. The
currently used Hess screen and APCT measure ocular
motility and position at only one time point. Therefore,
they do not accurately evaluate fatigability over time.
Evaluating gaze stability using an eye-tracking system
is beneficial to diagnosis and evaluation of treatment
efficacy in patients with MG because it is non-invasive,
quantitative and accurately measures eye position over a
long enough period of time to evaluate the muscle fatiga-
bility that is characteristic of MG.
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