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Purpose: To investigate the usefulness and efficacy of a novel eye-tracking device that can
objectively measure nine gaze-directions.

Methods: We measured each of the nine gaze-directions subjectively, using a conventional
Hess screen test, and objectively, using the nine gaze-direction measuring device, and de-
termined the correlation, addition error, and proportional error. We obtained two consecu-
tive measurements of the nine gaze-directions using the newly developed device in healthy
young people with exophoria and investigated the reproducibility of the measurements. We
further measured the nine gaze-directions using a Hess screen test and the newly developed
device in three subjects with cover test-based strabismus and compared the results.
Results: We observed that the objective measurements obtained with the newly developed
gaze-direction measuring device had significant correlation and addition error compared to
the conventional subjective method, and we found no proportional error. These measure-
ments had good reproducibility.

Conclusion: The novel device can be used to observe delayed eye movement associated with
limited eye movement in the affected eye, as well as the associated excessive movement of
the healthy eye in patients with strabismus, similar to the Hess screen test. This is a useful
device that can provide objective measurements of nine gaze-directions.
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The Hess screen test is an extremely useful test for
quantifying limited eye movement by measuring ocular
deviations in each of the nine gaze-directions and for iden-
tifying paretic muscles; it is frequently implemented in
clinical ophthalmology (Roper-Hall, 2006). The most im-
portant feature of the Hess screen test is that it can visually
capture the patient’s eye movement in the nine gaze-direc-
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tions. However, the conventional Hess screen test has var-
ious drawbacks. Firstly, a tester is required for each de-
scription of the results, thus results may contain an infor-
mation bias. Furthermore, the Hess screen test cannot be
used for measuring patients with suppression because the
grid is displayed in one eye and the target is displayed in
the other eye under the red—green dichoptic separation
(Pratt-Johnson & Tillson, 1984). Although the Hess screen
test is mainly used in patients with strabismus, these pa-
tients often develop the suppression phenomenon, render-
ing the test unsuitable (Pratt-Johnson, 1992). Moreover,
since this is a subjective test, patient response is essential.

We have previously developed an objective eye-posi-
tion testing device for the central eye position, using gaze-
detection technology (lwata et al., 2015). Gaze-detection
technology has recently undergone remarkable develop-
ment, and it is now possible to detect the gaze using a
highly precise compact device (Blascheck et al., 2017;
Niehorster et al., 2018; van Renswoude et al., 2018).
Therefore, in this study we have newly developed a device
that can objectively measure the nine gaze-directions using
gaze-detection technology and compare the findings ob-
tained with this device to those from the Hess test, in pa-
tients with strabismus.

Methods

The study conformed to the tenets of the Declaration of
Helsinki and was approved by the Kitasato University Hu-
man Sciences Ethics Committee (C-18-009). All proce-
dures were carried out in accordance with approved guide-
lines. Informed consent was obtained from all subjects af-
ter the nature and possible consequences of the study had
been explained to them. The clinical study registration
number is UMIN000033881 (UMIN - CTR), and the reg-
istration date is August 24, 2018.

Principles of the newly developed objective nine
gaze-direction measuring device (hereinafter called
"OMD"). The external view of the OMD is shown in Fig-
ure la. The device can objectively measure the nine gaze-
directions simultaneously in both eyes using gaze-detec-
tion technology. The device contains a partition, providing
a dichoptic separation structure that can display separate
images for the left and right eyes. The display is connected
to an externally controlled computer. Gaze-detection
adopts the pupil—corneal reflex method (Hutchinson et al.,
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1989). Invisible near-infrared light is irradiated and images
are captured by the camera. The captured images are pro-
cessed by a computer to detect the pupil and corneal re-
flections (the first Purkinje image). Using these positions,
we can calculate a straight line through the camera princi-
pal point and the center of corneal curvature using the
method of Nagamatsu et al (2008). Especially, they deter-
mined the center of corneal curvature by determining the
intersection of these two straight lines using two cameras,
while OMD estimates a plausible center of corneal curva-
ture position on a straight line by using the corneal curva-
ture radius, as a fixed value. Furthermore, by taking the
refractive index inside the cornea and the distance between
the cornea curvature and the pupil centers, as fixed values,
the position of the center of the pupil and its optical axis
can be determined based on geometric positioning. See the
appendix for detailed derivation methods.

To determine the fixation point, it is necessary to de-
termine the visual axis passing through the target and the
fovea. The visual axis cannot be determined directly due
to the deviation between the optical axis and the visual axis
(Pomerantzeff et al., 1971). Therefore, calibration of one
point is performed for the subject, and the amount of devi-
ation between the optical axis and visual axis is found.
While the subject gazes at a certain point, an optical axis
vector is obtained. At this time, since the visual axis is con-
sidered to be in the direction of a certain point, the amount
of deviation between the optical axis vector and the visual
axis vector, that is, the relative direction of the visual axis
vector to the optical axis vector can be obtained. By keep-
ing this, the visual axis vector can be estimated from the
acquired optical axis vector.

The visual axis is calculated from the optical axis, and
the amount of deviation and the point of intersection with
the screen (projection plane) is used to determine the gaze
point (Figure 1b). The device has a compact design; it does
not require long testing distances, and the test can be con-
ducted in a bright room. When measuring the right eye,
only a black dot can be seen on the display for the left eye
(visual angle 0.7°), and the patient is instructed to fix the
vision on this fixation target (background is white). The
position of the right eye is measured with the left eye re-
maining fixed at the position of the fixation target for a
certain period of time. The sampling rate is 30 Hz. The ac-
tual measurement screen is shown on video file (appen-
dix).
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Figure 1 a: External view of the OMD; b: Overview of the prin-
ciples of the OMD

Examination 1: Examination of correlation, addi-
tion error, and proportional error of the Hess screen
test and the OMD. The subjects of the study were 20
healthy young people (mean age 20.9 + 0.8 years) with ex-
odeviation demonstrated with a subjective Hess screen test
(test distance: 1.4 m, dichoptic image separation: red-
green separation), and without any ophthalmological dis-
eases other than refractive error. Each of the nine gaze-di-
rections were measured using a Hess screen test and with
the OMD, and correlation, addition error, and proportional
error were examined. The right eye was used for measure-
ment. The measurement order was randomized.
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Spearman’s rank correlation coefficient was used for
statistical analysis of correlation, and Bland—Altman anal-
ysis was used for statistical analysis of addition error and
proportional error (Giavarina, 2015). A significance level
of less than 5% was considered to reflect a significant dif-
ference.

Examination 2: Examination of reproducibility for
the OMD. Two consecutive measurements of the nine
gaze-directions were taken with the OMD in 20 healthy
young people (with subjects different from those of Exam-
ination 1) who demonstrated exodeviation with the OMD,
to examine reproducibility. The right eye was used for
measurement. The intraclass correlation coefficient (1,1)
was used for statistical analysis of reproducibility, and
Bland—Altman analysis was used for statistical analysis of
addition error and proportional error (Giavarina, 2015).
Spearman’s rank correlation coefficient was used for sta-
tistical analysis of correlation. A significance level of less
than 5% was considered to reflect a significant difference.

Examination 3: Measurements in patients with
strabismus. Each of the nine gaze-directions were meas-
ured using the Hess screen test and OMD for three patients
diagnosed with strabismus based on a Cover Test for dis-
tance vision, and the results were compared. The measure-
ment time for each patient (from calibration through to
completion of measurements) was recorded for the OMD.
The measurement order was randomized.

Results

Examination 1: Examination of correlation,
addition error, and proportional error for the Hess
screen test and the OMD. The nine gaze-directions in the
Hess screen test and OMD are given in Table 1. The
correlation between the Hess screen test and the OMD in
the primary position is shown in Figure 2. Significant
correlation was found for all nine gaze-directions between
the Hess screen test and the OMD (center: P <0.001, R2 =
0.50; top: P = 0.0020, R2 = 0.44; top right: P < 0.001, R2
=0.71; right: P =0.003, R2 = 0.47; bottom right: P < 0.001,
R2 = 0.60; bottom: P < 0.001, R2 = 0.53; bottom left: P =
0.002, R2 = 0.54; left: P =0.0073, R2 = 0.44; top left: P <
0.001, R2 = 0.64).
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Figure 2: Comparison of the nine gaze-directions obtained using
the Hess screen test and with the OMD

Table 1. Comparison of the nine gaze-direction meas-urements
with the Hess screen test and the new objective OMD. The Hess
screen test cannot be used for evaluating patients with
suppression because the grid is displayed in one eye and the
target is displayed in the other eye under red—green dichoptic
separation (Pratt-Johnson & Tillson, 1984). gaze-direction
measuring device

Hess screen test

-3.1+1.6° -2.7£1.3° -2.1+0.9°

-2.9+1.3° -3.3+1.7° -2.7+1.6°

-3.0£1.7° -2.4+1.3° -2.2+1.3°
OMD

-4.7+£2.0° -5.2+1.7° -5.0+£1.3°

-4.9+1.3° -5.1+1.7° -5.1+1.8°

-5.0£1.9° -4.6+15° -4.5+2.0°

The The Bland-Altman analysis of the primary posi-
tion in the Hess screen test and the OMD is shown in Fig-
ure 3. The OMD found significant addition error (exode-
viation) compared to the Hess test (95% confidence inter-
val center: -1.3 to -2.4, top: -1.9 to 3.0, top right; -2.6 to -
3.2, right: -1.8 to -3.0, bottom right: -1.9 to -2.8, bottom: -
1.7 to -2.7, bottom left: -1.3 to -2.6, left: -1.4 to -2.5, top
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left: -1.1 to -2.2). There was no significant proportional er-
ror in the Hess screen test and in the OMD (center: P =
0.69, top: P = 0.13, top right: P = 0.14, right: P = 0.30,
bottom right: P = 0.84, bottom: P = 0.33, bottom left: P =
0.76, left: P = 0.98, top left: P = 0.11).
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Figure 3: Bland-Altman analysis of the primary position in the
Hess screen test and the OMD

Examination 2: Examination of reproducibility for
the OMD. The first and second nine gaze-directions meas-
urements obtained with the OMD are given in Table 2. The
intraclass correlation coefficient (1,1) for the first and sec-
ond measurements were center: 0.93, top: 0.90, top right:
0.86, right: 0.95, bottom right: 0.89, bottom: 0.90, bottom
left: 0.85, left: 0.83, top left: 0.93, indicating good repro-
ducibility. The Bland—Altman analysis of the first and sec-
ond measurements are shown in Figure 4. There was no
fixed error in the first and second measurements of the nine
gaze-directions (95% confidence interval center: -0.5 to
0.3, top: -0.5 t0 0.5, top right: -0.3 t0 0.7, right: -0.2 to 0.5,
bottom right: -0.6 to 0.5, bottom: -0.5 to 0.3, bottom left: -
0.3t0 1.2, left: -0.4 to 0.7, top left: -0.7 to 0.1), and there
was no proportional error (center: P = 0.83, top: P = 0.87,
top right: P = 0.92, right: P = 0.85, bottom right: P = 0.15,
bottom: P = 0.10, bottom left: P = 0.57, left: P = 0.99, top
left: P =0.77).
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Figure 4: Bland-Altman analysis of the reproducibility of the

OMD

Table 2. Reproducibility of measurements obtained with the
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paralysis, could be observed with both methods. R/L (up-
ward deviation of right eye) was also observed for the pri-
mary position. The measurement time was 68 seconds.

In the patient with right eye sursumvergence disorder
(Figure 5c), the limited eye movement of the right eye and
the delayed excessive movement of the left eye when look-
ing up, which is associated with thyroid-associated oph-
thalmopathy, could be observed with both methods. R/L
was also observed for the primary position. The measure-
ment time was 60 seconds.

Hess screen test

OMD

Hess screen test

OMD

First time
-3.9+2.5° -3.8+2.2° -3.1+2.1°
-3.9+2.1° -3.9+2.3° -3.6+£2.6°
-4,0+2.7° -3.4+2.2° -3.3+2.2°

Second time
-4.242.4° -3.8+2.1° -2.9+2.1°
-3.7+2.1° -4.0+2.4° -3.442.6°
-3.5+2.9° -3.5+1.8° -3.3+25°

Examination 3: Measurements in patients with
strabismus. In the patient with right eye abducens nerve
paralysis (Figure 5a), limited eye movement of the right
eye and excessive movement of the left eye when looking
to the right, which is associated with right eye abducens
nerve paralysis, could be observed with both methods. Es-
odeviation was found in the primary position. The meas-
urement time was 62 seconds.

In the patient with right eye trochlear nerve paralysis
(Figure 5b), limited eye movement of the right eye and the
excessive movement of the left eye when looking left and
down, which is associated with right eye trochlear nerve

OMD
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Figure 5 a: Measurements obtained using the Hess screen test and
OMD for right eye abducens nerve paralysis; b: Measurements
obtained using the Hess screen test and OMD for right eye troch-
lear nerve paralysis; c: Measurements obtained using the Hess
screen test and OMD for right eye sursumvergence disorder, as-
sociated with thyroid-associated ophthalmopathy

The delayed excessive movement could be measured
in all three patients using the OMD, similar to the Hess
screen test. The results of the OMD deviated laterally as
compared to the Hess screen test.

Discussion

In this study, we compared the measurements of eye
movement deviation in patients with strabismus, obtained
using the Hess test and with a newly developed eye-track-
ing device, for each of the nine gaze-directions. With this
device, we found that it was possible to measure the nine-
gaze-direction deviations objectively and found a strong
correlation with conventional subjective measurement
methods.

OMD showed a horizontal addition error compared to
Hess screen test. The reason for this may be the difference
in dichoptic viewing methods between the Hess test and
OMD. As shown in Figure 6, since the test distance of the
Hess test is 1.4 m, assuming that the interpupillary distance
is 64 mm, the 1.2-degree convergence position is evaluated
as no deviation. On the other hand, in OMD, since the
monitors are located in front of both eyes, the state of far
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distance view without convergence is evaluated as 0°. Fur-
thermore, the conventional method performs dichoptic
viewing with red—green glasses, and the grid can be seen
with the fixing eye, while the green target can be seen with
the tested eye. Therefore, the patient’s own attempt to
overlap the targets into a single point causes a slight fu-
sional movement, despite the dichoptic viewing. There-
fore, the patient’s own attempt to overlap the targets into a
single point causes a slight fusional movement, despite the
dichoptic viewing. Conversely, measurements with the
OMD only require display of the target in one eye (the fix-
ing eye). Therefore, there is absolutely no fusional move-
ment, so that latent ocular deviation may be more clearly
detected as compared to the conventional method condi-
tions. For these reasons, it is considered that horizontal ad-
dition error was detected in OMD as compared to Hess
test.

However, the relative value, not the absolute value, is
important for identifying ocular motility paralysis, and
thus, this fixed deviation would not affect interpretation of
the results as compared to the conventional method.

Hess test OMD

Hess

scr-Ren

monitor monitor

[}
e 1400mm

b - - ul -
64mm Q < > 64mm ( )

Figure 6: Difference in eye position between Hess test and OMD
without deviation

The measurements obtained with the device had good
reproducibility. The OMD could enable measurements un-
der strong dichoptic viewing and at a high sampling rate,
which rendered it stable and enabled the measurement of
ocular deviation.

Moreover, measurements in patients with strabismus
demonstrated excessive movement of the healthy eye rel-
ative to limited movement of the affected eye (Hering,
1942), similar to that observed with the conventional
method. There was a slight lateral deviation with the de-
vice as compared with the conventional method, but this is
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thought to be due to the effect of the aforementioned dif-
ferences in the dichoptic viewing methods. The measure-
ment time with the device was also extremely low, with
measurements completed in about 1 minute for all sub-
jects. Shortening the examination time can reduce the bur-
den on the patient and also makes this approach amenable
to screening scenarios.

The OMD can further be used for measurement of pa-
tients with suppression. In Hess screen tests to date, the
grid is displayed in one eye and the target is displayed in
the other eye, which makes measurements impossible in
patients with suppression. However, with the OMD, the
target is only displayed in one eye, so that the nine gaze-
directions can be measured even in patients with suppres-
sion.

In conclusion, the newly developed device can objec-
tively measure eye movements in the nine gaze-directions
with a high degree of reproducibility. The results so ob-
tained are strongly correlated with those obtained using the
conventional method and measurements can be obtained
rapidly. We now plan to use this device for various appli-
cations, including electro-oculography and nystagmus
tests.
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Appendix

How to derive the corneal center of curvature and optical
axis using OMD

Video of OMD measurements
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