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Abstract

Background This study aimed to compare the results of the Chronos binocular/monocular refraction system, that
measures objective and subjective ocular refraction in one unit, to objective findings obtained from a conventional
autorefractometer and a conventional subjective ocular refraction using a trial-frame in real space.

Methods Twenty-eight healthy volunteers (21.2+1.5 years old) were included in this study. Objective ocular
refraction was measured using two tests: the Chronos binocular/monocular refraction system under binocular
conditions and a conventional autorefractometer under monocular conditions. Subjective ocular refraction was
measured using three tests: Chronos binocular/monocular refraction system under binocular, monocular conditions,
and trial-frame in the real space under monocular conditions. The measurement distance was set to 5.0 m for each
test. All ocular refractions were converted into spherical equivalents (SEs).

Results The objective SE was significantly more negative with Chronos binocular/monocular refraction system
under binocular condition (—=4.08 +£2.76 D) than with the conventional autorefractometer under monocular condition
(—3.85+2.66 D) (P=0.002). Although, the subjective SE was significantly more negative with Chronos binocular/
monocular refraction system under binocular condition (—3.55+ 2.67 D) than with the trial-frame in the real space
under monocular condition (—3.33+2.75 D) (P=0.002), Chronos binocular/monocular refraction system under
monocular condition (—3.17+2.57 D) was not significantly different from that in trial-frame in real space under
monocular condition (P=0.33).

Conclusion These findings suggest that the Chronos binocular/monocular refraction system, which can complete
both objective and subjective ocular refraction tests in a single unit, is suitable for screening ocular refraction,
although it produces slightly more myopic results. Furthermore, subjective ocular refraction testing accuracy in
Chronos binocular/monocular refraction system can be equivalent to trial-frame in real-space testing by switching
from binocular to monocular condition.
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Background

Autorefractometers are one of the most commonly used
tools in eye care practice [1]. Almost all eye care prac-
titioners base their subjective ocular refraction test
on an autorefractometer to obtain the best-corrected
visual acuity at distance, since the autorefraction accu-
racy approximates that of the subjective refraction [2,
3]. However, objective ocular refraction differs to some
degree from subjective ocular refraction. This is because
an autorefractometer evaluates the objective ocular
refraction based on corneal and lens power and axial
length [4], whereas subjective ocular refraction tests
include other elements, such as depth of focus [5], cone
density, and visual processing [6, 7].

In addition, subjective refraction aims to provide the
most comfortable vision in daily life because different
individuals use eyeglasses in different situations, such as
using a computer [8], reading [9], and may prefer cor-
rection optimized to attain certain goals such as the
prevention of progression of myopia [10]. Moreover,
the subjective ocular refraction test in clinics generally
examines the eyes individually, whereas individuals use
their eyes in a binocular fashion. Ocular refraction under
binocular conditions was also shown to be more myopic
than that under monocular conditions, owing to conver-
gence accommodation under binocular conditions [11].
Thus, the examiners may test the eyes under binocular
conditions to provide the best refractive correction under
these conditions. However, conventional refractive tests
cannot simultaneously confirm the ocular refraction in
either eye. Thus, the lack of binocular refraction methods
may cause some patients to feel discomfort while wearing
their eyeglasses [12].

The Chronos binocular/monocular refraction system
(Chronos; Topcon Corp., Tokyo, Japan) allows objec-
tive and subjective refraction under binocular (binocular
mode) and monocular (monocular mode) conditions to
be performed on a single instrument and has been devel-
oped to overcome these issues. Objective and subjec-
tive ocular refraction tests using Chronos were designed
to maintain binocular vision because the subjects were
simultaneously looking through the left and right lens
barrels with both eyes. Furthermore, ocular refractive
tests under binocular vision are expected to be more rel-
evant to daily vision than conventional refractive tests
under monocular conditions.

However, the consistency between binocular testing
using the Chronos binocular/monocular refraction sys-
tem and conventional monocular refractive examination
is unknown, and differences from conventional methods
must be clearly defined if the Chronos binocular/mon-
ocular refraction system is to be used clinically. There-
fore, this study aimed to compare the Chronos binocular/
monocular refraction system with conventional methods
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of objective ocular refraction using a conventional
autorefractometer, and subjective ocular refraction using
a trial-frame in real space.

Methods

Participants

In total, 28 healthy volunteers (meanzstandard devia-
tion, 21.2+1.5 years old; range: 18-25 years) were
included in this prospective study. All subjects under-
went complete ophthalmological examinations, includ-
ing measures of best-corrected distance visual acuity at
5.0 m, stereoacuity at 40 cm (Titmus Stereotest; Stereo
Optical Co., Inc., Chicago, USA), close (33 cm) and dis-
tant (5.0 m) alternating prism cover tests to identify het-
erophoria, and fundus examinations. Patients with ocular
disease and a history of ocular surgery were excluded
from the study. The individuals with large phorias were
not excluded in this study.

After explaining the nature of the study and possible
complications, all subjects provided informed consent for
inclusion in the identification of information/images in
an online open-access publication. This study adhered to
the tenets of the 2013 revised Declaration of Helsinki by
the World Medical Association. The Institutional Review
Board of Teikyo University approved the experimental
protocol and consent procedures (approval no. 21-067).

Apparatus

Chronos

This study used the Chronos binocular/monocular
refraction system (Fig. 1). It was equipped with two auto
refractometers based on the KR-800 automated refrac-
tometer (Topcon Corp, Tokyo, Japan) to measure the
objective ocular refraction from —25.00 to +22.00 diop-
ters (D) for spherical refractive error and up to 10.00 D of
cylinder refractive error. The eye trackers detected each
eye from the pupil and corneal reflections, positioned the
auto-refractometers in front of each eye, and measured
the ocular refraction in both eyes. The target fixation
image was a house with a red roof.

The Chronos binocular/monocular refraction sys-
tem uses several optical display systems for subjective
refraction. The two optical systems project liquid-crystal
images onto the subject’s right and left eyes and use the
following four mechanisms to achieve a subjective refrac-
tion function:

1. Control of the convergence stimulus: The angle of
measurement is adjusted by the three motors to
realise a convergence stimulus at any distance from
25 cm to 6 m.

2. Control of accommodation stimulus: The spherical
lens position is adjusted using one motor to realise
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Fig. 1 Experimental Chronos binocular/monocular refraction system set
up. (B) Enhanced image of the yellow square in (A). (A) and (B') show the
images acquired during the actual measurement. A headrest and cheek
rest to fix the participant’s head are visible

A) LE
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accommodation stimuli at any distance from 25 cm
to 6 m.

3. Control of spherical power: Spherical lens position is
adjusted by one motor to realise any spherical power
setting from + 18D to -18D.

4. Control of cylindrical power and cylindrical axis:
The rotation angle of the two cylindrical lenses is
adjusted by two motors to realise any cylindrical
power and cylindrical axis setting from 0D to -8D
[13, 14].

Chronos binocular/monocular refraction system can
display optotypes on the two liquid crystal displays and
occlude a non-tested eye using the console; however, the
display for that eye does not turn off completely. The tar-
get (e.g. the Landolt ring) vanishes (Fig. 2A), whereas the
peripheral frame remains to maintain binocular fusion
(Fig. 2B).

The subjects fixated on the Landolt ring at a 5.0 m dis-
tance, which was adjusted optically, and the first oph-
thalmic lenses were selected automatically, based on the
objective ocular refraction in both eyes. The examiner
determined the subjective ocular refraction while exam-
ining the participant’s response using a Bluetooth tablet
linked to Chronos binocular/monocular refraction sys-
tem. The tablet device can change the status of the Chro-
nos binocular/monocular refraction system, such as the

RE

Binocular vision

Fig. 2 Participant’s image displays during a subjective refraction test using Chronos binocular/monocular refraction system. The Chronos binocular/
monocular refraction system displays the target in one eye. However, the peripheral black frame remains (A) to maintain binocular fusion (B). LE, left eye;

RE, right eye
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Fig.3 Control screen in the examination using Chronos binocular/monocular refraction system. Pressing the start panel initiated the objective refractive
test in both eyes (A). This was followed by the subjective refraction test (B). The cylindrical lens was adjusted using a Jackson cross cylinder (C).In (A), S, C,
A, PD, and VD indicate spherical power, cylindrical power, cylindrical axis, pupillary distance, and vertex distance, respectively. AVE indicates the average
values of three measurements for the spherical lens power, cylindrical lens power, and cylindrical axis. (B) BINO, R, and L indicate binocular and monocular
vision in the right and left eyes, respectively. The initial lens power in the subjective refraction test corresponds to the autorefractometer values in the AR
Data. SPH is the spherical lens power. In (C), CYL and CC indicate the cylindrical lens and the cross-cylinder, respectively
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measuring distance, spherical and cylindrical lens power,
and target (Fig. 3).

Conventional auto refractometer

A KR-800 refractometer was used as the conventional
autorefractometer. It can measure monocular objective
ocular refraction over the same range as that measured
by Chronos binocular/monocular refraction system.

Subjective ocular refraction

Subjective ocular refraction tests were performed in a
well-lit room (600 Ix), with both Chronos binocular/
monocular refraction system and the trial-frame in real
space using VC-60 (Takagi Co., Ltd., Nagano, Japan;
Fig. 4), a standard visual acuity chart. The examiner
presented the Landolt ring on a liquid-crystal display
(resolution of 25601440 pixels), corresponding to the
controller from a distance. The luminance of the back-
light was 300 cd/m?

Subjective ocular refraction was determined by com-
bining the maximum plus or minimum minus spherical
and cylindrical lenses necessary to provide a best-cor-
rected visual acuity of —0.176 logMAR (logarithm of the
minimum angle of resolution) at an optical and natural
distance of 5.0 m (with decimal acuity of 1.5).

The initial spherical lens was determined by add-
ing+1.00 D to the objective ocular refraction to prevent
overcorrection, and the examiner (M.F.) confirmed that
the participant was unable to clearly see the —0.176 log-
MAR optotype with this lens. The examiner then added
spherical lenses in increments of —0.25D to obtain the

Fig. 4 Exterior of VC-60 VC60 is an op-
totype on an LCD display. The subjects
were required to indicate the direction
of the notch in the presented Landolt

ring
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highest visual acuity with spherical lenses alone. Addi-
tionally, the examiner used Jackson’s Cross Cylinder of
+0.50 D and £0.25 D to determine the cylindrical lens
after the single spherical lens obtained the highest visual
acuity. Dot targets were used to determine the power and
axes of the cylindrical lenses. The cylindrical lens axis
was determined at 5° increments. After identifying the
cylindrical lens, the examiner readjusted the spherical
lens.

The procedure for subjective refraction test was as
follows.

1. First, the subjective lens was selected by referring
to the objective ocular refraction of both eyes. For
the spherical lens, a+ 1D lens was added to prevent
overcorrection.

2. Showing the Landolt ring on the display, spherical
lenses were added so that the subjects could obtain
the highest visual acuity.

3. Showing dot targets, cylindrical lenses and axis were
corrected using Jackson’s Cross Cylinder of +0.50 D
and +0.25 D. The cylindrical lenses were added, and
the axis was determined using 5° increments.

4. Showing the Landolt ring, spherical lenses were
recorded so that the subjects could obtain their best-
corrected visual acuity.

The procedure was the same for the subjective refraction
test using Chronos binocular/monocular refraction sys-
tem and the trial-frame in real space. However, the test
using the Chronos binocular/monocular refraction sys-
tem did not examine the peripheral frame of the eye to
maintain binocular fusion. Although binocular balance is
important in clinical practice, only the monocular visual
acuity was evaluated in this study.

We were concerned that the results of the subjective
refractive test would be affected by the objective ocular
refraction results. Therefore, the subjects underwent the
visual acuity test four times under four random condi-
tions, as follows Fig. 5.

Additional experiment: Chronos binocular/monocular
refraction system under monocular vs. binocular
conditions

As the default setting of the Chronos binocular/mon-
ocular refraction system is to test with both eyes open,
it does not entirely match the conditions of a conven-
tional subjective ocular refraction test conducted with a
single eye separately. Thus, we conducted the subjective
ocular refraction test on Chronos binocular/monocular
refraction system under monocular conditions, such as
conventional subjective ocular refraction, with one eye
occluded.
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Fig. 5 Examination flow The solid and dashed lines indicate binocular and monocular conditions, respectively. The subjective refractive test in the trial-
frame was performed in real space. Chronos, Chronos binocular/monocular refraction system; Trial-frame, Trial-frame in real space

Table 1 Conditions in the objective and subjective refraction

tests
Objective Subjective testing
testing
Test unit (Chronos bin- Binocular - Binocular conditions
ocular/monocular refraction  conditions + Monocular
system) conditions
Controls Conventional Trial-frame refraction

autorefractom-
eter (KR-800)

(monocular conditions) (“real space”)

The subject’s left eye was completely occluded with
white gauze (Surgical Pad, Hakujuji Co., Ltd.) to assess
the difference between the binocular and monocular con-
ditions in the Chronos binocular/monocular refraction
system. Subjective refraction in the additional experi-
ment was initiated by adding+1.00 D from the subjective
spherical equivalents (SE) of the previous subjective ocu-
lar refraction test. The experimental environment and
procedures for the Chronos binocular/monocular refrac-
tion system were the same as those used in the previous
experiments.

Data acquisition conditions
In this study, the ocular refraction data were obtained
under five conditions (Fig. 5; Table 1).

The objective ocular refraction was measured using
two tests: the Chronos binocular/monocular refraction
system under binocular conditions and a conventional
autorefractometer under monocular conditions.

The subjective ocular refraction was measured using
three tests: Chronos binocular/monocular refraction

system under binocular and monocular conditions and
trial-frame in the real space under monocular conditions.

Data analysis
The objective and subjective ocular refractions were con-
verted to SEs as follows:

SE:S+%

where S and C are the spherical and cylindrical lens
power, respectively. In this study, a cylindrical lens was
used only in the negative format.

Objective and subjective astigmatism were converted
from spherocylindrical to power vector notation by
applying Fourier transformation using the following
equations:

Jo= —3 X cos2a
C
Jus = -3 X sin2a

where « is an axis of a cylindrical lens, J, indicates the
cylinder lens power set at 90° and 180°, the positive val-
ues of J, were with the rule (WTR) astigmatism, the neg-
ative values of ], were against the rule astigmatism, and
J4s is the cylinder lens power set at 45° and 135°, repre-
senting oblique astigmatism.
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The simple conversion from the power vector notation
to conventional notation is twice the square root of the
sum 0f]02 and ]452.

Statistical analysis

Bland—Altman analysis was performed to compare the
objective ocular refractions in SE using J, and J s of the
Chronos binocular/monocular refraction system under
binocular conditions and KR-800 under monocular con-
ditions, as well as the subjective ocular refractions in
SE using J, and J,; of the Chronos binocular/monocular
refraction system under binocular conditions and the
trial-frame in real space under monocular conditions.

After assessing the normality of variable distributions
using Shapiro—Wilk tests, the fixed and proportional
biases between the two apparatuses and the measure-
ment conditions were analysed using paired t-tests and
single linear regression analyses.

The chronosinocular/monocular refraction system
maintains the binocular fusion. Therefore, the influence
of fusional convergence was considered. The difference
in the objective ocular refraction between the Chronos
binocular/monocular refraction system under binocular
conditions and the KR-800 under monocular conditions
was calculated because of accommodation by conver-
gence. The relationship between the degree of heteropho-
ria and the differences in objective ocular refraction was
analysed using Spearman’s rank correlation coefficients.

Page 7 of 14

In an additional experiment, the differences between
the Chronos binocular/monocular refraction system
under monocular and binocular conditions and real
space under monocular conditions were analysed using
a paired t-test following the assessment of normality dis-
tribution using the Shapiro—Wilk test with Bonferroni
correction.

IBM SPSS Statistics for Windows version 26 (IBM
Corp., Armonk, NY, USA) was used to determine the sig-
nificance of the differences, and P<0.05 was considered
statistically significant (Fig. 6).

This study achieved five ocular refraction results: two
objective ocular refractions of the Chronos binocular/
monocular refraction system under binocular condi-
tions and KR-800 under monocular conditions, three
subjective ocular refractions of the Chronos binocular/
monocular refraction system under binocular conditions,
monocular conditions, and a trial-frame in real space
under monocular conditions. Bland—Altman analysis
was performed to analyse the consistency of the Chronos
binocular/monocular refraction system under binocular
conditions and the conventional method, which mea-
sures monocularly, followed by evaluation of the differ-
ence between objective and subjective ocular refraction
in the Chronos binocular/monocular refraction system
under binocular conditions. The Spearman’s rank cor-
relation coefficient was used to evaluate the correlation
between objective ocular refraction by fusional conver-
gence in the Chronos binocular/monocular refraction

1. Bland-Altman analysis (Paired t-test and single linear regression analysis)

objective SE: Chronos (binocular) vs. KR-800 (monocular)
objective J,: Chronos (binocular) vs. KR-800 (monocular)
objective J,5: Chronos (binocular) vs. KR-800 (monocular)

subjective SE: Chronos (binocular) vs. trial-frame in real space (monocular)
subjective J,: Chronos (binocular) vs. trial-frame in real space (monocular)
subjective J,5: Chronos (binocular) vs. trial-frame in real space (monocular)

2. Paired t-test

Chronos (binocular) : subjective SE vs. objective SE
Chronos (binocular) : subjective J, vs. objective J,
Chronos (binocular) : subjective J,; vs. objective J ;5

3. Spearman's rank correlation coefficient

Angle of heterophoria and difference between Chronos (binocular) and KR-800 (monocular)

4. Paired t-test with Bonferroni correction

Chronos under monocular vs. Chronos under binocular vs. trial-frame in real space under mon

Fig. 6 Statistical Analysis Items
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system under binocular conditions and KR-800 under
monocular conditions. Finally, a paired t-test with Bon-
ferroni correction was conducted to assess whether the
subjective ocular refraction in the Chronos binocular/
monocular refraction system under monocular condi-
tions differed from the Chronos binocular/monocular
refraction system under binocular conditions and the real
space under monocular conditions.

Results

Characteristics of the subjects

The participants’ characteristics are listed in Table 2. The
objective refraction was —3.80£2.68 D using the KR-800
under monocular condition. The angle of heterophoria
was —6.915.9 prism diopter (PD) at near distance and
—3.314.3 PD at far distance. All subjects had stereo acu-
ity of 1.60 log arcsec (40 s equally).

Table 2 Characteristics of the subjects
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Objective ocular refraction: Chronos binocular/monocular
refraction system under binocular condition) vs. KR-800
under monocular condition

The objective ocular refraction test in the Chronos bin-
ocular/monocular refraction system defaults to binocular
conditions. Therefore, objective ocular refraction may
differ from that of the conventional autorefractometer
performed under monocular conditions. Therefore, we
compared the objective ocular refractions of the Chro-
nos binocular/monocular refraction system and KR-800
under binocular and monocular conditions.

The SE obtained with Chronos binocular/monocular
refraction system under binocular condition was signifi-
cantly more myopic (—4.08£2.76 D) than that of KR-800
under monocular condition (-3.85%£2.66 D) (P=0.002;
Fig. 7A; Table 3). No proportional bias was observed
between the two autorefractometers (R*=0.077, P=0.153;
Fig. 7A). The mean value of the differences between
Chronos binocular/monocular refraction system under
binocular condition and KR-800 under monocular condi-
tion was —0.23 D and the 95% limits of agreement (LOA)
ranged from —0.93 to 0.47 D. The angle of heterophoria

Subject Age (years) Sph (D) Cyl (D) Ax (°) APCT (PD) Stereo acuity PD (mm)
Near Distant

S1 23 -6.50 0 180 =16 -16 40 62.5
S2 21 -1.50 0 180 -2 -2 40 58
S3 21 -1.75 —-1.00 90 -8 —4 40 615
S4 20 -0.50 -0.25 70 =16 -6 40 61
S5 21 -2.25 —-0.50 170 —4 0 40 65.5
S6 21 —7.50 -3.00 175 =20 -14 40 61
S7 19 -4.75 -2.00 175 ) 0 40 62
S8 20 —-4.00 -0.75 160 -12 —6 40 66.5
S9 23 -7.75 -1.00 180 -8 0 40 61
S10 25 -2.50 -0.50 145 1 -2 40 62
ST 21 -7.75 -1.00 175 -14 -8 40 59.5
S12 22 =175 0 180 2 -2 40 575
S13 21 —6.25 —-1.00 170 -8 —4 40 61
S14 18 -5.25 -0.25 30 =12 -2 40 64.5
S15 19 -5.50 -0.75 165 -4 =1 40 615
S16 22 0 0 180 -4 0 40 65
S17 22 -1.00 -0.25 100 ) -2 40 59
S18 21 -4.75 —0.75 175 =20 =12 40 67
S19 21 -375 —-1.50 180 —4 0 40 59.5
S20 21 -0.75 -0.25 115 -2 -2 40 58
S21 24 0.25 -0.25 180 -8 -4 40 61
S22 21 -0.75 -0.75 160 0 0 40 58
S23 21 -5.25 -0.75 170 ) 0 40 69.5
S24 23 -4.50 =175 175 -2 -2 40 62.5
S25 22 -4.75 -0.50 165 -4 -2 40 61
S26 23 -0.75 -0.25 155 0 0 40 59.5
S27 21 -5.00 -1.25 175 -4 -2 40 60.5
S28 23 -1.00 -0.50 5 -2 0 40 62.5

Sph, spherical power; Cyl, cylindrical power; Ax, cylindrical axis; APCT, alternative prism cover test; PD, pupillary distance
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Fig. 7 Differences in objective ocular refraction between Chronos binocular/monocular refraction system under binocular condition and KR-800 under
monocular condition

Table 3 Summary in each testing

Objective testing

Subjective testing

Test unit (Chronos binocu-
lar/monocular refraction

system)

Controls

(monocular conditions)

Binocular conditions:
-4.08+2.76 D

« Binocular condi-

tions:—3.55+2.67 D
+ Monocular condi-
tions:=3.17+257D

Conventional autore-  Trial-frame in real

fractometer (KR-800):

-3.85+2.66D

space
-333+275D

was significantly correlated with the difference in SE
between the Chronos binocular/monocular refraction
system under binocular conditions and KR-800 under
monocular conditions without outlier data (without out-
liers, rs=—0.389, P=0.045; without outliers, rs=—0.231,
P=0.163) (Fig. 8).

The J, of Chronos binocular/monocular refraction
system under binocular condition (0.37£0.43 D) was
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Fig. 8 Relationship between Angle of heterophoria and difference of ocu-
lar refraction between binocular (Chronos binocular/monocular refraction
system) and monocular (KR-800) conditions

significantly more positive than that of KR-800 under
monocular condition (0.29£0.39 D) (P=0.005; Fig. 7B). A
proportional bias was not found between the two autore-
fractometers (R?=0.095, P=0.111; Fig. 7B’). The mean
value of the differences between Chronos binocular/
monocular refraction system under binocular condition
and KR-800 under monocular condition was —0.09 D and
the 95% LOA ranged from —0.20 D—0.38 D.

The J,; of Chronos binocular/monocular refraction
system under binocular condition (—0.02+0.11 D) was
significantly more positive than that of KR-800 under
monocular condition (—0.08+0.10 D) (P=0.003; Fig. 7C).
No proportional bias was observed between the two
autorefractometers (R°=0.029, P=0.385; Fig. 7C). The
mean value of the differences between Chronos binocu-
lar/monocular refraction system under binocular condi-
tion and KR-800 under monocular condition was —0.06
D and the 95% LOA ranged from —0.14 D —0.26 D.

Red and blue boxplots with dots indicate the objec-
tive SE in the Chronos binocular/monocular refraction
system and the KR-800 (A—C). The solid and dashed red
lines indicate the average and 95% limits of agreement in
the differences between Chronos binocular/monocular
refraction system and KR-800 (A’—C’). The SE (A), ], (B),
and J,; (C) differed significantly between the two systems
and KR-800. No proportional bias was observed between
the two devices.

The angle of heterophoria was not significantly corre-
lated with difference of SE between Chronos binocular/
monocular refraction system and KR-800 without out-
lier (rs=—0.389, P=0.045) and with outlier (rs=-0.231,
P=0.163).
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Subjective refraction test: Chronos binocular/monocular
refraction system under binocular condition vs.
conventional trial-frame real space under monocular
condition

The subjective ocular refraction test in the Chronos
Binocular/Monocular Refraction System defaults to
binocular conditions. A Landolt ring was presented to
the subject’s eye, and a blank was shown to the other
eye. However, black frames that maintain binocular
fusion remain in both eyes. Therefore, subjective ocular
refraction between the Chronos binocular/monocular
refraction system under binocular conditions and the
trial-frame in real space under monocular conditions
may differ.

The subjective SE from Chronos binocular/mon-
ocular refraction system under binocular condition
(—3.5512.67 D) was significantly more myopic than that
from trial-frame in real space under monocular condition
(—3.3312.75 D) (P=0.002; Fig. 9A; Table 3). No propor-
tional bias was observed between the two examinations
(R?=0.070, P=0.174; Fig. 9A). The mean value of the
differences between the Chronos binocular/monocular
refraction system under binocular conditions and the
trial-frame in real space under monocular condition was
—0.22 D. The 95% LOA ranged from —0.87—-0.43 D.

The J, was not significantly different between Chronos
binocular/monocular refraction system under binocu-
lar condition (0.2310.34 D) and trial-frame in real space
under monocular condition (0.24+0.39 D) (P=0.61;
Fig. 9B). No proportional bias was observed between
the two examinations (R*=0.137, P=0.053; Fig. 9B). The
mean value of the differences between Chronos binocu-
lar/monocular refraction system under binocular con-
dition and trial-frame in real space under monocular
condition was —0.01 D, and the 95% LOA ranged from
—-0.29-0.26 D.

The J,s was not significantly different between Chronos
binocular/monocular refraction system under binocular
condition (—0.05+0.19 D) and trial-frame in real space
under monocular condition (-0.07£0.15 D) (P=0.41;
Fig. 9C). No proportional bias was observed between
the two examinations (R°=0.093, P=0.115; Fig. 9C). The
mean value of the differences between the Chronos bin-
ocular/monocular refraction system under binocular
conditions and the trial-frame in real space under mon-
ocular condition was 0.02 D, and the 95% LOA ranged
from —0.27 —0.32 D.

The red and blue boxplots with dots indicate the objec-
tive SE in the Chronos binocular/monocular refraction
system under binocular conditions, and the trial-frame in
real space under monocular conditions (A-C). The solid
and dashed red lines indicate the average and 95% lim-
its of agreement of the difference between the Chronos
binocular/monocular refraction system under binocular
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conditions and the trial-frame in real space under mon-
ocular conditions (A'—C’). Only SE (A) was significantly
and negatively greater in the Chronos binocular/mon-
ocular refraction system than in the trial-frame in real
space. No proportional bias is observed between the two
devices.

Difference between objective and subjective chronos test
In general, objective ocular refraction measured by
autorefractometer is more negative than subjective ocu-
lar refraction [15]. We examined whether similar results
occurred in the Chronos binocular/monocular refraction
system.

The SE and J, were significantly more myopic in the
objective test (SE, —4.08+2.76 D; J,, 0.37£0.43 D) than in
the subjective test (SE, —3.55+2.67 D; ], 0.23£0.34 D) in
Chronos binocular/monocular refraction system under
binocular condition (P<0.001). J,; did not significantly
differ between the objective (-0.02+0.11 D) and sub-
jective (—0.05+£0.19 D) tests under binocular condition
(P=0.145).

Chronos binocular/monocular refraction system under
monocular vs. chronos binocular/monocular refraction
system under binocular vs. trial-frame in real space under
monocular conditions

By default, the Chronos binocular/monocular refraction
system performs tests under binocular conditions, which
is not the same as the monocular condition used in tradi-
tional subjective ocular refraction tests. To ensure accu-
rate results, we conducted a subjective ocular refraction
test using the Chronos binocular/monocular refraction
system under monocular conditions, similar to a conven-
tional test in which one eye was occluded.
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Fig. 10 Subjective refraction between Chronos binocular/monocular
refraction system under monocular (red) and binocular (blue) conditions

and trial-frame in real space under monocular condition (green)
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The subjective SE was significantly more hyperopic for
Chronos binocular/monocular refraction system under
the monocular condition (—3.17%2.57 D) than under the
binocular condition (-3.55+2.67 D D) (P<0.001; Fig. 9;
Table 3). The subjective SE did not significantly differ
between Chronos binocular/monocular refraction sys-
tem under the monocular condition and the real space
under monocular condition (-3.33%2.75 D) (P=0.33;
Fig. 10).

The Chronos binocular/monocular refraction system
subjective refraction tested under binocular conditions
resulted in a significantly more negative spherical equiva-
lent than the Chronos binocular/monocular refraction
system subjective refraction tested under monocular
conditions and the trial-frame refraction tested in real
space and under monocular conditions.

##*: P<0.001, Paired t-test with Bonferroni correction.

**: P=0.006, Paired t-test with Bonferroni correction.

Discussion

Overview

Objective and subjective ocular refraction were mea-
sured using the Chronos binocular/monocular refrac-
tion system. The SE in the objective and subjective ocular
refractions with Chronos binocular/monocular refrac-
tion system under binocular condition changed to myo-
pic values of —0.23 D and —0.22 D compared to KR-800
and trial-frame in real space under monocular condi-
tion. These findings indicate that the Chronos binocular/
monocular refraction system under binocular conditions
resulted in refractive errors that were more myopic in
both objective and subjective refraction tests under mon-
ocular conditions. Therefore, under binocular conditions,
the Chronos binocular/monocular refraction system is
unsuitable for situations requiring accurate refraction,
such as preoperative examinations and eyeglass prescrip-
tions. In contrast, the Chronos binocular/monocular
refraction system is suitable for screening under binocu-
lar conditions because it can complete both objective and
subjective ocular refraction tests in a single unit.

The subjective ocular refraction of the Chronos binoc-
ular/monocular refraction system under monocular con-
ditions was significantly more hyperopic than that under
binocular conditions, and was not significantly different
from that of the trial-frame in real space under mon-
ocular conditions. These findings suggest that subjective
ocular refraction in the monocular condition provides
less myopia results than the binocular condition, and that
the monocular condition results are comparable to the
trial-frame in real space.

Objective ocular refraction
The Chronos binocular/monocular refraction system
was equipped with two automated refractometers based
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on a KR-800 conventional autorefractometer. However,
the objective SE was significantly more myopic with
the Chronos binocular/monocular refraction system
under binocular conditions than with the KR-800 under
monocular conditions (Fig. 7A and A’). The subjects
maintained binocular fusion using Chronos to mea-
sure objective ocular refraction. Conversely, the KR-800
measures objective ocular refraction without fusional
convergence because it uses monocular measurements,
and convergence induces accommodation [11]. Hence,
we considered accommodation to be induced by fusional
convergence by using Chronos.

For objective astigmatism, /, and J,; were significantly
more positive with the Chronos binocular/monocular
refraction system under binocular conditions than with
the KR-800 under monocular conditions (Fig. 7B and B,
7 C,and 7 C’). An increase in J, indicates that the WTR
becomes stronger, and an increase in J,; indicates that
the power of the ocular refraction shifts from 135° to 45°.
Our findings are consistent with those of Porrill et al.,
who demonstrated that both eyes were inverted during
convergence [16]. These findings support our hypothesis
that accommodation is induced by fusional convergence,
using the Chronos binocular/monocular refraction sys-
tem. However, previous studies reported that accommo-
dation alters astigmatism [17]. Therefore, measuring the
amplitude of fusional convergence may be necessary to
test our hypothesis in future studies.

Subjective ocular refraction

Regarding subjective ocular refraction, the subjective SE
obtained with the Chronos binocular/monocular refrac-
tion system under binocular condition was significantly
more myopic than that obtained trial-frame in real space
under monocular condition (Fig. 9A and A’). We believe
that subjective ocular refraction under binocular condi-
tions shifted to myopia owing to accommodation related
to convergence. Therefore, the results of the subjective
ocular refraction test may depend on those of the objec-
tive ocular refraction test [18]. To minimize the bias of
the objective ocular refraction in the subjective ocular
refraction test, we mixed the objective ocular refraction
measured by the Chronos binocular/monocular refrac-
tion system under binocular condition and KR-800 under
the monocular condition. In this study, the measurement
distance of subjective ocular refraction was the same
between the Chronos binocular/monocular refraction
system under binocular conditions and the trial-frame in
real space under monocular conditions.

To maintain binocular fusion, the peripheral frame of
the eye was not examined in the subjective refraction test
using the Chronos binocular/monocular refraction sys-
tem under binocular conditions (Fig. 3). We occluded the
subject’s left eye to avoid binocular fusion when using the
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Chronos binocular/monocular refraction system in an
additional experiment. The subjective SE under monoc-
ular conditions showed a hyperopic shift relative to that
under binocular conditions. Furthermore, the subjective
SE did not significantly differ between the Chronos bin-
ocular/monocular refraction system under monocular
conditions and the trial-frame in real space under mon-
ocular conditions (Fig. 10). These findings support our
hypothesis that convergence accommodation through
fusional convergence works by using a Chronos binocu-
lar/monocular refraction system under binocular condi-
tions. Moreover, with the Chronos binocular/monocular
refraction system, an image from one eye can be removed
via the console. Therefore, we can set the condition of
the subjective refraction test within an error of 0.25 D
between the conventional monocular test and the binoc-
ular test as required, which is closer to the trial-frame in
real-space vision.

However, the subjective J, and J,; were not significantly
different between the Chronos binocular/monocular
refraction system under binocular conditions and the
trial-frame in real space under monocular conditions
(Fig. 9A and A} 9B, and 9B’). We assume this was due to
Jackson’s cross-cylinder method. Moreover, the astigma-
tism axis was determined in 5° increments. For example,
if the axis of astigmatism is changed from 0° to 5° and the
astigmatism power is increased by —0.25 D, J, changes by
0.11 D. Although the incyclodeviation (this is intorsion)
also occurs during the subjective refraction test similar
with the objective refraction test, Chronos binocular/
monocular refraction system under binocular condition
can determine subjective ocular refraction with similar
accuracy as the trial-frame in real space under monocu-
lar condition, if the astigmatic axis changed in 5° incre-
ments in Jackson’s Cross Cylinder.

In this study, we compared objective and subjective
ocular refractions in the Chronos binocular/monocular
refraction system under binocular and monocular con-
ditions and a trial-frame in real space under monocular
conditions; however, eye movements during the exami-
nations could not be evaluated. Particularly, the results
of the present study suggest that fusional convergence
occurs under binocular conditions when using Chronos
binocular/monocular refraction system (Fig. 8). Further-
more, there were no participants with esophoria, despite
the random recruitment of participants in this study.
Therefore, to test our hypothesis, it was necessary to
simultaneously measure eye movements during ocular
refraction tests under non-cycloplegic and cycloplegic
conditions to confirm whether fusional convergence is
induced by the peripheral frame. Thus, in future stud-
ies, we aim to include an eye tracking system to Chro-
nos binocular/monocular refraction system to assess
the consistency of eye movements and ocular refraction
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upon recruiting subjects with esophoria, exophoria, and
orthophoria.

Conclusion

The objective and subjective SEs were significantly more
negative when using the Chronos binocular/monocu-
lar refraction system under binocular conditions than
when using the trial-frame in real space under monocular
conditions. The subjective SE under monocular condi-
tions using the Chronos binocular/monocular refraction
system was comparable to that of a trial-frame in real
space under monocular conditions. These findings sug-
gest that the Chronos binocular/monocular refraction
system, capable of completing objective and subjective
ocular refraction testing with a single unit, is suitable for
screening ocular refraction, although it produces slightly
more myopic results. Furthermore, the subjective ocu-
lar refraction testing accuracy in the Chronos binocular/
monocular refraction system can be made equivalent to
a trial-frame in real-space testing by switching from bin-
ocular to monocular conditions.

Abbreviations

SE spherical equivalents

D diopters

logMAR  logarithm of the minimum angle of resolution
WTR with the rule

LOA limits of agreement

Acknowledgements
The authors are grateful to Editage for helpful English proofreading.

Author contributions

M.H. conceived the project. M. H, .Y, A. H., Y. H, and M. S. designed the
experiments. M.F. performed the experiments. M.F. and M.H. analysed data. M.
F, M. H. and K. M. wrote the manuscript. All the authors have reviewed and
approved the final manuscript. .Y, AH., Y.H, and M.S. were not involved in the
experiments, data analyses, or manuscript writing.

Funding

This work was supported by Grants-in-Aid for Early-Career Scientists,

Scientific Research (A) and (B), Challenging Exploratory Research; the Japan
Society for the Promotion of Science (22K18231, 20K04271, 22H00539, and
19K21783 [all M.H.]); the Nakatani Foundation (M.H.); the Inamori Foundation
(M.H.); the Japan Medical Herb Association Research Grant Program (M.H.);
Clinical Research Promotion Foundation (2021) (M.H.); the Terumo Life
Science Foundation (22-1 1009) (M.H.), and Intensive Support for Young
Promising Researchers, Japan Agency for Medical Research and Development
(23he0422031j0001 to M.H.).

Data availability
All data related to this study are stated in the paper.

Declarations

Ethics approval and consent to participate

After explaining the nature of the study and possible complications, all
participants provided informed consent. This study adhered to the tenets of
the 2013 revised Declaration of Helsinki of the World Medical Association. The
Institutional Review Board of Teikyo University approved the experimental
protocol and consent procedures (approval no. 21-067).

Consent for publication
Not applicable.

Page 14 of 14

Competing interests

The author M.H.,, is financial support to Topcon Corp. for this study performed.
TY, AH.,YH., and M.S. are employees of the Topcon Corporation. As described
in the Authors' Contributions section, they only contributed to setting up

the study design. To avoid bias, the experiments, data analysis, and writing of
this paper were conducted independently at Teikyo University. T.Y, AH. YH,
and M.S. were not involved in the experiments, data analyses, or manuscript
writing. All other authors declare no competing interests.

Received: 18 August 2023 / Accepted: 10 April 2024
Published online: 16 April 2024

References

1. Gurnani B, Kaur K. Autorefractors. StatPearls. edn. Treasure Island (FL); 2023.

2. Hastings GD, Marsack JD, Nguyen LC, Cheng H, Applegate RA. Is an objective
refraction optimised using the visual Strehl ratio better than a subjective
refraction? Ophthalmic Physiol Opt. 2017,37(3):317-25.

3. Rossato M, Nart A, Messina G, Favro F, Rossato V, Rrutja E, Biancalana V. The
Refraction Assessment and the electronic trial Frame Measurement during
Standing or sitting position can affect Postural Stability. Int J Environ Res
Public Health. 2022;19(3):1558.

4. LeiY,Chen X, Cheng M, Li B, Jiang Y, Xu Y, Wang X. Comparisons of objective
and subjective refraction with and without cycloplegia using binocular wave-
front optometer with autorefraction and retinoscopy in school-age children.
Graefe's Archive Clin Experimental Ophthalmol. 2023;261(5):1465-72.

5. Green DG, Powers MK, Banks MS. Depth of focus, eye size and visual acuity.
Vis Res. 1980;20(10):827-35.

6. LiKY,Tiruveedhula P, Roorda A. Intersubject variability of foveal cone
photoreceptor density in relation to eye length. Invest Ophthalmol Vis Sci.
2010;51(12):6858-67.

7. Rossi EA, Roorda A. The relationship between visual resolution and cone
spacing in the human fovea. Nat Neurosci. 2010;13(2):156-7.

8. Rosenfield M. Computer vision syndrome: a review of ocular causes and
potential treatments. Ophthalmic Physiol Opt. 2011;31(5):502-15.

9. Katz JA, Karpecki PM, Dorca A, Chiva-Razavi S, Floyd H, Barnes E, Wuttke
M, Donnenfeld E. Presbyopia— A Review of Current Treatment options and
emerging therapies. Clin Ophthalmol. 2021;15:2167-78.

10.  Yazdani N, Sadeghi R, Ehsaei A, Taghipour A, Hasanzadeh S, Zarifmahmoudi
L, Heravian Shandiz J. Under-correction or full correction of myopia? A meta-
analysis. J Optom. 2021;14(1):11-9.

11. Kersten D, Legge GE. Convergence accommodation. J Opt Soc Am.
1983;73(3):332-8.

12. Marmamula S, Bhoopalan D, Kumbham TR, Yelagondula VK, Keeffe J. Preva-
lence, pattern, and compliance with spectacles use among the elderly in
homes for the aged in South India: the Hyderabad Ocular Morbidity in Elderly
Study (HOMES). Indian J Ophthalmol. 2023;71(1):263-7.

13. Alpins NA. A new method of analyzing vectors for changes in astigmatism. J
Cataract Refract Surg. 1993;19(4):524-33.

14. Tamura M, Moriguchi Y, Yeh SY, Matsumoto A, Shibutani M, Asao T, Mino T,
Nakanishi M, Kubota A, Akiba M. Sensorless astigmatism correction using a
variable cross-cylinder for high lateral resolution optical coherence tomogra-
phy in a human retina. Appl Opt. 2021;60(30):9553-9.

15. Yeung IY, Mantry S, Cunliffe IA, Benson MT, Shah S. Correlation of Nidek OPD-
Scan objective refraction with subjective refraction. J Refract Surg. 2004;20(5
Suppl):5734-736.

16. Porrill J, Ivins JP, Frisby JP. The variation of torsion with vergence and eleva-
tion. Vis Res. 1999;39(23):3934-50.

17.  Radhakrishnan H, Charman WN. Age-related changes in static accommoda-
tion and accommodative miosis. Ophthalmic Physiol Opt. 2007;27(4):342-52.

18.  Kemchoknatee P, Sunlakaviset P, Khieokhoen N, Srisombut T, Tangon D. A
Comparison of Autorefraction and Subjective Refraction in an Academic
Optometry Clinic. Cureus 2023.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Evaluation of objective and subjective binocular ocular refraction with looking in type
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Participants
	﻿Apparatus
	﻿Chronos
	﻿Conventional auto refractometer


	﻿Subjective ocular refraction
	﻿Additional experiment: Chronos binocular/monocular refraction system under monocular vs. binocular conditions
	﻿Data acquisition conditions
	﻿Data analysis
	﻿Statistical analysis
	﻿Results
	﻿﻿Characteristics of the subjects﻿
	﻿Objective ocular refraction: Chronos binocular/monocular refraction system under binocular condition) vs. KR-800 under monocular condition
	﻿Subjective refraction test: Chronos binocular/monocular refraction system under binocular condition vs. conventional trial-frame real space under monocular condition
	﻿Difference between objective and subjective chronos test
	﻿Chronos binocular/monocular refraction system under monocular vs. chronos binocular/monocular refraction system under binocular vs. trial-frame in real space under monocular conditions

	﻿Discussion
	﻿Overview
	﻿Objective ocular refraction

	﻿Conclusion
	﻿References


