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Purpose: Progressive addition lenses (PAL) are effective, particularly for middle-aged and
elderly people who require reading spectacles. However, with PALs, peripheral vision may be
distorted and blurred because of both the lateral bending of the surface and the effect of unequal
bending of the light coming from an off-axis location in the tangential and sagittal directions,
which may lead to a decrease in the quality of vision. Till date, no evaluation of PALs has been
reported with regard to peripheral and binocular vision. We investigated the influence of high-
base-curve PAL on the visual function of binocular vision using a synoptophore.

Methods: The subjects were seven males and 13 females aged 50-79 years with a best-
corrected visual acuity of decimal visual acuity (1.0) or higher in both eyes and addition
power of 1.50-2.50 diopters as the inclusion criteria. The study design was a two-group, two-
period crossover trial. Using a synoptophore, the subjective clear vision area of monocular
vision and stereopsis area of binocular vision were measured while wearing conventional-
base curve PAL (4-curve) and high-base-curve PAL (8-curve). HOYALUX RF SPORT 1.6
lenses (HOYA Corporation, Tokyo, Japan) were used for the test PALs.

Results: The clear vision area of monocular vision was significantly wider when wearing the
8-curve PAL on the temporal side of the right eye (P = 0.02), and on the temporal side of the
left eye (P = 0.01). The stereopsis area of binocular vision was significantly wider in all
directions when wearing the 8-curve PAL: right (P = 0.02); left (P = 0.03); right 15° upward
(P =0.02); and left 15° upward (P = 0.02).

Conclusion: It was clarified that, compared to 4-curve PAL, clear vision and stereopsis
areas are wider when wearing 8-curve PAL.

Keywords: aberration, clear vision area of monocular vision, high-base-curve lenses,
stereopsis area of binocular vision, progressive addition lenses, synoptophore

Introduction
Progressive addition lenses (PAL) are effective, particularly for middle-aged and
elderly people who require reading spectacles, because with such lenses there is no
boundary between distance and near zones. In addition, focus can be continuously
adjusted to distant and near targets, which is convenient. However, with PALs,
peripheral vision may be distorted and blurred.'” The distortion comes from
variations in the magnification induced by the optical surface. However, the blurred
area varied according to the Minkwitz theorem." There are two ways for theoreti-
cally reducing the blurs and distortion: 1) extending the corridor length and 2)
reducing the addition power.

Individual aberrations, i.e., astigmatism and field curvature (power error), are
considered when lenses are designed.”* The role of an optical design is to minimize
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the aberration-induced reduction of Quality of Vision
(QOV). In monofocal lenses, peripheral astigmatism can
be reduced by increasing the lens base curve, following
Tscherning ellipses, or by introducing opposite surface
astigmatism using asphericity in at least one of the sur-
faces. Such design factors are generally known to improve
the comfort of spectacles.” However, with regard to the
binocular function, these factors have not been evaluated
quantitatively using subjects actually wearing spectacles.

We collected quantitative data from subjects and inves-
tigated the influence of high-base-curve PALs on the
visual function. The PAL distance zone was investigated
considering that PALs are frequently worn when driving
a vehicle.

Materials and Methods

Subjects

Twenty subjects (40 eyes; males and females aged 5079
years) participated in the experiment. The inclusion cri-
teria were a best-corrected visual acuity of decimal visual
acuity (1.0) or higher in both eyes, addition power of
1.50-2.50 diopters (D), and wearing PAL for one year or
longer. The exclusion criteria were an anisometropia of
2.00 D or more, manifest strabismus, ocular motility dis-
order, abnormal retinal correspondence, chronic headache,
subjective headache, dizziness caused by wearing specta-
cles, and cognitive impairment or suspected cognitive
impairment. All subjects provided informed consent to
participate in the study. This study was approved by the
Ethics Committee of the Faculty of Medicine, University
of Miyazaki (study number: 1-0013) and adhered to the
Declaration of Helsinki.

Test Spectacles

The test conventional-base and high-base-curve PALs
were prepared after confirming the suitable prescribed
power for the subjects. HOYALUX RF SPORT 1.6 lenses
(HOYA Corporation, Tokyo, Japan) were used for the test
spectacle lenses. The curvature radii of the lens convex
surface were 13.3 cm (4-curve) and 6.6 cm (8-curve) in the
conventional- and high-base-curve PALs, respectively.
According to the general custom in the spectacle industry,
the lens curve was represented by a crown glass index of
1.523. The corridor length and design of surface astigma-
tism in the 4- and 8-curve were the same. The ONB-307
(rimless, square type, horizontal boxed lens size: 57 mm;
vertical boxed lens size: 30 mm; distance between lenses:

17 mm; Onbeat Inc., Fukui, Japan) spectacle frame was
used for all subjects. The pantoscopic angle was main-
tained at a uniform 8° during preparing spectacles, and two
experienced opticians adjusted the vertex distance

(12 mm) and eye point.

Study Design and Test Methods

The study employed was a two-group, two-period cross-
over trial design. The subjects were allocated to two
groups (1:1) by block randomization. For Group 1, mea-
surement was performed in the first and second periods
wearing the 8- and 4-curve lenses, respectively.
Conversely, with Group 2, measurement was performed
in the first and second periods wearing the 4- and 8-curve
lenses. A single-blind test was used as the blinding, and
the subjects were not informed about the type of spectacle
lens curve. Note that there was a 10-minute rest interval
between the first and second periods wherein the partici-
pants did not wear spectacles. The difference between 4-
and 8-lens base curves is clear, i.e., the spectacles could be
distinguished visually; however, during the study, the

spectacles were managed by numbering.

Measurement Items and Methods

A synoptophore (Clement Clarke Ltd., Harlow, UK;
Figure 1) was used to measure the clear vision area of
monocular vision (clear vision area) and stereopsis area of
binocular vision (stereopsis area) in the first and second
periods. In each test, the target movement speed was set to
3°/second. All measurements were performed by a single
examiner. To maintain test accuracy, the examiner care-
fully monitored the rotation of the subject’s head and neck
during the test.

Measurement of the Clear Vision Area

Measurement of the clear vision area was performed using
self-made Landolt ring target slides. Targets for decimal
visual acuity of 0.1-1.0 were prepared. First, the minimum
size of the Landolt ring gap that a subject could distinguish
from a primary gaze position was determined. The mea-
surement was performed using the minimum size target
slide with one eye covered. Then, the examiner moved the
target from the most peripheral lateral region, in which
visual recognition was impossible, toward the center. The
subject followed the target from the point at which it could
be recognized visually. The target is blurry in the aberra-
tion region in the periphery of the lens and becomes clear
as it moves closer to the frontal clear vision area. The
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Figure | Basic structure of synoptophore (x-axis: vertical rotation center; y-axis: horizontal rotation center, z-axis: rotation center). Horizontal and vertical movements and
cyclodeviation of the eyeballs, simultaneous perception, fusion amplitude, and stereopsis can be measured quantitatively using a synoptophore. The synoptophore is
equipped with a convex lens in the lens barrel, theoretically making it a distance vision-testing device.

angle at which the subject could distinguish the Landolt
ring gap was recorded. The position of the gap was chan-
ged randomly. The clear vision area was measured three
times in four directions (i.e., temporal, nasal, temporal 15°
upward, and nasal 15° upward) and the mean was adopted.

Measurement of Stereopsis Area

Measurement of the stereopsis area was performed using
Braddick Random Dot graded stereo slides (Clement
Clarke Ltd., Harlow, UK). Random dots with a disparity
are drawn in each slide for each eye, and stereopsis of the
target hidden in the random dots is not possible until
binocular fusion is settled. There are four sterco disparities
(720, 360, 180, and 90 seconds of arc) and three figures for
each stereo disparity in the Braddick Random Dot graded
stereo slides. The minimum stereo disparity at which the
subject was capable of stereopsis was measured for pri-
mary gaze position. Here, slides in which a cross was
drawn at the minimum stereo disparity were used.
Measurement was performed with binocular vision. After
confirming that the subject was capable of stereopsis in
front vision, the examiner moved the target from the
straight-ahead position toward the periphery in the
selected direction. The subject pursued the target moving
toward the lateral side, and the angle at which stereopsis
broke was recorded. Similar to the clear vision area mea-
surement, the stereopsis area measurement was repeated
right, left, right 15°
upward, and left 15° upward), and the mean was adopted

three times in four directions (i.e.,

as the stereopsis area. The measurement and evaluations
were performed similarly in each direction.

Statistical Analysis

Assuming a minimum difference of 7.5° (standard devia-
tion: 5°) between the two base curves in each direction due
to the lack of a previous study, the sample size was
calculated to require a minimum of 18 cases with 5%
significance level on both sides and 80% detection power.

Decimal visual acuity was adopted for visual acuity in
all measurements, and the values were converted to loga-
rithm of the minimum angle of resolution (logMAR) and
subjected to statistical analysis. In addition, the distance
sphere and cylinder powers were converted to their sphe-
rical equivalent for statistical analysis.

First, the carryover effect was investigated by applying
an analysis of variance (ANOVA) model that included the
carryover effect. Then, interaction was investigated using
ANOVA that included the interaction between the effect of
the lens base curve and the period. Subsequently, the effect
of the lens base curve was investigated using an ANOVA
model that included the effects of the lens base curve and
period. This study was exploratory research, accordingly, we
did not perform multiple comparisons. The sex ratio between
groups was compared using the y* test. The subjects’ back-
ground (age, visual acuity (distance and near visual acuity),
spherical equivalent, addition power, pupillary distance,
clear vision area measurement slides, and stereopsis area
measurement slides) were compared using an unpaired
t-test. The result of clear vision and stereopsis area in any
corresponding direction were compared using the paired
t-test. Pearson’s correlation coefficient was used to analyze

the correlation between the clear or stereopsis vision area
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and the pupillary distance, addition power, and spherical
equivalent. The significance level was set to 2-sided 5%.
Note that we used EZR statistical analysis software
(ver.1.34; Saitama Medical Jichi Medical
University).’

Center,

Results

Subjects and Background

The subjects were seven males and 13 females aged 65.55
+1.61 years on average. No significant difference was
noted in the subjects’ background between the two groups
(Table 1). The range of sphere and cylinder powers was
—2.75 to +2.50 D and 0 to —2.50 D, respectively
(Supplementary Table Al).

Clear Vision Area

The measurement results for the clear vision area in each
direction are shown in Table 2. The clear vision area was
significantly wider when wearing the 8-curve lens com-
pared with wearing the 4-curve lens in the temporal direc-
tions of the right eye, temporal directions of the left eye,
and temporal 15° upward direction of the left eye. In the
temporal 15° upward direction of the right eye, the differ-
ence was not significant; however, the area tended to be
wider when wearing the 8-curve lens compared with wear-
ing the 4-curve lens. In addition, the area tended to be
wider when wearing the 8-curve lens compared with wear-
ing the 4-curve lens. In the nasal direction of the right eye,
nasal direction of the left eye, nasal 15° upward direction
of the right eye, and nasal 15° upward directions of left
eyes, however, the differences were not significant.

Stereopsis Area

The measurement results for the stereopsis area in each
direction are shown in Table 2. The stereopsis area was
significantly wider when wearing the 8-curve lenses com-
pared with wearing the 4-curve lenses in all directions.
A minimum of 13.67° or wider stercopsis area was
acquired when wearing the 8-curve lenses compared with
wearing the 4-curve lenses.

Comparison of Clear Vision Area or
Stereopsis Area with Pupillary Distance,

Addition Power, and Spherical Equivalent
There was no significant correlation between clear vision
area or stereopsis area and pupillary distance, addition
power, and spherical equivalent.

Discussion
In the case of PAL, the clear vision area is limited owing
to the surface astigmatism depending on the addition
power, corridor length, and effect of the unequal bending
of light coming from an off-axis location. In this study, we
prepared two designs with same surface astigmatism and
different curvatures. Consequently, we confirmed that the
high-base-curve PAL is effective in improving visual func-
tion through experiments because the clear vision area of
the PAL, which is inevitably influenced by surface
astigmatism.

A quantitative evaluation of curve lenses when subjects
wear the lenses may not only be the factor essential for an
evaluation from the optical and engineering perspectives,
the visual function perspective may also be important. We
measured the highest human binocular function, i.e.,
stereopsis, from the visual function perspective.
Stereopsis is based on the following conditions: 1) the
visual fields of the two eyes overlap; 2) manifest strabis-
mus is absent; 3) the decimal visual acuities of the two
eyes are more than (0.8)% and aniseikonia (which interferes
with binocular single vision) is absent; and 4) the retinal
correspondence of the two eyes is normal.”'® To the best
study has

a synoptophore to evaluate the binocular function of spec-

of our knowledge, no previous used

tacle lenses.

Clear Vision Area
Shimizu reported the range in which the Landolt ring at
a decimal visual acuity of 0.8 could be distinguished at
a 4-m distance when wearing PAL.'" Other than this single
report, no study of the clear vision area using PAL has
been reported. In that report, the influence of the specta-
cles fitting condition on the field of fixation was investi-
gated, and the field of right and left fixations under normal
fitting was approximately 18° and 16°, respectively, in
binocular vision. The result of wearing the 4-curve lens
was approximately 20° to 15° at the temporal and nasal
directions in monocular vision and showed almost the
same results as the previous report. In the current study,
we confirmed fitting each time in the tests. In addition, the
clear vision area in distance vision could be measured
precisely and simply using the synoptophore.

In the spectacle frame used in this study, the lens was
wider on the temporal than in the optical center over the
nasal side, which may have resulted in a significantly

wider optic area in the temporal direction, in which
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Table | Subject Background

Total (n = 20) Groupl (n = 10) Group2 (n = 10) P

Male/Female (number) 7/13 4/6 317 0.64
Age (years) 66 = 2 (50~77) 68 = 2 (55~77) 63 £ 7 (50~71) 0.12
Distance visual acuity (logMAR)

RE —0.05 + 0.04 (0~—0.08) —0.06 + 0.03 (0~—0.08) —0.04 £ 0.04 (0~—0.08) 0.18

LE —0.06 + 0.04 (0~—0.08) —0.06 + 0.04 (0~—0.08) —0.06 + 0.04 (0~—0.08) 0.99
Near visual acuity (logMAR)

RE 0.10 £ 0.11 (0.40~0) 0.14 £ 0.13 (0.40~0) 0.07 £ 0.07 (0.15~0) 0.18

LE 0.09 £ 0.11 (0.30~0.08) 0.09 £ 0.13 (0.30~0.08) 0.09 £ 0.10 (0.30~0) 0.95
Spherical equivalent (D)

RE —0.01 + 1.50 (—3.00~2.25) 0.46 + 1.25 (—1.75~2.25) —0.48 + 1.64 (—3.00~1.25) 0.17

LE —0.05 + 1.51 (—3.00~2.25) 0.25 + 1.32 (—1.75~2.25) —0.35 £ 1.69 (—3.00~2.00) 0.39
Addition power (D)

RE 2.14 + 0.29 (1.50~2.50) 2.18 + 0.24 (1.75~2.50) 2.10 £ 0.34 (1.50~2.50) 0.57

LE 2.14 £ 0.29 (1.50~2.50) 2.18 £+ 0.24 (1.75~2.50) 2.10 £ 0.34 (1.50~2.50) 0.57
Pupillary distance (mm)

RE 31.85 £ 1.56 (29.00~35.00) 31.7 £ 1.25 (29.00~33.50) 32.00 + 1.87 (30.00~35.00) 0.68

LE 31.65 £ 1.63 (29.00~34.50) 31.90 + 1.52 (29.00~34.00) 31.40 + 1.78 (29.50~34.50) 0.51
Clear vision area slide (logMAR)

RE 0.16 % 0.07 (0.30~0.05) 0.16 % 0.06 (0.30~0.10) 0.15 £ 0.07 (0.22~0.05) 0.72

LE 0.19 % 0.08 (0.30~0.05) 0.18 £ 0.08 (0.30~0.05) 0.20 £ 0.07 (0.30~0.10) 0.52
Stereopsis area slide (seconds of arc)

184.50 + 111.09 (360~90) 153.00 + 112.65 (360~90) 216.00 + 105.64 (360~90) 0.21

Note: Mean * SD (range).

Abbreviations: RE, right eye; LE, left eye; logMAR, logarithm of the minimum angle of resolution; D, diopter.

peripheral surface of lens has a large aberration. In addi-
tion, the difference in the angle formed by the visual axis
and lens between the 4- and 8-curve lenses was small on
the nasal side, which suggests that the difference in the
measurement results was also small. However, the optic
area was wider when wearing the 8-curve lens compared
with wearing the 4-curve lens in all directions, thereby
suggesting that a smaller peripheral astigmatism of the
8-curve lens was also demonstrated in monocular vision.
No significant difference was noted in the refractive
power or visual acuity between the two eyes; however,
the clear vision area differed between them. Nitta et al'?
have reported that the dominant eye interfered with the
non-dominant eye on a visual acuity test, and the degree
of interference was related to the degree of ocular

dominancy. The synoptophore completely separates the
vision of the two eyes (i.e., the dichoptic view) using
a lens barrel; thus, the influence of the dominant eye on
the results is considered. Since the dominant eye was not
determined in this study, this remains an issue to inves-
tigate in the future.

Shirayanagi reported that super-high-curve single vision
spectacle lenses outperformed normal-curve lenses relative
to the average power error, astigmatism, distortion, and
lateral chromatic aberration.'® In the present study, various
aberrations, including astigmatism, were reduced more
when wearing the 8-curve lens compared to wearing the
4-curve lens, which may have led to the wider optic area
when wearing the 8-curve lens compared with wearing the
4-curve lens. Note that the measured value varied markedly

Clinical Optometry 2020:12
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Table 2 Synoptophore Measurement Items and Results in Each Direction
4 Curve (°) 8 Curve (°) P
Clear vision RE) Temporal 20.28 + 7.35 (10~36.33) (95% ClI, 22.30 + 6.58 (9.67~37.33) (95% ClI, 0.02
area 16.84-23.72) 19.21-25.38)
RE) Nasal 17.97 + 8.44 (2.67~33.67) (95% Cl, 18.25 + 7.99 (2.33~33.00) (95% ClI, 0.74
14.02-21.92) 14.51-21.99)
RE) Temporal 15° 19.58 + 6.62 (10.33~34.00) (95% Cl, 21.33 + 6.45(10.67~34.00) (95% ClI, 0.14
upward 16.48-22.68) 18.31-24.35)
RE) Nasal 15° upward | 18.11 + 8.09(1.67~33.00) (95% ClI, 18.47 + 8.30 (3.67~30.33) (95% ClI, 0.82
14.33-21.90) 14.58-22.35)
LE) Temporal 14.83 + 8.74 (3.00~34.33) (95% ClI, 17.03 + 7.81 (1.67~33.33) (95% ClI, 0.01
10.74-18.92) 13.38-20.69)
LE) Nasal 16.67 + 7.93 (3.33~35.33) (95% ClI, 17.63 + 7.33 (5.67~31.67) (95% ClI, 0.25
12.95-20.37) 14.20-21.06)
LE) Temporal 15° 16.55 + 6.98 (4.33~30.33) (95% ClI, 18.83 + 6.83 (6.33~32.67) (95% ClI, 0.0003
upward 13.28-19.82) 15.63-22.03)
LE) Nasal 15° upward | 18.82 + 7.53 (2.67~34.33) (95% Cl, 19.37 + 6.97 (6.67~31.33) (95% Cl, 0.52
15.29-22.34) 16.10-22.63)
Stereopsis Right 20.48 + 4.47 (12.33~27.00) (95% Cl, 22.98 + 3.60 (14.00~28.33) (95% Cl, 0.02
area 18.39-22.58) 21.29-24.67)
Left 17.47 + 4.47 (9.00~26.33) (95% Cl, 19.78 + 4.25 (13.67~28.00) (95% Cl, 0.03
15.37-19.56) 17.80-21.77)
Right 15° upward 18.80 + 6.57 (10.33~28.33) (95% Cl, 21.32 + 4.78 (14.00~29.33) (95% Cl, 0.02
15.72-21.87) 19.08-23.55)
Left 15° upward 18.13 + 5.39 (7.33~29.00) (95% Cl, 20.62 + 5.00 (14.67~29.00) (95% Cl, 0.02
15.61-20.66) 18.28-22.95)

Note: Mean * SD (range).
Abbreviations: RE, right eye; LE, left eye.

among subjects in each measurement direction; however, the
within-subject variation was small.

Stereopsis Area

No significant difference was observed between the results of
the clear vision and stereopsis areas in any corresponding
direction, which suggests that the results of the two optic
areas were similar (Table 3). The clear vision area was wider
when wearing the 8-curve lenses compared with wearing the
4-curve lenses in all directions, and this suggests that acquiring
distinct visual acuity in a wider area when wearing the 8-curve
lenses compared with wearing the 4-curve lenses resulted in
a wider stereopsis area. These findings suggest that the average
power error, astigmatism, distortion, and lateral chromatic
aberration are smaller in binocular vision while wearing the
8-curve lenses compared with wearing the 4-curve lenses.

The wraparound frame for high-base-curve lenses has
a problem with a face form angle-induced unnecessary pris-
matic effect in the center and periphery of the lens, which
induces visual axis deviation between the two eyes and
influences binocular vision negatively. In the two types of
lens used in this study, the unnecessary prismatic effect at the
optical center of the lens produced by the face form angle
was corrected, and the angle formed by the peripheral lens
surface and visual line became close to perpendicular due to
the curve depth of the 8-curve lens. Accordingly, the unne-
cessary prismatic effect was reduced. Due to these optical
performance characteristics, 8-curve lenses may be advanta-
geous relative to acquiring a wider stereopsis area. The
measured values of the stereopsis area showed variation
among the subjects in all measurement directions; however,

the within-individual variation was small.
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Table 3 Comparison of Stereopsis and Clear Vision Areas

Stereopsis Area Clear Vision Area P
4Curve 8Curve

Right RE) Temporal 0.92 0.64

LE) Nasal 0.05 0.004
Left RE) Nasal 0.83 0.48

LE) Temporal 03 0.23
Right 15° upward RE) Temporal 15° upward 0.67 0.99

LE) Nasal 15° upward 0.99 0.28
Left 15° upward RE) Nasal |15° upward 0.99 0.35

LE) Temporal 15° upward 0.5 0.4

Abbreviations: RE, right eye; LE, left eye.

In this study, the three following factors could influence the
results: pupillary distance, addition power, and spherical
equivalent. The addition power is particularly considered to
have a strong influence on the results because when the visual
line deviates from the corridor, distortion and sway occur,'” 4
i.e.,, changes in the power from the distant to near zone
increases with increased addition power, thereby increasing
surface astigmatism in the lens periphery. However, these three
factors did not influence the result.

This study has some limitations. First, the used lens model
was only one. We compared only 4- and 8-curve lenses, which
had a big prospected difference because this study is an
exploratory research. The results may be extrapolated to
other lens types or base curves because the result is based on
Tscherning ellipses; however, this is not clear. Second, when
investigating the correlation between the clear vision area or
stereopsis area and pupillary distance, addition power, and
spherical equivalent, the sample size for disclosing a strong
correlation coefficient » > 0.6 was calculated as 14 cases, and
the weak correlation coefficient » > 0.3 was calculated as 85
cases (5% significance level and 80% desired power). The
number of samples in this study was 20 cases, which is an
insufficient number for examining the weak correlation. Third,
only the PAL distance zone was investigated in this study. In
the future, an investigation of the near zone may also be
necessary because PALs have the strongest aberration area on
either side of the near zone.*

Conclusions

The specificity of the 8-curve lens was investigated using
the synoptophore. This is the first report to evaluate PALs
in terms of binocular function. This study clarified that

both clear vision and stereopsis areas are significantly

wider when wearing the 8-curve lens compared with wear-
ing the 4-curve lens in one lens model. In addition, the
results suggest that 8-curve PAL may be useful relative to
acquiring higher visual function. Whether the results can
be extrapolated to other base curve values or lens models
is not yet clear.
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