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Purpose: To use the revised model eye to observe and compare how the world is
perceived by patients with monofocal intraocular lens (IOL), Eyhance, bifocal IOL, and
Symfony, and check its performance.

Methods: The new mobile model eye consists of an artificial cornea, an IOL, a wet
cell, an adjustable lens tube, a lens tube, an objective lens, a tube lens, and a digital
single-lens reflex camera. We collected photographs of distant buildings and streets at
night, videos of the focusing process, and videos of United States Air Force resolution
target from 6 m to 15 cm and analyzed them quantitatively.

Results: In this revised model eye using an objective lens, an artificial cornea similar
to the human cornea could be used. Using a digital single-lens reflex camera, high-
resolution imaging was possible without an additional computer. Fine focusing was
possible using an adjustable lens tube. For monofocal IOL, the contrast modulation was
0.39 at 6 m and decreased consistently. It was nearly 0 as the model eye got closer
than 1.6 m. For Eyhance, the contrast modulation was 0.40 at 6 m. It then decreased
and increased again. At 1.3 m, it was 0.07 and then decreased again. For Symfony, the
contrastmodulationwas 0.18 at 6m. Symfony showed the characteristics of a bifocal IOL
with low add diopter. Halos (234 pixels) were observed around lights, although smaller
than those seen with bifocal IOL (432 pixels).

Conclusions:We could objectively observe and compare how patients with monofocal
IOL, Eyhance, bifocal IOL, and Symfonyperceived theworld using this revisedmodel eye.

Translational Relevance: Data obtained by this new mobile model eye can be used to
help patients select their IOLs before cataract surgeries.

Introduction

A mobile model eye was created in our previ-
ous study to investigate how patients with multifo-
cal intraocular lenses (IOLs) perceive the world. We
insertedmonofocal andmultifocal IOLs into the model
eye and photographed distant buildings during the
day, streets at night, and visual acuity charts from a
near distance.1 The buildings that were far were clearly
visible with the monofocal IOLs. However, the images
with multifocal IOL were slightly hazier than those
obtained with monofocal IOL. Halos in night street

pictures with multifocal IOL were more intense than
those with monofocal IOL. However, the visual acuity
chart at a near distance withmultifocal IOLwas clearer
than that with monofocal IOL.

This mobile model eye had some disadvantages. The
flange distance (17.526 mm) of the scientific camera
used in the study was restricted. Hence, the focal length
(f = 300 mm) of the artificial cornea in the model eye
was too long compared with the focal length of the
human cornea (f = 22.7–25.0 mm).2 Additionally, the
resolution of the camera was very low (1280 × 1024).
Because we used a scientific camera, an additional
computer was needed to operate the camera. Hence,
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its use as a mobile model eye was inconvenient. When
focusing, the cornea-IOL complex was moved back
and forth in a 30-mm cage, resulting in a method
that was rather coarse. Therefore this study revised the
previous model eye to overcome these disadvantages.

Recently, in addition to the conventional diffrac-
tive bifocal IOL, extended depth of focus lenses
and enhanced monofocal IOLs have been developed.
Tecnis Symfony (Johnson & Johnson, Santa Ana, CA,
USA) is an IOL with an extended range of vision
based on diffractive achromatic technology.3 It has
an achromatic diffractive pattern that elongates the
focus and compensates for the chromatic aberration of
the cornea.3 Tecnis Eyhance IOL (ICB00) (Johnson &
Johnson) is a newly developed monofocal IOL with the
same features as those of the ZCB00 IOL, except for
the modified aspheric anterior surface of the optic.4
This enhanced aspheric optic creates a continuous
power profile, which is intended to extend the depth
of focus. Thus it improves the vision for intermediate
tasks compared to a standard monofocal IOL. There
are some clinical or experimental studies on these new
IOLs.3–49 However, no reports focus on how the world
is perceived by patients with these new IOLs.

Therefore this study uses the revised new mobile
model eye to overcome the disadvantages of the
previous model. We took photographs showing how
the world was perceived by patients with monofocal,
Eyhance, bifocal, and Symfony lenses and compared
them.

Materials and Methods

A Tecnis monofocal (aspheric, ZCB00; Johnson &
Johnson), Eyhance (ICB00; Johnson & Johnson), an
enhanced monofocal IOL, a diffractive bifocal (add

+3.25 D, ZLB00; Johnson & Johnson), and Symfony
(ZXR00; Johnson& Johnson) lenses, which are all one-
piece lenses of the same platform from Johnson &
Johnson, each with base power +20.0 D were used in
this study.

The new mobile model eye was made by revising
the previous mobile model eye. The new mobile model
eye consists of an artificial cornea (achromatic lens),
an IOL, a wet cell, an adjustable lens tube, an objec-
tive lens (×10), a tube lens (f = 180 mm), and a
digital single-lens reflex (DSLR) camera (D850; Nikon,
Tokyo, Japan) (Fig. 1). They were positioned within the
30-mm and 60-mm cage system with four rigid steel
rods, thereby eliminating the need for any additional
alignment. The image of an external object is focused
after passing through the artificial cornea and IOL.
It is then focused again on the imaging sensor of the
DSLR camera after passing through the objective lens
and tube lens. We used an achromatic doublet lens (f =
31.8 mm) (PAC024; Newport, Irvine, CA, USA) as an
artificial cornea. This lens is plano-convex design and
not aspheric. The radius of curvature is 21.966 mm.
Effective focal length is 31.8 mm and optical power
is 31.4 D. This lens was made of N-BAF10 (Schott,
Mainz, Germany)/N-SF10 (Schott). These are high
quality glasses for optics. The abbe number of N-
N-BAF10 and N-SF10 are 47.11 and 28.53, respec-
tively. The wet cell has two 0.5-inch diameter windows
(thickness = 1 mm, N-BK7). It was filled with 0.9%
normal saline. The IOL was held between two lens
adapters with a 3.8-or 4.8-mm aperture. The IOL was
loaded while checking the IOL concentration using a
dissection microscope. The distance between the poste-
rior surface of the artificial cornea (center thickness,
5.35 mm) and the center of the IOL was 6.8 mm.

The artificial cornea and wet cell containing IOL
were mounted on an adjustable lens tube to enable
fine focusing. The distance between the cornea-IOL

Figure 1. The new mobile model eye. The new mobile model eye consists of an artificial cornea (achromatic lens), an IOL, a wet cell, an
adjustable lens tube, a lens tube, an objective lens (×10), a tube lens (f = 180 mm), and a DSLR camera (D850).
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Figure 2. Focusing in case of bifocal IOL. (A) The far and near
focus of the bifocal IOL in front of the focal plane of objective lens.
(B) The far focus of the bifocal IOL at the focal plane of objective lens.
(C) The focal plane of objective lens between far and near focus of
the bifocal IOL. (D) The near focus of the bifocal IOL at the focal plane
of objective lens. (E) The far and near focus of the bifocal IOL behind
the focal plane of objective lens.

complex and the focal plane of the objective lens
was finely adjusted by an adjustable lens tube. This
adjustable lens tube provides 4.1 mm of linear travel
without rotating the cornea-IOL complex mounted
in it. This high-precision (1.38 μm/1° rotation) zoom
housing provides the ability to accurately control the
exact distance between the cornea-IOL complex and
objective lens. The ambient light was blocked using a

Figure 3. The USAF 1951 resolution test target was used in the
study. For quantitative analysis, 0.118 cycles/mm (1 cycle= 8.5 mm)
lines (arrow) were selected from the resolution target.

lens tube placed between the objective lens and the
adjustable lens tube containing the artificial cornea
and wet cell. The flange distance of the DSLR camera
used in the study was 46.50 mm. We have to use an
artificial cornea with longer focal length than that of
human cornea (f = 22.7–25.0 mm) and low diopter
IOL to focus the image directly on the sensor of the
DSLR camera. To overcome this limitation, we used
the Olympus lens (Plan N, 10X, 0.25NA; Olympus)
as the objective lens. An objective lens can approach
closest to the focus, where an external object image
forms after passing the cornea and IOL. Therefore the
focal length of the artificial cornea could be selected
as a value similar to that of a human cornea. The
IOL base power could be selected without restriction
regardless of the flange distance of the DSLR camera
used in the study. Instead, a tube lens (f = 180 mm)
had to be mounted in front of the camera. The resolu-
tions of the photo and video obtained using the DSLR
camera (Nikon D850) were 8256 × 5504 and 3840 ×
2160, respectively. We adjusted the focus and obtained
a photograph with the DSLR camera monitor. Hence,
no additional computer was required.

The mobile eye was focused on a distant build-
ing. In the case of a monofocal IOL, focusing was
performed to form the clearest image. For other IOLs,
except for monofocal IOLs, accurate focusing is impor-
tant to check the multifocal function of the multifo-
cal IOLs. In the case of bifocal IOL, Symfony, and
Eyhance, the longest focus among two ormore foci was
set to be located at the camera sensor (Fig. 2B). We
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Figure 4. Experiment set up for quantitative analysis. (A) We printed the USAF 1951 resolution test target on 50 cm × 50 cm paper and
attached it to a stand panel. Two LED lights (GVM 800D-RGB LED Studio 2-Video Light Kit) were used to illuminate the target at an angle of
45° each. A video of the mobile model eye approaching the target from 6m to 15 cm was recorded. A dolly track (Glide Gear, Straight Track
with Carry Bag [12’]) was installed on the floor for film shooting. A tripod dolly with wheels (Glide gear, tripod dolly SYL-960) was put on the
track. A tripod was installed on the tripod dolly. (B) A mobile model eye was installed on the tripod. A tape measure was installed on the
floor and inside the dolly track. An additional camera (iPhone 4) was installed on the tripod dolly to record the tape measure on the floor.
During the recording, the dolly was pushed as the researcher walked.

used the camera monitor for focusing. The magnifica-
tion of the camera monitor was appropriately enlarged
for fine focusing. Using this revised mobile model
eye, the following tests were repeated for monofocal
IOL, Eyhance, bifocal IOL, and Symfony. The camera
setting and aperture size of all four IOLs were identical
in each test.

A Distant Building, Daytime

To check how distant objects are perceived by
patients withmultifocal IOLs, a distant building (380m
away from our laboratory) was photographed with our
mobile model eye. The facade of this building was at
an angle of 32° from the axis connecting our labora-
tory and the center of the building’s signboard (Supple-
mentary Fig. S1). We took photographs after setting
the focus at the center of the letters on the signboard.
The IOLs were held between two lens adapters with a
3.8-mm aperture.

Focusing

The focusing process using an adjustable lens tube
while taking photographs of the distant building was
recorded as a video. While focusing, the cornea-IOL

complex approached the focal plane of the objective
lens. Therefore one or several foci passed the focal
plane of the objective lens (Fig. 2). The IOLs were held
between two lens adapters with a 3.8-mm aperture.

A Distant Building, Nighttime

To check how distant objects are perceived by
patients with multifocal IOLs at night, the signboard
of the same building was photographed at night. The
aperture size of the IOL adapter was set at 4.8 mm to
simulate the dilation of the human pupil at night.

A 6mDistance USAF 1951 Resolution Target

We moved the mobile model eye to check how
clearly the resolution target can be perceived at far,
intermediate, and near distances through four types of
IOLs. It was moved continuously with the IOLs toward
the United States Air Force (USAF) 1951 target from
6 m to 15 cm from the target while recording a video.
We subsequently quantified the image contrasts at each
distance.

To photograph and analyze a resolution target of
the same cycles/degree at each distance, the USAF
1951 resolution test target was used (Fig. 3). This
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Figure 5. Calculation of contrast modulation of resolution target. Using the ImageJ program, we set a rectangle that crosses the lines,
obtained a profile plot, and measured the resolution (contrast modulation) using the following equation. Contrast modulation = (Imax −
Imin)/(Imax + Imin).

resolution target has a series of horizontal and verti-
cal lines that are used to determine the resolution of an
imaging system. Since the USAF 1951 resolution test
target has lines with higher spatial frequency toward
the center, we used this as a resolution target. As the
mobile model eye approaches a target single spatial
frequency line, the lines enlarge in the photographs,
and the spatial frequency decreases. Therefore it is
impossible to measure the contrast of the resolution
target with the same spatial frequency at each distance.
We printed the USAF 1951 resolution test target on
a 50 cm × 50 cm paper and attached it to a stand
panel. Two light-emitting diode (LED) lights (GVM
800D-RGB LED Studio 2-Video Light Kit) were used
to illuminate the target at an angle of 45° each
(Fig. 4A). We focused the mobile model’s eye on a
distant building in the abovementioned manner. A
video of the mobile model eye approaching the target
from 6 m to 15 cm was recorded. A dolly track (Glide
Gear, Straight Track with Carry Bag [12ʹ]) was installed
on the floor to shoot the video. A tripod dolly with
wheels (Glide gear, tripod dolly SYL-960) was put

on the track. A tripod was installed on the tripod
dolly. A mobile model eye was installed on the tripod
(Fig. 4B). The axis of the model eye was adjusted,
such that it was exactly parallel to the dolly track and
pointed toward the center of the resolution target. A
tape measure was installed on the floor and inside the
dolly track. An additional camera (iPhone 4; Apple,
Cupertino, CA, USA) was installed on the tripod
dolly to record the values on the tape measure on
the floor. This made it possible to accurately match
the photographed image and the distance between the
model eye and the target.

During the recording, the dolly was pushed as
the researcher walked. The speed was lowered slightly
within 1.5 m. The IOLs were held between two lens
adapters with a 3.8-mm aperture.

For quantitative analysis, photographs taken at a
distance corresponding to each vergence in 0.125 D
increments from 0.167 D (6 m) were captured from the
videos. For quantitative analysis, 0.118 cycles/mm (1
cycle = 8.5 mm) lines were selected from the resolution
target (Fig. 3). This corresponds to 12.3 cycles/degree
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at 6 m and 4/20 on the Snellen visual acuity chart. The
lines closest to 12.3 cycles/degree in the photos were
selected at each distance. Using the ImageJ program,
we set a rectangle that crosses the lines, obtained
a profile plot (Fig. 5), and measured the resolution
(contrast modulation) using the following equation.

Contrast modulation =
(Imax − Imin) / (Imax + Imin)

The defocus curve was obtained by calculating the
contrast modulation at each distance.

Night Street

Headlights, tail lights of cars, and the traffic lights
on the street were recorded as a video at night (April
5, 2021,Gukjegeumyung-ro, Yeongdeungpo-gu, Seoul,
Korea) to check how streets are perceived by patients
with multifocal IOLs at night. The night street was
recorded as a video with the mobile model eye installed
on the tripod. The aperture size of the IOL adapter

was set to 4.8 mm to simulate the situation in which
the human pupil becomes dilated at night.

Results

The image of an external object is focused after
passing through the artificial cornea and IOL. It is
then focused again on the imaging sensor of the DSLR
camera after passing through the objective lens and the
tube lens. Therefore, the image became upside down,
and laterally inverted. For convenience, all photos or
videos in the results are rotated 180° from the original
photos or videos.

A Distant Building, Daytime (Photograph:
8256× 5504 Pixels)

The letters on the signboardwere clearly visible with
monofocal IOLs (Fig. 6A). The edge of the photo-
graph was slightly blurred due to the spherical aberra-
tion of the lenses in the mobile model eye. No halo was

Figure 6. A distant building, daytime. (A) With monofocal IOL, the letters on the signboard were clearly visible. The edge of the photo was
slightly blurred due to the spherical aberration of the lenses in themobilemodel eye. No halowas observed. In the upper left corner, internal
reflection by the windows in the mobile model eye was observed. (B) Eyhance showed a very similar result to monofocal IOL. However,
the signboard looked slightly blurry compared to the monofocal IOL. Halo was not rarely observed. (C) With bifocal IOLs, the signboard
looked hazy and foggy compared to the monofocal IOLs. The sunlight strongly reflected from the top of the street lamp. A halo (diameter:
360 pixels) was observed around it (arrow). (D) Symfony showed a similar result to bifocal IOLs. With Symfony, the signboard looked hazy
and foggy compared to monofocal IOLs. A halo (diameter: 157 pixels) was observed around the street lamp (arrow). However, it is smaller
and considerably stronger than the halo of bifocal IOL.
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Figure 7. Focusing with monofocal IOL. With monofocal intraocu-
lar lens, the letters on the signboard were clearly visible when the
focus was on the focal plane of an objective lens. However, they
became blurry as the focus passed the focal plane of the objective
lens. (A) The focus of the monofocal IOL in front of the focal plane of
objective lens. (B) The focus of the monofocal IOL at the focal plane
of objective lens. (C) The focus of themonofocal IOL behind the focal
plane of objective lens. The focus of themonofocal IOLwas 0.44mm
closer to the focal plane of objective lens than panel A.

observed. In the upper left corner, internal reflection
by the windows in the mobile model eye was observed.
Eyhance showed a very similar result to monofocal
IOL (Fig. 6B). However, the signboard looked slightly
blurry compared to the monofocal IOL. Halo was not
observed. With bifocal IOLs, the signboard looked
hazy and foggy compared to the monofocal IOLs
(Fig. 6C). The sunlight strongly reflected from the
top of the street lamp. A halo (diameter: 360 pixels)
was observed around it. Symfony showed a similar
result to bifocal IOLs. With Symfony, the signboard

Figure 8. Focusing with Eyhance. (A) With Eyhance, when the far
focus was on the focal plane of the objective lens, the image was
clear. (B) As the cornea-IOL complex approached the objective lens,
the image became slightly blurry. (C) Then, it became slightly clearer
again. At this time, a halo was observed around the street lamp,
which was small (diameter: 60 pixels) but strong (arrow). There was
a clear image of street lamp by the second focus of Eyhance inside
the halo.

looked hazy and foggy compared to monofocal
IOLs (Fig. 6D). A halo (diameter: 157 pixels) was
observed around the street lamp. However, it was
smaller and slightly more intense than that of bifocal
IOLs.

Focusing (Video: 3840× 2160 Pixels)

With monofocal IOL, the letters on the signboard
were clearly visible when the focus was on the
focal plane of an objective lens (Supplementary
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Figure 9. Focusing with bifocal IOL. (A) With the bifocal IOL, the
imagewashazy and foggy compared to themonofocal IOLwhen the
first (far) focus is on the focal plane of the objective lens, and the halo
(diameter: 171 pixels) is observed around the street lamp (arrow).
(B) As the cornea-IOL complex approached the focal plane of the
objective lens, the image became significantly blurry. (C) Then, it
became clear again when the second (near) focus was on the objec-
tive lens. At this time, the halo (diameter: 203 pixels) was observed
around the street lamp (arrow).

Movie S1, Fig. 7). However, they became blurry as the
focus passed the focal plane of the objective lens.

With Eyhance, when the far focus was on the
focal plane of the objective lens, the image was clear
(Supplementary Movie S2, Fig. 8). As the cornea-
IOL complex approached the objective lens, the image
became slightly blurry, followed by becoming slightly
clearer again. At this time, a halo was observed around
the street lamp, which was small (diameter: 60 pixels)
but strong. Afterward, the image became blurry again.
With bifocal IOLs, the image was hazy and foggy
compared to the monofocal IOL when the first (far)

Figure 10. Focusing with Symfony. (A) With Symfony, the image is
hazy and foggy compared to that with the monofocal IOL. The halo
(diameter: 81 pixels) was observed around the street lamp (arrow).
(B) As the cornea-IOL complex approached the focal plane of the
objective lens, the image became blurry. (C) Then, it became clear
again when the second (near) focus was on the objective lens. The
halo (diameter: 85 pixels) around the street lamp (arrow) at the
second focus was slightly weaker than that at the first focus. The
two foci were significantly closer compared to the foci in the bifocal
IOL. The imageswere not very blurry in this interval compared to the
bifocal IOL.

focus is on the focal plane of the objective lens, and
the halo (diameter: 171 pixels) is observed around the
street lamp (Supplementary Movie S3, Fig. 9). As the
cornea-IOL complex approached the focal plane of the
objective lens, the image became significantly blurry,
then clear again when the second (near) focus was on
the objective lens. At this time, a halo (diameter: 203
pixels) was observed around the street lamp. However,
the intensity was slightly weaker than that of the halo
in the first focus. Afterward, the image became blurry
again.

With Symfony, the image is hazy and foggy
compared to that with the monofocal IOL (Supple-
mentary Movie S4, Fig. 10). The image was taken
when the first (far) focus was on the focal plane
of the objective lens. The halo (diameter: 81 pixels)
was observed around the street lamp. As the cornea-
IOL complex approached the objective lens, the image
became blurry and then clear again. The image was
taken when the second focus was on the focal plane of
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Figure 11. A distant building, night. (A) The signboard looks relatively clear with monofocal IOL. Halo was not observed around the lights
above and below the signboard. (B) It was slightly more blurred with Eyhance than the monofocal IOL. No halo was observed. (C) With the
bifocal IOL, the letters on the signboard were blurred as compared to the monofocal IOL. A circular halo is clearly visible around the lights
above and below the signboard. (D) In Symfony, the letters on the signboard were blurred as compared to the monofocal IOL. It is similar
to the bifocal IOL. The size of the halo (234 pixels) around the lights above and below the signboard is smaller than that of the bifocal IOL
(432 pixels).

Figure 12. A 6 m distance USAF 1951 resolution target. (A) With the monofocal IOL, the image was significantly clear at 6 m. However, it
blurred as themodel eye approached the resolution target. (B) With Eyhance, the image appeared slightlymore blurred than themonofocal
IOLs at 6m. As it approached the resolution target, it blurred. However, at 80 to 155 cm, the image looked clearer than that by themonofocal
IOL. (C) With the bifocal IOL, the image was hazy compared to that with the monofocal IOL at 6 m. As it got closer, it blurred considerably.
Then, it became clear again at approximately 50 to 60 cm. After that, the clarity decreased as the distance decreased. (C) With Symfony, the
image was hazier compared to that with the monofocal IOL at 6 m. As the distance between them decreased, the image blurred. Then, it
became clear again at approximately 90 to 110 cm. After that, the clarity decreased as the distance decreased.

the objective lens. The two foci were significantly closer
compared with the foci in the bifocal IOL. The images
obtained using Symfony were not very blurry at this
interval compared with that of the bifocal IOL. The
signboard looks slightly clearer at the second (interme-
diate distance) focus than at the first (far) focus. The
halo (diameter: 85 pixels) around the street lamp at the
second focus was slightly weaker than that at the first
focus.

A Distant Building, Night (Photograph: 8256
× 5504 Pixels)

The signboard looks relatively clear with monofocal
IOLs (Fig. 11A). Halo was not observed around the
lights above and below the signboard. It was slightly
more blurred with Eyhance than that with monofo-
cal IOLs (Fig. 11B). No halo was observed. With the
bifocal IOL, the letters on the signboard were blurred
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Figure 13. The resolution target images at 6m and near or intermediate distances with four intraocular lenses. (A)With themonofocal IOL,
the imagewas significantly clear at 6m. However, it blurred as themodel eye approached the resolution target. (B) With Eyhance, the image
appeared slightly more blurred than themonofocal IOLs at 6m. There was no ghost image around the lines. As it approached the resolution
target, it blurred. However, at 80 to 155 cm, the image looked clearer than that by themonofocal IOL. At this time, ghost images (background
images) were observed at the edge of the lines. (C) With the bifocal IOL, the image was hazy compared to that with the monofocal IOL at
6 m. Ghost images were visible around the lines. As it got closer, it blurred considerably. Then, it became clear again at approximately 50 to
60 cm. At this time, the ghost images were observed around the lines. These were weaker than the ghost images at 6 m. (D) With Symfony,
the image was hazier compared to that with the monofocal IOL at 6 m. Ghost images were observed around the lines. However, they were
narrower than that of bifocal IOL. As the distance between themdecreased, the image blurred. Then, it became clear again at approximately
90 to 110 cm. At this time, ghost images were observed around the lines. However, they were narrower than the ghost images at near focus
(approximately 50–60 cm) with the bifocal IOL. These ghost images were less intense than the ghost images at 6 m.

compared with the monofocal IOL (Fig. 11C). A circu-
lar halo is clearly visible around the lights above and
below the signboard in Figure 11C. In Symfony, the
letters on the signboard were blurred as compared
with the monofocal IOL (Fig. 11D). It is similar to
the bifocal IOL. The size of the halo (diameter: 234
pixels) around the lights above and below the signboard
is smaller than that of the bifocal IOL (diameter:
432 pixels).

A 6mDistance USAF 1951 Resolution Target
(Video: 3840 × 2160 Pixels)

Supplementary Movies S5 to S8 were recorded
continuously when the mobile model eye approached
the USAF 1951 resolution target from 6 m to 15 cm.
The viewing angle was 9.3° horizontally and 5.3° verti-

cally. The rail joint rattled and the dolly moved left and
right as it approached the resolution target.

With the monofocal IOL, the image was signif-
icantly clear at 6 m (Supplementary Movie S5,
Figs. 12, 13). However, it blurred as the model
eye approached the resolution target. With Eyhance,
the image appeared slightly more blurred than that
with the monofocal IOLs at 6 m (Supplementary
Movie S6, Figs. 12, 13). There was no ghost image
around the lines. Blurring was observed as the model
eye approached the resolution target. However, at 80–
155 cm, the image looked clearer than that with the
monofocal IOL and ghost images (background images)
were observed at the edge of the lines. With the bifocal
IOL, the image was hazy compared with that of the
monofocal IOL at 6 m (Supplementary Movie S7,
Figs. 12, 13). Ghost images were visible around the
lines. Blurring was observed as the model eye got closer
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Figure 14. Defocus curves of monofocal IOL, Eyhance, bifocal IOL and Symfony. For monofocal IOL, the contrast modulation was 0.39 at
6 m (0.167 D) and decreased consistently. It was nearly 0 from 1.6 m (0.625 D). For Eyhance, the contrast modulation was 0.40 at 6 m. It then
decreased and increased again. At 1.3m (0.75 D), it was 0.07 and then decreased again. For the bifocal IOL, the contrastmodulationwas 0.18
at 6 m. It is lower than that of monofocal IOL at 6 meters. After that, it decreased to nearly 0 at 80 to 130 cm. It increased again to 0.14 at 57
cm (1.75 D) and then decreased again. For Symfony, the contrast modulation was 0.18 at 6 m. It is lower than that of the monofocal IOL at
6 m. After that, it decreased and increased to 0.24 at 114 cm (0.875 D) and then decreased again.

and the image became clear again at approximately 50
to 60 cm. Ghost images were observed around the lines
at this time, which were less intense than the ghost
images at 6 m. Subsequently, the clarity decreased as
the distance decreased. With Symfony, the image was

hazier compared to that with the monofocal IOL at
6 m (Supplementary Movie S8, Figs. 12, 13). Ghost
images were observed around the lines. However, they
were narrower than that of bifocal IOL.As the distance
between them decreased, the image was blurred and

Figure 15. Night street. (A)With themonofocal IOL, the pixels looked rough compared to the daytime. However, therewas no definite halo
around the headlights, tail lights of the cars, and traffic lights. (B) Eyhance is similar to themonofocal IOL. However, there are few small halos
(75 pixels) (arrow) around street lamps compared to monofocal IOL. (C) In the image with the bifocal IOL, the halo around the headlights,
tail lights of the cars, traffic lights, and street lamps (185 pixels) (arrow) were definite and large compared to themonofocal IOL. (D) Symfony
is similar to the bifocal IOL. However, the size of the halo (street lamp: 85 pixels) (arrow) was smaller than that of the bifocal IOL.
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then became clear again at approximately 90 to 110
cm. Ghost images were observed around the lines at
this time. However, they were narrower than the ghost
images at near focus (approximately 50–60 cm) with the
bifocal IOL. These ghost images were less intense than
the ghost images at 6 m. The clarity decreased subse-
quently as the distance decreased. Figure 13 shows the
resolution target images at 6 m and near or intermedi-
ate distances with four IOLs.

Figure 14 shows the defocus curve obtained by
calculating the contrast modulation of the above
resolution target images. For monofocal IOL, the
contrast modulation was 0.39 at 6 m (0.167 D) and
decreased consistently. It was nearly 0 as the model
eye got closer than 1.6 m (0.625 D). For Eyhance, the
contrast modulation was 0.40 at 6 m. It then decreased
and increased again. At 1.3 m (0.75 D), it was 0.07 and
then decreased again. For the bifocal IOL, the contrast
modulation was 0.18 at 6 m, which is lower than that
of monofocal IOL at 6 m. Subsequently, it decreased to
nearly 0 at 80 to 130 cm. It increased again to 0.14 at
57 cm (1.75 D) and then decreased again. For Symfony,
the contrast modulation was 0.18 at 6 m, which is lower
than that of the monofocal IOL at 6 m. It subsequently
decreased and increased to 0.24 at 114 cm (0.875 D)
and then decreased again.

Night Street (Video: 3840× 2160 Pixels)

Figure 15 shows the results of the night street
measurement. With the monofocal IOL, the pixels at
night time looked rough compared with that at the
daytime (Supplementary Movie S9). However, there
was no definite halo around the headlights, tail lights
of the cars, and traffic lights. Eyhance is similar to
monofocal IOL (SupplementaryMovie S10). However,
there were a few small halos (diameter: 75 pixels)
around the street lamps compared with monofocal
IOL (diameter: 52 pixels). In the image obtained with
bifocal IOL, the halo around the headlights, tail lights
of the cars, traffic lights, and street lamps (diameter:
185 pixels) were definite and large compared with the
monofocal IOL (Supplementary Movie S11). Symfony
is similar to bifocal IOL. However, the size of the halo
(street lamp: 85 pixels) was smaller than that of the
bifocal IOL (Supplementary Movie S12).

Discussion

In this revised model eye using an objective lens, an
artificial cornea similar to the human cornea can be
used. Using a DSLR camera, high-resolution imaging

was possible without an additional computer. Fine
focusing was possible using an adjustable lens tube.
The results of testing with this revised model eye
suggest that Eyhance had slightly better optical quality
(contrast modulation: 0.07) at an intermediate distance
than the monofocal IOL (contrast modulation: nearly
zero). It had slightly inferior far distance optical quality
and showed a slight halo at night. Symfony showed
the characteristics of a bifocal IOL with low add
power. Far objects looked hazy and foggy compared
to monofocal IOL. Halo around lights was observed.
However, their size (234 pixels) was smaller than that
of the bifocal IOL (432 pixels).

This experimental study had two purposes: to check
the performance of the revised model eye, which is an
improvement on our previous mobile model eye1 and
to check how the world is perceived by patients with
monofocal IOL, Eyhance, bifocal IOL, and Symfony
using this revised model eye and compare them.

This revised mobile model eye has some advan-
tages over our previous mobile model eye. First, our
revised model eye used an objective lens. Hence, the
flange distance (46.50 mm) of the DSLR camera did
not restrict the focal length of the artificial cornea and
the IOL base power. The focal length of the artificial
cornea lens can be selected as a value similar to that of
the human cornea. The IOL base power could be freely
selected. Second, we used a DSLR camera instead of a
complementary metal–oxide–semiconductor scientific
camera in our previous study. Thus the resolution was
significantly higher than that of the complementary
metal–oxide–semiconductor camera. Additionally, it
was convenient to use as a mobile device because an
additional computer was not needed. Third, we used
an adjustable lens tube in the revised model eye. In
our previous study, we had to slide the cornea-IOL
complex within the cage for focusing.Hence, fine focus-
ing was difficult. In this revised mobile model eye,
significantly more sophisticated focusing was achieved.
Using this adjustable lens tube, the focusing process
was recorded continuously as a video. Thus, the multi-
focal function was intuitively proven. Fourth, a dolly
track was used for shooting the movie. The mobile
model eye approached the USAF 1951 target from
6 m to 15 cm. The image was continuously recorded
as a video. Therefore, the multifocal function was
intuitively proven again. A defocus curve was obtained
by calculating the contrast modulation of the above-
mentioned resolution images. This test format of
taking photographs of distant buildings during the
day and at night, video recording of the focus-
ing process, video recording of USAF resolution
target from 6 m to 15 cm, quantitative analysis, and
taking a photograph of night street will be used for
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evaluating other multifocal IOLs in our subsequent
studies.

However, this revised mobile model eye still has
some limitations. First, we required a tube lens because
we used an objective lens. Therefore the model eye
became larger and heavier than the previous model.
In addition, using a DSLR camera instead of a scien-
tific camera made an additional computer unneces-
sary. However, the mobile model eye itself became
heavier. Since we used an objective lens, the image
became upside down, and laterally inverted. There was
no problem in recording the video of the model’s eye
moving on the dolly track. However, it was inconve-
nient to record a video when a researcher held it by
hand and walked. Complex optical design increases the
weight of the model eye and risk of errors in focus-
ing and alignment. We are developing another mobile
model eye in which images are focused at the sensor of
DSLR camera directly without objective lens. Second,
the near focus of the bifocal IOL was slightly differ-
ent from the provided in the company data. Accord-
ing to the data (https://www.jnjvisionpro.com/produ-
cts/tecnis%C2%AE-multifocal-iol-325-d) provided by
J&J, the additional power in the spectacle plane of
the bifocal IOL (add 3.25 D, ZLB00) is 2.37 D. Thus
theoretically, the object at 42 cm from the artificial
cornea should be clearly visible by the additional
power. However, the object at 57 cm from the artificial
cornea was clearly visible in our experiments. This is
due to the large distance between the artificial cornea
and IOL. In this model eye, we decreased the distance
between the artificial cornea and the IOL as much as
possible. However, it was still significantly larger than
that in the human eye. In this experiment, the distance
between the posterior surface of the artificial cornea
and the center of the IOL was 6.8 mm. Because the
central thickness of the artificial cornea was 5.35 mm,
the distance between the anterior cornea and the center
of the IOL was 12.15 mm. Contrarily, in the human
eye, the average central corneal thickness is 0.5 mm,50
the anterior chamber depth is 3.2 mm,50 and the lens
thickness is 4.0 mm.51 Therefore the distance between
the anterior surface of the cornea and the center of the
lens is 5.7 mm, which is significantly different. Because
of this difference, the object at 57 cm from the artificial
cornea was clearly visible in our experiments instead of
42 cm. This experiment discovered the overall trend of
the clarity of the resolution target at far, intermediate,
and near distances through the bifocal IOL. The exact
value of 42 cm or 57 cm is not crucial for this experi-
ment.

Third, the approaching speed in the dolly track was
not constant, as the researcher walked and pushed the
dolly loadedwith the revisedmodel eye. However, it did

not affect the quantitative analysis of the defocus curve.
Currently, we are attempting to motorize this system.
The rail joint rattled and the dolly moved left and right
as it approached the resolution target. This issue was
caused due to the multiple connected track segments.
This limitation can be resolved by using a track with
solid seams.

In this study, the pupil size was 3.8 mm in the
daytime or indoor photography and 4.8 mm at night
considering the dilatation of the human pupil. Even
at an identical distance and lighting, if the pupil
(aperture) size is changed, the result may be differ-
ent. In the subsequent study, we will experimentally
vary the diameter of the pupil by installing an easily
changeable aperture. In addition, this experiment was
conducted under natural or white (polychromatic)
light. In the optical bench tests, experiments are often
performed only at a single wavelength (approximately
530 nm)42,43,45,46 to eliminate chromatic aberration.
Experimenting in natural or white light will provide
more realistic results. Lee et al.44 measured the defocus
curve of Symfony using the polychromic light similar
to our experiment and showed a defocus curve similar
to our results.

We investigated how the world is perceived by
patients with monofocal IOL, Eyhance, bifocal IOL,
and Symfony using this revised model eye and
compared the results. Eyhance showed similar results
to monofocal IOLs at a far distance. However, with
Eyhance the USAF resolution target was slightly
clearer (contrast modulation: 0.07) at intermedi-
ate distances compared with the monofocal IOL
(contrast modulation: nearly zero). There were a
few small halos in the night street recording. With
Symfony, the objects that were far (contrast modula-
tion: 0.18) looked hazy and foggy compared with the
monofocal IOLs (contrastmodulation: 0.39).However,
objects at an intermediate distance looked relatively
clearer (contrast modulation: 0.24) compared with the
monofocal IOL (contrast modulation: nearly zero).
Symfony functions similar to a bifocal lens with low
add power. Halos (234 pixels) were observed with sizes
smaller than those with the bifocal IOL (432 pixels).

The literature on the Eyhance showed no differ-
ence in distance visual acuity compared with monofo-
cal IOL in clinical studies.4–6,52 Eyhance had better
intermediate distance visual acuity than monofocal
IOLs.4–6,52 No halo was observed.6 In our study, unlike
the earlier studies, the optical quality of far objects
was slightly lower than that of monofocal IOLs. A
halo with reduced intensity was observed in the night
street recording. The defocus curve of Eyhance shown
in the clinical study4–7 was similar to our results. An
experimental study measured Eyhance’s defocus curve
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in the optical bench test.8 The defocus curve was
similar to ours. However, photographs of a USAF1951
resolution target on an optical bench were taken in
that study. They did not show how the real world
appears to patients with Eyhance. According to clini-
cal studies on Symfony, the base of the defocus curve
of Symfony broadened at 0 D compared with monofo-
cal IOL.9–41 However, some experimental studies42–46
showed the defocus curves of bifocal IOL with low add
power similar to our study. In other clinical studies, the
halos with Symfony were observed in 2% to 95% of
cases.3,9,13,19,21,27,30,31,35,36,40,47–49 Although the halo
was observed herein, the size was smaller than that of
bifocal IOLs.

The defocus curve (Fig. 14) was obtained by
quantitatively analyzing the video taken while the
mobile model eye approached the resolution target
from 6 m to 15 cm. With the defocus curve obtained
in this way, the light energy distribution of the lens
could be estimated. Eyhance had contrast modula-
tions of 0.40 and 0.07 at a far distance (6 m) and
an intermediate distance (1.3 m), respectively. There-
fore most of the light energy was focused on the far
focus. Only a part of the light was focused on the
intermediate distance focus. The bifocal IOL had a
contrast modulation of 0.18 at a far distance (6 m).
The contrast modulation decreased at an intermediate
distance and increased again to 0.14 at 57 cm. This is
similar to the contrast modulation at a far distance.
Therefore, similar light energy was focused at far
and near focus. According to data provided by the
company, the light distribution between the distance
and near focus was approximately 50/50 (access-
data.fda.gov/cdrh_docs/pdf/p980040s049d.pdf). The
contrast modulation at a far distance of Symfony was
similar to that of the bifocal IOL (contrast 0.18). It
then decreased and increased again. At the interme-
diate distance (near 114 cm), the contrast modulation
showed the highest value of 0.24. Therefore the light
distribution at an intermediate distance was slightly
higher than at a far distance. However, according to
the results of the previous experimental studies42–46
on Symfony, the light distribution at the far and
intermediate distances was generally similar.

The intensity and size of the halo or ghost image,
which are unavoidable disadvantages of multifocal
IOLs, can be predicted from the defocus curve of the
lens. The intensity of halo can be explained by the light
energy distribution. It can be estimated by the defocus
curve. If a greater amount of light energy goes to the far
focus than to the near focus, the halo will be stronger
at the near distance. However, it will be weaker at a
far distance. Conversely, if a greater amount of light
energy goes to the near focus than the far focus, the halo
will be weaker at the near distance, and stronger at the

far distance. In our experiment on Eyhance, a greater
amount of light energy went to the far focus than
the intermediate focus. The halo at the second focus
(intermediate distance) was stronger than the halo at
the first focus (far distance) (Supplementary Movie S2,
Fig. 8). Conversely, in Symfony, slightly greater amount
of light energy went to the intermediate focus than the
far focus. The halo in the second focusing (intermedi-
ate distance) had weaker intensity than the halo in the
first focusing (far distance) (Supplementary Movie S4,
Fig. 10).

The size of the halo can be explained by the diopter
difference between the two foci in the defocus curve. In
the bifocal lens with a large diopter difference between
the two foci, the halo is large at far (Fig. 9A [street
lamp: 171 pixels], 15C [street lamp: 185 pixels]) and
near distances (Fig. 9C) (street lamp: 203 pixels). In
Eyhance and Symfony with a smaller diopter differ-
ence between the two foci, the halo is small in the far
(Figs. 8A, 10A [street lamp: 81 pixels], 15B [street lamp:
75 pixels], 15D [street lamp: 85 pixels]) and interme-
diate distances (Fig. 8C [street lamp: 60 pixels], 10C
[street lamp: 85 pixels]). These halos were observed
significantly more clearly at night (Figs. 11, 15) than
during the day. Ghost images also showed a tendency
(Fig. 13) similar to the halos.

If a multifocal IOL is not an accommodative IOL, it
is theoretically impossible to have a multifocal function
without halo and a decreased distant visual acuity. For
better visual acuity at an intermediate or near distance
compared to monofocal IOL, the visual acuity at far
distance should decrease. A halo or ghost image is
generated inevitably. The size and intensity of the halo
can vary depending on the added power and light
energy distribution of the IOLs.

Decreased optical quality for far objects, halo, and
ghost images of the multifocal IOL shown in this
experiment may differ from those actually perceived
by the patients due to the neural adaptation53 of their
brains. To overcome these shortcomings, we developed
a see-through IOL simulator that allows patients to
directly perceive the world through the IOLs. It allows
the patient to directly experience far, near, and halo
through monofocal IOL and multifocal IOL.54 As a
result, similar to this study, the visual acuity with
bifocal IOL at a near distance is better,54 whereas it is
worse at a far distance. More halos were perceived by
the patients compared with monofocal IOL.

In conclusion, we could objectively observe and
compare how patients with monofocal IOL, Eyhance,
bifocal IOL, and Symfony perceived the world using
this revised model eye. In this revised model eye
using an objective lens, an artificial cornea similar
to the human cornea can be used. Using a DSLR
camera, high-resolution imaging was possible without
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an additional computer. Fine focusing was possible
using an adjustable lens tube. This test format of taking
photographs of distant buildings during the day and at
night, video recording of the focusing process, video
recording of USAF resolution target from 6 m to 15
cm, quantitative analysis, and taking a photograph of
night street will be used for evaluating other multifocal
IOLs in our subsequent studies.
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Supplementary Material

SupplementaryMovie S1. Focusing with monofo-
cal IOL. With monofocal IOL, the letters on the
signboard were clearly visible when the focus was on
the focal plane of an objective lens. However, they
became blurry as the focus passed the focal plane of
the objective lens.

Supplementary Movie S2. Focusing with Eyha-
nce. With Eyhance, when the far focus was on the focal
plane of the objective lens, the image was clear. As
the cornea- intraocular lens complex approached the
objective lens, the image became slightly blurry. Then,
it became slightly clearer again. At this time, a halo
was observed around the street lamp, which was small
(diameter: 60 pixels) but strong.

Supplementary Movie S3. Focusing with bifocal
IOL. With the bifocal IOL, the image was hazy and
foggy compared to the monofocal IOL when the first
(far) focus is on the focal plane of the objective lens, and
the halo (diameter: 171 pixels) is observed around the
street lamp. As the cornea-IOL complex approached
the focal plane of the objective lens, the image became
significantly blurry. Then, it became clear again when
the second (near) focus was on the objective lens.
At this time, the halo (diameter: 203 pixels) was
observed around the street lamp.
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Supplementary Movie S4. Focusing with Sym-
fony. With Symfony, the image is hazy and foggy
compared to that with the monofocal IOL. The halo
(diameter: 81 pixels) was observed around the street
lamp.As the cornea-IOL complex approached the focal
plane of the objective lens, the image became blurry.
Then, it became clear again when the second (near)
focus was on the objective lens. The halo (diameter:
85 pixels) around the street lamp at the second focus
was slightly weaker than that at the first focus. The two
foci were significantly closer compared to the foci in the
bifocal IOL. The images were not very blurry in this
interval compared to the bifocal IOL.

Supplementary Movie S5. 6 m distance USAF
1951 resolution target with monofocal IOL. With the
monofocal IOL, the image was significantly clear at
6 m. However, it blurred as the model eye approached
the resolution target.

Supplementary Movie S6. 6 m distance USAF
1951 resolution target with Eyhance. With Eyhance,
the image appeared slightly more blurred than the
monofocal IOL at 6 m. As it approached the resolution
target, it blurred. However, at 80 to 155 cm, the image
looked clearer than that by the monofocal IOL.

Supplementary Movie S7. A 6 m distance USAF
1951 resolution target with bifocal IOL. With the
bifocal IOL, the image was hazy compared to that with
the monofocal IOL at 6 m. As it got closer, it blurred
considerably. Then, it became clear again at approxi-

mately 50-60 cm. After that, the clarity decreased as the
distance decreased.

Supplementary Movie S8. A 6 m distance USAF
1951 resolution target with Symfony. With Symfony,
the image was hazier compared to that with the
monofocal IOL at 6 m. As the distance between them
decreased, the image blurred. Then, it became clear
again at approximately 90 to 110 cm. After that, the
clarity decreased as the distance decreased.

Supplementary Movie S9. Night street with
monofocal IOL. With the monofocal IOL, the pixels
looked rough compared to the daytime. However, there
was no definite halo around the headlights, tail lights
of the cars, and traffic lights.

Supplementary Movie S10. Night street with
Eyhance. Eyhance is similar to the monofocal IOL.
However, there are few small halos (75 pixels) around
street lamps compared to monofocal IOL (52 pixels).

Supplementary Movie S11. Night street with
bifocal IOL. In the image with the bifocal intraocu-
lar lens, the halo around the headlights, tail lights of
the cars, and traffic lights, and street lamps (185 pixels)
were definite and large compared to the monofocal
IOL.

Supplementary Movie S12. Night street with
Symfony. Symfony is similar to the bifocal IOL.
However, the size of the halo (street lamp: 85 pixels)
was smaller than that of the bifocal IOL.

Downloaded from iovs.arvojournals.org on 04/25/2024


