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ABSTRACT

Introduction: The aim of this prospective study
was to compare the visual functions of extended
depth-of-focus intraocular lenses (EDOF IOLs)
and monofocal IOLs in eyes with mild to
moderate primary open-angle glaucoma
(POAG).
Methods: Cataractous eyes with POAG con-
trolled using medical treatments, no central
visual field defects, and mean deviation (MD)
values of -10 dB or better on the 30–2 test grid
of the Swedish Interactive Threshold Algorithm
standard program were included. Twenty-two
eyes of 22 patients received EDOF IOLs

(ZXR00V and ZXV150-375; J&J), whereas 24
eyes of 24 patients received monofocal IOLs
(ZCB00V and ZCV150-375; J&J). MD values,
corrected distance visual acuity (CDVA), and
photopic contrast sensitivity were measured at
3 months after surgery. Noninferiority of CDVA
and contrast sensitivity in eyes with EDOF IOLs
to eyes with monofocal IOLs were examined.
Results: The postoperative mean MDs of eyes
with EDOF and monofocal IOLs were -2.76 dB
and -4.21 dB with no significant difference.
The CDVA of eyes with EDOF IOLs was nonin-
ferior to that of eyes with monofocal IOLs
(P = 0.02). There were no inferiority in contrast
sensitivity at any spatial frequency (P\0.001).
Conclusions: The visual function of EDOF IOLs
in eyes with mild-to-moderate POAG was not
inferior to that of monofocal IOLs.
Trial Registration: Registered in the Japan
Registry for Clinical Research (identifier: jRCTs0
32200218).
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Key Summary Points

Why carry out this study?

Presbyopia-correcting intraocular lenses
(IOLs) have been implanted in normal
cataractous eyes, while the use of bifocal
IOLs has not been recommended for
glaucomatous eyes.

Visions from far to intermediate distances
can be provided with the use of extended
depth-of-focus (EDOF) IOLs, and visual
functions of eyes with EDOF IOLs are
comparable to eyes with monofocal IOLs.

Thus, this prospective study aimed to
compare the visual functions of EDOF and
monofocal IOLs in eyes with mild-to-
moderate primary open-angle glaucoma
(POAG).

What was learned from the study?

Postoperative corrected distance visual
acuity and contrast sensitivity of eyes with
mild-to-moderate POAG and implanted
EDOF lenses were not inferior to eyes with
monofocal IOLs.

Comparable visual function with addition
of better visual acuity from far to
intermediate distances could be obtained
with the use of EDOF IOLs, although
careful patient selection and long-term
evaluation for the progress of POAG are
necessary.

INTRODUCTION

Multifocal intraocular lenses (IOLs) are
implanted in normal cataractous eyes to enable
spectacle independence or reduce spectacle
dependence postoperatively. However, implan-
tation of such IOLs is generally restricted to eyes
without ocular comorbidities because of the
possible presence of photic phenomena and
decreased contrast sensitivity in eyes with

ocular diseases [1, 2]. Glaucoma is a common
complication in cataractous eyes, and its pro-
gression is associated with a risk of decreased
contrast sensitivity. The visual outcomes of
refractive bifocal and diffractive trifocal IOLs in
glaucomatous eyes have been studied; however,
the numbers of eyes included in these studies
were limited [3–5]. In general, implantation of
bifocal IOLs in glaucomatous eyes is not rec-
ommended [1, 6, 7].

Diffractive extended depth-of-focus (EDOF)
IOLs aid the achievement of optimal visual
acuity at far to intermediate distances with the
least photic phenomena. With the use of
echelette grating optics, chromatic aberration is
compensated and the least impact on visual
function is achieved [8]. The postoperative
contrast sensitivities of eyes with EDOF IOLs are
comparable to those of eyes with monofocal
IOLs [9]. In a recent case series, implantation of
EDOF IOLs in 16 eyes of 10 patients with early-
stage normal tension glaucoma (NTG) yielded
satisfactory postoperative visual functions [10].
Although the comparability of EDOF IOLs to
monofocal IOLs and the results of the above-
mentioned report suggest that EDOF IOLs may
be acceptable for certain glaucomatous eyes, it
is important to examine the safety of EDOF
IOLs in glaucomatous eyes. To the best of our
knowledge, the visual functions of glaucoma-
tous eyes with EDOF and monofocal IOLs have
not yet been investigated and compared. Thus,
the aim of this prospective study was to com-
pare the visual functions of EDOF and mono-
focal IOLs in eyes with mild-to-moderate
primary open-angle glaucoma (POAG).

METHODS

Participants

This investigator-initiated prospective, open-la-
bel, comparative study was approved by a local
certified review board and registered in the
Japan Registry for Clinical Research (identifier:
jRCTs032200218). The study was conducted in
accordance with the tenets of the Declaration of
Helsinki and the Clinical Trials Act of Japan (act
no. 16, 2017). All patients provided written
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informed consent after receiving an explana-
tion of the study protocol. Patients with POAG
and cataract were recruited at the Tokyo Dental
College Suidobashi Hospital (Tokyo, Japan) and
Ryuundo Eye Clinic (Shiki, Japan).

The inclusion criteria were eyes with mild-to-
moderate POAG, which was controlled using
medical treatment for over 6 months, and
diagnosed with no central visual field defect
and a mean deviation (MD) value of -10 dB or
better on the 30–2 test grid of the Swedish
Interactive Threshold Algorithm (SITA) stan-
dard program (Humphrey Field Analyzer III;
Carl Zeiss Meditec, Dublin, CA, USA). Stable and
controlled intraocular pressure (IOP) was con-
firmed from the Goldmann applanation records
from the previous two visits. MD values of
-10 dB or better were determined by referring
outcomes of the previous case of NTG eyes with
EDOF IOLs [10]. Patients with eye diseases other
than cataract (such as uncontrollable glaucoma,
progressive diabetic retinopathy, uveitis, retinal
detachment, iris neovascularization, or corneal
degeneration), severe visual field defects (such
as diffuse, central, or progressive defects), and
risks of serious intraoperative complications
(such as zonular rupture, posterior capsule rup-
ture, vitreous prolapse, hyphema, or incomplete
in-the-bag implantation) were excluded.

Sample Size

Based on the results of a previous retrospective
study, the standard deviations (SDs) of contract
sensitivity after implantation of EDOF IOLs
ZXR00V (Johnson & Johnson Surgical Vision,
Santa Ana, CA) were determined to be 0.23–0.24
at 12 and 18 cycles per degree (cpd) [11]. Hence,
a sample size of 20 or more was necessary for
examining non-inferiority of the study group to
the control group with a margin of 0.20 loga-
rithm contrast sensitivity (corresponding to
over 1 step in the contrast sensitivity
chart used), a significance level of 0.05, and
detection power of 0.85 (package ‘TrialSize’
version 1. 3, R version 3.6.1). Considering 5%
dropout in each group, the sample size was
determined to be 25 eyes of 25 patients for each
type of IOL.

Preoperative Examination and IOL
Implantation

Preoperative examinations included IOP
(Goldman applanation), axial length (IOL-
Master 700, Carl Zeiss Meditec), automated
perimetry (30–2 grid of the SITA program), and
optical coherence tomography (CIRRUS, Carl
Zeiss Meditec). To ensure the reliability of the
automated perimetry results, the rates of fixa-
tion loss, false positive errors, and false negative
errors were confirmed to be over 20%, 15%, and
33%, respectively. The MD values were obtained
as well.

Implanted IOL was determined on the basis
of the patient’s preference after explaining the
characteristics of each type of IOL. As the
postoperative visual acuities and the cost of
surgery owing to the co-payment for the EDOF
IOL were quite different, randomization was
not performed. The implanted EDOF IOLs were
ZXR00V and its toric models (ZXV150-375 and
ZXW150-375), which are one-piece, violet light-
blocking, aspheric, and hydrophobic acrylic
lenses with continuous sharp optic edges on the
posterior surface. The echelette optics on the
anterior surface was designed to have a ?1.75 D
addition to provide an extended range of vision
from 0.7 m and farther. The implanted mono-
focal IOLs were ZCB00V (Johnson & Johnson
Surgical Vision) and its toric models (ZCV150-
375 and ZCW150-375) with the same platform
of the EDOF IOLs but without the echelette
optics.

After removing the cataract using pha-
coemulsification and aspiration from a 2.4 mm
temporal corneal incision, all IOLs were inser-
ted into the capsular bag using specific injec-
tors. For the implantation of EDOF IOLs, the
powers were targeted for emmetropia, whereas
the powers of monofocal IOLs were determined
according to the patient’s preference.

Postoperative Examinations

Three months after surgery, automated
perimetry, corrected distance visual acuity
(CDVA), and contrast sensitivity were exam-
ined. Automated perimetry was performed in
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the same manner using 30–2 and 10–2 grids,
and the MD and foveal threshold (FT) values
were obtained because they are related to visual
function. Visual acuity at 5 m was measured
under photopic illumination using a Landolt
ring chart. Manifest refraction spherical equiv-
alent (MRSE) was also measured during the
measurement of CDVA, and the value obtained
was corrected to infinity by adding -0.20 D.
Uncorrected distance visual acuity (UDCA) was
measured as well. For eyes with EDOF IOLs,
uncorrected and distance-corrected visual acui-
ties (UCVA and DCVA, respectively) were mea-
sured at distances of 30 cm, 40 cm, 50 cm, and
1 m. The MRSE measured at 5 m was used for
distance correction. Contrast sensitivity with-
out glare was measured using CSV-1000 (Vector
Vision, Fairfield, CT) under distance-corrected
and photopic illumination (85 cd/m2).

Statistical Analysis

As IOP and some indexes of automated
perimetry in POAG eyes change by cataract
surgery [12], postoperative IOP, MD, and FT
values were verified for properly comparing the
visual functions of POAG eyes with EDOF and
monofocal IOLs using an unpaired t-test.

The primary endpoint of this study was to
examine the noninferiority of the CDVA and
contrast sensitivity of eyes with EDOF IOLs to
those with monofocal IOLs. Eyes with a CDVA
of 20/40 (0.30 logMAR) or worse were excluded
from the analysis to avoid the effects of diseases
on visual function. For CDVA, noninferiority
was examined with a margin of 0.15 logMAR,
which corresponded to one to two steps in the
chart used. The margin for contrast sensitivity
at each spatial frequency was determined to be
0.20, which was between one and two steps in
the chart used. P values were obtained using a t-
test, which were used to analyze the difference
in the margins. Statistical analysis was per-
formed using SAS 9.4� software (version 9.4;
SAS Institute Inc., Cary, NC, USA). P\0.05 was
considered statistically significant.

Differences in UDVA and CVDA between
eyes with EDOF and monofocal IOLs were
examined using the Mann–Whitney U test.

Differences in contrast sensitivity at 3, 6, 12,
and 18 cpd, and MD and FT values were exam-
ined using a t-test.

RESULTS

Of 50 eyes of 50 patients, 4 were excluded
before and during surgery due to dropouts,
lower MD preoperatively, and posterior capsule
rupture. Consequently, 22 eyes received EDOF
IOLs, whereas 24 eyes received monofocal IOLs.
The mean IOP measured at two visits before
enrollment was 13.4 (SD: 2.0) mmHg, and the
preoperative mean IOP was 13.3 (SD: 2.0)
mmHg; there was no significant change
(P = 0.74, paired t-test). The demographic data
of the patients are listed in Table 1. Although
the differences between the preoperative IOPs
of eyes with EDOF and monofocal IOLs were
significant (P = 0.026), the mean difference of
1.3 mmHg was less than the acceptable mea-
sured error of 2 mmHg [13] and considered to
be clinically neglectable. In the postoperative
IOPs, there was no difference. Preoperative
number of medications was higher in eyes with
monofocal IOLs (P = 0.006). The mean axial
length of eyes with EDOF IOLs was significantly
longer by 1.5 mm.

The automated perimetry results preopera-
tively and 3 months after surgery are outlined
in Table 2. While the mean preoperative MD of
eyes with EDOF IOLs was better than that of
eyes with monofocal IOLs (P = 0.030), there
were no differences in the mean MD and FT
values measured using the 30–2 and 10–2 grids
after cataract surgery.

The mean postoperative CDVAs of the
included eyes are presented in Table 3. As the
95% confidence interval (95% CI) of the differ-
ence in CDVA (EDOF -monofocal) was
between -0.14 and -0.04 logMAR, noninferi-
ority of the CDVA of eyes with EDOF IOLs was
confirmed (P = 0.020) with the margin of 0.15
logMAR. The cumulative UDVA and CDVA (20/
x or better) measured at 3 months postopera-
tively are plotted in Fig. 1. All eyes with EDOF
IOLs had a CDVA of 20/20 or better, whereas all
eyes with monofocal IOLs had a CDVA of 20/25
or better.
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The cumulative UCVA and DCVA (20/x or
better) at 30 cm, 40 cm, 50 cm, and 1 m of eyes
with EDOF IOLs are shown in Fig. 2. Preferred
visual acuity was achieved at 1 m, and 20/25 or
better was achieved in over 64% of the eyes at
50 cm. The mean UCVAs at 30 cm, 40 cm,
50 cm, and 1 m were 0.31, 0.16, 0.09, and 0.01
logMAR, respectively, whereas the DCVAs at

30 cm, 40 cm, 50 cm, and 1 m were 0.34, 0.19.
0.10, and -0.02 logMAR, respectively.

Postoperative contrast sensitivity was mea-
sured in 22 eyes with EDOF IOLs and 23 eyes
with monofocal IOLs. The mean contrast sen-
sitivities at 3, 6, 12, and 18 cpd are presented in
Table 3. As the 95% CIs of the differences in
contrast sensitivity (EDOF -monofocal) at 3,
6,12, and 18 cpd were -0.14 to ?0.09, -0.24
to ?0.03, -0.32 to -0.02, and -0.25 to ?0.09,
respectively, noninferiority of contrast sensi-
tivity in eyes with EDOF IOLs was confirmed
(P\0.0001) with the margin of 0.20. Figure 3

Table 1 Demographic data of the participants

EDOF IOL Monofocal
IOL

P value*

N, eye 22 24

Age, year 67.1 (9.6)

[45–80]

71.0 (6.4)

[58–83]

0.11

Male/female 10/12 11/13

Mean IOP,

mmHg

Before

enrollment

12.9 (1.9)

[9.5–16.0]

14.0 (2.0)

[11.0–16.5]

0.070

Preoperative 12.6 (1.7)

[10.0–15.7]

13.9 (2.1)

[11.0–18.3]

0.026

Postoperative

(3 months)

12.6 (1.7)

[9.3–15.7]

12.8 (2.0)

[8.0–16.7]

0.65

Number of

medications

1.3 (0.7)

[0–3]

2.0 (0.9)

[1–4]

0.006

Axial length,

mm

26.3(2.0)

[23.5–31.4]

24.8(1.7)

[22.3–28.5]

0.012

IOL models ZXR00V: 15

eyes

ZXV150-375:

1 eye

ZXW150-

375: 6 eyes

ZCB00V: 23

eyes

ZCV150-

375: 0 eye

ZCW150-

375: 1 eye

Mean (SD) [range]
EDOF extended depth-of-focus, IOL intraocular lens, IOP
intraocular pressure
*Unpaired t-test

Table 2 Automated perimetry results at preoperatively
and 3 months after surgery

EDOF IOL Monofocal
IOL

P value*

Preoperatively

30–2 grid

MD, dB -3.09 (2.65)

[-8.96 to

?1.32]

-4.89 (2.82)

[-9.79 to

-0.95]

0.030

Postoperatively (3 months)

30–2 grid

MD, dB -2.76 (2.30)

[-6.79 to

?2.02]

-4.21 (3.29)

[-12.53 to

?0.48]

0.09

FT, dB 34.5 (1.7)

[30–37]

35.2 (2.1)

[31–39]

0.28

10–2 grid

MD, dB -2.25 (2.23)

[-6.01 to

?1.97]

-2.11 (2.89)

[-10.76 to

?1.87]

0.85

FT, dB 34.5 (1.9)

[30–38]

35.3 (2.2)

[31–40]

0.21

Mean (SD) [range]
*Unpaired t-test
EDOF extended depth-of-focus, IOL intraocular lens, MD
mean deviation, FT foveal threshold, dB decibel
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shows the box plots of the contrast sensitivities
of eyes with EDOF (blue) and monofocal IOLs
(green). There were no significant differences

between the mean values of the eyes with EDOF
IOLs and those of eyes with monofocal IOLs
(P[0.094; unpaired t-test with Holm’s multiple
adjustments). There were eyes below the normal
range at high spatial frequencies; contrast sen-
sitivities of eight and six eyes with EDOF and
monofocal IOLs, respectively, were less than
0.70 at 18 cpd. However, there was no differ-
ence of the occurrences between IOLs (P = 0.46,
chi-squared test).

DISCUSSION

This study demonstrated that, after implanta-
tion of diffractive EDOF IOLs in eyes with mild-
to-moderate POAG and no central visual field
defect, the CDVA and contrast sensitivities were
not inferior to those of eyes with monofocal
IOLs. To the best of our knowledge, this is the
first study in which postoperative visual func-
tions, such as contrast sensitivity and visual
field, of cataractous eyes with POAG implanted
with EDOF IOLs were compared with those of
such eyes implanted with monofocal IOLs.
Results of optical bench tests and previous
clinical studies have indicated that the optical
properties and contrast sensitivities of eyes with
EDOF IOLs did not differ from those of eyes
with monofocal IOLs [9, 14]. Regarding the

Table 3 Postoperative CDVA, MRSE, and contrast sen-
sitivity results

EDOF
IOL

Monofocal
IOL

P value

CDVA,

logMAR

-0.17

(0.10)

-0.08 (0.07) 0.020a

MRSE, D -0.39

(0.52)

-0.43 (1.08) 0.87b

Contrast

sensitivity

3 cpd 1.64 (0.17) 1.67 (0.21) \ 0.001c

6 cpd 1.75 (0.19) 1.86 (0.25) \ 0.001c

12 cpd 1.25 (0.24) 1.41 (0.24) \ 0.001c

18 cpd 0.83 (0.30) 0.92 (0.25) \ 0.001c

Mean (SD)
EDOF extended depth-of-focus, IOL intraocular lens,
CDVA corrected distance visual acuity, MRSE manifest
refractive spherical equivalent, cpd cycles per degree
aNoninferiority test with a margin of 0.15 logMAR
bUnpaired t-test
cNoninferiority test with margins of 0.2

Fig. 1 Cumulative distance visual acuity (20/x or better)
of eyes with extended depth-of-focus (EDOF, left) and
monofocal (right) intraocular lenses (IOLs) at 3 months

postoperatively. UDVA uncorrected distance visual acuity;
CDVA corrected distance visual acuity
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influence of EDOF IOLs on visual field tests, the
MD and FT of normal eyes with EDOF IOLs do
not differ from those of normal eyes with
monofocal IOLs [15, 16]. In addition, a previous
NTG case series on eyes with the same EDOF
IOLs as those used in the present study reported
similar visual functions [10]. The results of the
present study and those of previous findings
supported the safety of EDOF IOLs for certain
eyes with mild-to-moderate POAG 3 months
postoperatively.

Regarding contrast sensitivity, there was no
statistically significant difference between the
two IOLs. However, some eyes showed lower
than the norm at 18 cpd. A couple of factors,
such as implantation of a multifocal IOL and
progression of POAG, would reduce contrast
sensitivity at high spatial frequencies. Reduced
contrast sensitivity at 18 cpd is commonly
observed in eyes with diffractive multifocal
IOLs, owing to the superimposition of blurred
images from the added powers [2, 17]. In the
present study, the add power of the EDOF IOL

was 1.75 D, which is lower than those of the
multifocal IOLs used in previous studies. Thus,
the influence of the add on contrast sensitivity
in the present study would be small, but not
negligible. Visual field sensitivity is another
factor that affects contrast sensitivity. Diffrac-
tive bifocal and trifocal IOLs decrease MD values
[15, 18], thereby increasing the risk of reduced
contrast sensitivity [19]. In the eye with EDOF
IOL that showed the lowest contrast sensitivity
at 18 cpd, the MD in the 30–2 grid was
-6.14 dB. We speculated that lower visual field
sensitivity would be affected; however, further
investigation is required to confirm this.

This study had limitations. First, only pho-
topic contrast sensitivity was evaluated. It
should be noted that glaucomatous eyes have
an increased risk for reduced mesopic contrast
sensitivity [19]. Liu et al. addressed that the
scotopic contrast sensitivity of eyes with EDOF
IOLs is worse than that of eyes with monofocal
IOLs [17]. In future studies, mesopic and sco-
topic contrast sensitivity is needed. Second,

Fig. 2 Cumulative uncorrected and distance-corrected
distance visual acuities (20/x or better) of eyes with
extended depth-of-focus intraocular lenses at 30 cm,

40 cm, 50 cm, and 1 m. UDVA uncorrected distance
visual acuity, CDVA corrected distance visual acuity
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only eyes with relatively well-controlled POAG
(MD values of -10 dB or better, no central
defect, and stable under medication) were
included in this study. As reduction in contrast
sensitivity is associated with central sensitivity
of the retina [19], it is anticipated that eyes with
more severe POAG would show significant
reduction in visual function. Implantation of
EDOF IOLs in eyes with severe POAG would be
restricted for ethical and safety reasons. How-
ever, it would be valuable to comprehensively
study how individual visual field parameters
affect contrast sensitivity in eyes with mild-to-
moderate POAG. Lastly, long-term visual func-
tion following the implantation of EDOF IOLs
in eyes with POAG is still unknown. Aptel et al.
reported that the 1-year progression rate of MD
in eyes with treated POAG was -0.32 dB in the
early stage (MD[-6 dB) and -0.52 dB in the
moderate stage (MD -6 to -12 dB) [20]. Based
on these results, it is possible that even eyes
with MD values of -10 dB or better may expe-
rience a decrease in contrast sensitivity, espe-
cially in the high-frequency range, if their MD
values deteriorate over time. We believe that,

for eyes with POAG, long-term analysis of visual
function in those with EDOF IOLs is crucial.

CONCLUSION

A prospective comparative study demonstrated
that the visual function of EDOF IOLs in eyes
with mild-to-moderate POAG was not inferior
to that of monofocal IOLs. While careful patient
selection and long-term investigation are nec-
essary, it is anticipated that monofocal IOL-
comparable visual function with better visual
acuity from far to intermediate distances could
be obtained with the use of EDOF IOLs in mild
to moderate POAG eyes.
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