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ABSTRACT.

Purpose: To evaluate differences in subjective and objective refractions in eyes

with extended-depth-of-focus intraocular lenses (EDOF IOLs) using echelette

optics, and the effect of the light wavelength used during examinations.

Methods: In the prospective study, subjective and objective refractions of 128

eyes of 64 patients were examined 3 months after implantation of the EDOF

IOLs (ZXR00V, Johnson & Johnson Surgival Vision). Objective refractions

were measured using an autorefractor with a near-infrared (NIR) light source.

Clinical differences in the spherical, cylindrical and spherical equivalent (SE)

refractions between the subjective and objective refractions were evaluated.

Then, lens powers of monofocal, EDOF and diffractive bifocal IOLs in the use of

a 850-nm light source were measured experimentally for using a lensmeter, and

the differences from the monofocal IOLs were calculated.

Results: The mean objective refractions were more myopic (p < 0.001) than the

subjective refractions; the differences in the spherical, cylindrical and SE

refractions were �0.71, �0.26 and �0.84 dioptre, respectively. Experimental

investigation resulted that there was the mean difference of 0.83 D with the

EDOF from monofocal IOLs at 850 nm, while the difference was �0.20 D with

bifocal IOLs.

Conclusions: The diffractive EDOF IOLs using echelette gratings inherently

induced constant differences in the subjective and objective refractions, which

arose from the chromatic difference in IOL powers for the visible and NIR lights.
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Introduction

Measurement of the subjective refrac-
tions after implantation of presbyopia-
correction intraocular lenses (IOLs) is
critical for determining if the postop-
erative refractions are within the range
anticipated preoperatively. Objective
refractions measured with an autore-
fractor are normally used as the initial
estimates of the subjective refractions
(Kinge et al. 1996; Bullimore et al.
1998). Although these refractions coin-
cide well for eyes with monofocal
IOLs, significant differences between
the refractive values were found with
some refractive multifocal IOLs
(Mu~noz et al., 2007a, 2007b;
Albarr�an-Diego et al. 2011; van der
Linden et al. 2014). The lights used
during the measurements are disruptive
by adding refractions to the IOLs. In
contrast, no such refractive differences
are observed with diffractive bifocal
IOLs (Bissen-Miyajima et al. 2010),
since the diffractive IOLs form the
distance focus with the refractive sur-
face of the IOL, which is the same as
monofocal IOLs. Thus, the subjective
refractions can be measured in the
same manner as with monofocal IOLs.

A new concept of presbyopia-cor-
rection IOLs was developed by extend-
ing the depth of focus. The Symfony�

IOL (Johnson & Johnson Surgical
Vision, Santa Ana, CA, USA) is a
diffractive extended-depth-of-focus
(EDOF) IOL that uses echelette grat-
ings and produces the distance and
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near foci with the first- and second-
order diffractions, respectively (Weeber
et al. 2015; Mill�an & Vega 2017). With
EDOF IOLs, a discrepancy between
the subjective and objective refractions
has been noticed in clinical practices as
reported by the manufacturer. The
effect of the grating on the objective
refraction measurement is concerning.
Visible and near-infrared (NIR) lights
are used in measurements of the sub-
jective and objective refractions,
respectively, and the power for the
distance focus changes with the wave-
lengths of light used for each examina-
tion. To our knowledge, no study has
evaluated the difference between the
subjective and objective refractions in
eyes with diffractive EDOF IOLs. The
purpose of the current study was to
clinically evaluate the refractive differ-
ences and experimentally determine the
etiology.

Methods

Clinical and experimental evaluations
were performed in this study. First, the
differences were assessed between the
subjective refractions obtained from
visual acuity examinations and objec-
tive refractions measured with an
autorefractor after implantation of
diffractive EDOF IOLs. In the use of
diffractive bifocal IOL in which the
distance focus is formed with the
refractive element, while the EDOF
IOL formed it with the grating element.
Hence, the effect of chromatic differ-
ence in IOL power for a NIR light on
the objective refractions was experi-
mentally examined.

Difference between subjective and

objective refractions

The institutional review board of
Tokyo Dental College (identifier, 800)
approved this clinical prospective
study, which was conducted according
to the tenets of the Declaration of
Helsinki. Patients who were scheduled
to undergo cataract surgery with
implantation of a diffractive EDOF
IOL (Symfony� ZXR00V) were
recruited, and all patients provided
written informed consent. The inclu-
sion criteria were anticipated postop-
erative astigmatism of 1.25 dioptres
(D) or less and the conventional crite-
ria for multifocal IOL implantation.
Eyes that had undergone a previous

ocular surgery, or had chronic or
recurrent uveitis, acute ocular disease,
external/internal infection, diabetes
with retinal changes, glaucoma, exfoli-
ation syndrome, pathological miosis,
keratoconus, corneal endothelial dys-
trophy, or abnormality in the capsule,
zonule, or pupil, were excluded. One
hundred twenty-eight eyes of 64
patients were enrolled. Table 1 shows
the patient demographic data. The
target refractions were emmetropia
for 65 eyes and �0.5 D in 63 eyes.

Implanted intraocular lenses

The ZXR00V IOL was a one-piece,
hydrophobic acrylic, diffractive EDOF
IOL that is 6.0 mm in diameter, with
aspheric optics on the front surface, a
continuous sharp optic edge on the
posterior surface, and anteriorly shifted
haptic designs. The EDOF function
was provided by using the echelette
grating on the posterior surface. The
add power for the near focus was +1.75
D. In the echelette gratings, the line
spacing was larger and the efficacy for
higher order diffractions was more
optimized compared with the diffrac-
tive optics used in bifocal IOLs. Thus,
unlike forming a near focus with the
first-order diffraction in bifocal IOLs,
the EDOF IOL was designed to form
the foci for the distance and slightly
near vision with the first- and second-
order diffractions. The blazed structure
increased the efficacy of the first- and
second-order diffractions (Mill�an &
Vega 2017).

The IOLs were implanted during a
femtosecond laser-assisted cataract sur-
gery using the LenSx laser system
(Alcon Laboratories, Ft. Worth, TX,
USA). The size of capsulotomy was
5.0 mm. The IOL was inserted into the
capsular bag using the injector through
a 2.2-mm-wide corneal incision. With
biometry measurement using an IOL-
Master 700 (Carl Zeiss Meditec, Inc.,
Dublin, CA, USA), the IOL powers
were calculated using the SRK/T

formula (A constant: 119.3) and the
Barrett Universal II ( LF: 2.04), and
the higher power was selected for
avoiding an hyperopic refractive error.
The target refraction was emmetropia
or �0.5 D in the staged implantation
procedure as described previously (Bis-
sen-Miyajima et al. 2019).

Examinations

The subjective refractions were
obtained 3 months postoperatively
during measurement of the corrected
distance visual acuity (CDVA) at 5 m.
Without the use of the objective
refraction results, the CDVA was
measured by increasing the spherical
powers in 0.25-D increments until the
corrected visual acuity decreased from
the best-corrected measurement, and
the power before the decrease was
recorded as the subject’s spherical
refraction. The cylindrical power and
axis were examined using the cross-
cylinder technique in increments of
0.25 D. The uncorrected distance
visual acuity (UDVA) also was mea-
sured. The UDVA and CDVA were
converted to the logarithm of the
minimum angle of resolution (log-
MAR) for analysis.

Objective refractions were measured
with the TONOREF II autorefractor
(Nidek, Gamagori, Japan). The instru-
ment utilized the Scheiner principle and
projected an image of a circle on the
retina, which was observed through the
cornea that had been disrupted by the
ocular refraction. The light source used
was a superluminescent diode emitting
in a wavelength in the range of 870–
900 nm. The refractive measurement
areas were expanded within the entire
pupil up to 4.0 mm in diameter. An
autofogging mechanism was used to
reduce the accommodative effect. The
observed ring images were fit with
ellipses, and the spherocylindrical
refractions were calculated. The spher-
ical equivalent (SE) refraction also was
calculated for analysis.

Table 1. Patient demographic data.

Mean (SD) Range

No. of eyes/patients 128/64

Age (years) 67.6 � 6.5 51–82
Axial length (mm) 24.7 � 1.6 21.6–29.6
Averaged keratometry (D) 43.6 � 1.1 40.9–46.7
Keratometric astigmatism (D) 0.68 � 0.38 0.05–1.72

D = dioptre, SD = standard deviation.
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Statistical analysis

The differences and correlations in the
sphere, cylinder and SE values were
examined between the subjective and
objective refraction examinations using
a paired t-test and linear regression
analysis, respectively. Systematic errors
between the subjective (at 5 m) and
objective (at infinity) refractions, which
corresponded to 0.2 D, were not cor-
rected in the same manner as the
previous works (Bissen-Miyajima
et al. 2010; van der Linden et al.
2014). Differences between the two
refraction examinations were systemat-
ically examined using the Bland–Alt-
man plots (Bland & Altman 1999) for
the three refractive values. Data are
expressed as the mean � standard
deviation, otherwise specified.
p < 0.05 was considered significant.

Effect of chromatic difference in

intraocular lens power

The diffractive EDOF IOL had an
echelette optical element, and the first-
order diffraction constituted the dis-
tance focus. The 1.75-D add power was
produced in visible light, while the light
used in the autorefractor normally has
been NIR to retain the intraocular
permeability. The diffraction gratings
induce negative chromatic aberration,
which was used to compensate chro-
matic aberration induced by monofocal
refractive IOL (Weeber et al. 2015).
The negative chromatic aberration also
increased the refractive powers of the
IOL with the wavelength (Ravikumar
et al. 2014), so that the objective

refraction measurement with NIR light
could differ from the amount measured
in visible light. The differences were
investigated experimentally.

Power measurements at 850 nm

Monofocal, bifocal and EDOF one-
piece hydrophobic acrylic IOLs
(ZCB00V, ZMB00 and ZXR00V,
respectively; Johnson & Johnson Surgi-
cal Vision) were used because they have
the same lens and haptics platform,
except for the optical element for pres-
byopia correction. IOLs with powers of
10.0, 15.0 and 20.0 D were used for
measurements at a wavelength of
850 nm (NIR). Three lenses of each
power were examined. A lensmeter (TL-
7000, Tomey, Nagoya, Japan) based on
the Hartmann sensor (Hartmann 1900)
was modified to accommodate a NIR
LED (LSB855SL-550G; OPTRANS,
Latham, NY, USA), which had a peak
wavelength of 850 nm, and a CMOS
camera (da1280-54uc; Basler AG,
Ahrensburg, Germany).

shows a schematic diagram of the
power measurement. Collimated light
from the LED illuminated the IOLs
that were immersed in water. The
focused light passed through the Hart-
mann plate with 117 pinholes and
condenser lenses to the CMOS camera.
The CMOS camera captured the pin-
hole images.

The distance between the pinholes
decreased as the power of the IOL
increased, as the Hartmann pinholes
were posterior to the IOL. Figure 2A,B
shows representative images of the
pinhole images for the 10.0-D and

15.0D monofocal IOLs, respectively.
Based on geometric optics, the lens
powers (D) were negatively propor-
tional to the distance of the pinholes.
Six distances between three points
around the centre were measured using
the ImageJ software (version 1.52p;
National Institutes of Health,
Bethesda, MD, USA) and averaged.
For bifocal IOLs, the points were split
towards the centre owing to the +4.0 D
add power (Fig. 2C), so that the outer
points were subject to measurement.
For EDOF IOLs with a +1.75 D add
power, the split was too small and the
image was slightly oval (Fig. 2D).
Therefore, the distances between the
outer ellipse foci were measured.

Statistical analysis

Differences in the powers of the bifocal
and EDOF IOLs from those of the
monofocal IOLs were evaluated. First,
a calibration equation between the
powers labelled and point distances
measured was obtained with data with
the monofocal IOL using regression
analysis. With the calibration equation,
the powers of the bifocal and EDOF
IOLs at 850 nm were calculated from
the pinhole distance data. Differences
in the power from the powers of the
monofocal IOLs were examined using
the Wilcoxon signed-rank test.

Results

Differences between subjective and

objective refractions

The postoperative UDVAs ranged
from �0.30 to 0.52 logMAR (6/20 to
20/10 in Snellen notation), and the
mean was �0.03 � 0.12. The CDVAs
ranged from �0.30 to 0.00 logMAR
(20/20 to 20/10 in Snellen notation)
with the mean of �0.15 � 0.05. All
eyes obtained a CDVA of 20/20 or
better. No intraoperative or postoper-
ative complications occurred. The
mean refractions and their differences
are shown in Table 2. There were
significant differences between the two
refractions in the spherical, cylindrical
and SE (p < 0.0001, paired t-test). The
mean differences showed that the
objective refractions shifted myopi-
cally, and the SE difference was �0.84
D.

The linear regression analysis
between the refractions showed signif-
icant (p < 0.001) and strong

Fig. 1. Schematic diagram of the intraocular lens (IOL) power measurement. Lights from a near-

infrared LED (light emitting diode) illuminate the IOL in water after collimated with collimated

lenses (L1). Focused lights pass through the Hartmann plate with 117 pinholes and condenser

lenses (L2, L3). The pinhole images are captured by the CMOS camera.
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(R2 = 0.74, 0.73, and 0.73) correlations
in the spherical, cylindrical and SE
refractions, respectively. The coeffi-
cients of the resultant regression equa-
tions, objective = Slope * subjec-
tive + Constant, are shown in
Table 3. The slopes were over 0.83,
which was close to unity. The constant
indicated the differences between the
refractions.

Figure 3 shows Bland–Altman plots
for the spherical, cylindrical and SE
refractions. The x- and y-axis

represented the mean and difference of
the subjective and objective refractions,
respectively. Systematic differenceswere
found in the spherical and SE refrac-
tions. In the cylindrical refraction, the
objective refraction agreed clinically
with the subjective values.

Effect of chromatic difference in

intraocular lens power

The regression analysis of the data with
monofocal IOLs (Table S1 for a list of

data with monofocal IOLs) indicated
that the distances of the pinholes were
significantly and strongly corrected
with the power labelled (p < 0.001,
R2 > 0.999), and the distances
decreased by �5.7988 (95% confidence
interval [CI], �5.9477 to �5.6499). The
powers of the other IOLs were calcu-
lated from the distances of pinholes
and the above regression result.

Table 4 shows the calculated powers
at 850 nm of the bifocal and EDOF
IOLs and the differences from the

Fig. 2. Representative images of Hartmann pinholes with monofocal intraocular lenses (IOLs) of 10.0 D (A) and 20.0 D (B), bifocal IOL of 10.0 D

(C), and extended-depth-of-focus (EDOF) IOL of 10.0 D (D) at a wavelength of 850 nm. The distance between the pinholes decreased as the IOL

power increased (A and B). A split in the pinhole images (arrow in C) is observed with the bifocal IOL. Slight ovalization (arrow in D) is seen with the

EDOF IOL. D, dioptre.

Table 2. Mean subjective and objective refractions and their differences.

Subjective (D) Objective (D) p Value* Difference (D)

Spherical �0.14 � 0.42 (�1.00 to 1.00) �0.85 � 0.46 (�2.13 to 0.27) <0.0001 �0.71 � 0.24 (�1.38 to �0.14)

Cylindrical �0.45 � 0.42 (�1.50 to 0.00) �0.72 � 0.41 (�1.89 to �0.04) <0.0001 �0.26 � 0.22 (�1.29 to 0.15)

SE �0.37 � 0.43 (�1.50 to 1.00) �1.21 � 0.44 (�2.25 to �0.19) <0.0001 �0.84 � 0.24 (�1.51 to �0.32)

D = dioptre, SE = spherical equivalent.

The data are expressed as the mean � standard deviation (range).

* Paired t-test.

Table 3. Regression equations of objective spherical, cylindrical and (SE) refractions.

Slope Constant (D)

Spherical 0.945 (95% CI, 0.847 to 1.043) �0.721 (95% CI, �0.765 to �0.678)

Cylindrical 0.837 (95% CI, 0.747 to 0.926) �0.331 (95% CI, �0.386 to �0.275)

SE 0.868 (95% CI, 0.774 to 961) �0.891 (95% CI, �0.944 to �0.838)

CI = confidence interval, D = dioptre, SE = spherical equivalent.
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powers of the monofocal IOLs. For the
bifocal IOLs, the calculated powers
were around the labelled values, and
the mean difference from the monofo-
cal IOLs was �0.21 � 0.19 D. In
contrast, the calculated powers were
higher than the labelled powers, and
the mean difference between the EDOF
and monofocal IOLs was 0.83 � 0.14
D.

Discussion

The current evaluations showed that
there were differences between the
subjective and objective refractions in
eyes with diffractive EDOF IOLs. The

mean difference was 0.89 D in the SE
refractions. The experimental results
indicated that the powers of the EDOF
IOLs were underestimated when mea-
sured at 850 nm, and the difference
from the monofocal IOLs was 0.83 D.
These findings indicated that the clin-
ical difference in eyes with the EDOF
IOLs would result from the chromatic
difference in IOL power for NIR lights.

Clinically, the objective refractions
for eyes with EDOF IOLs were biased
by approximately �1.0 D and the bias
did not change. The binocular defocus
curve of eyes with the Symfony�

EDOF IOLs indicated that the visual
acuity ranges from �0.05 to 0.02
logMAR could be obtained between

0.00 D and �1.50 D (Kohnen et al.
2019). To maximize the function of the
EDOF IOLs, postoperative refractive
errors should be minimized. Ideally,
the refractions should be examined
without the use of the objective refrac-
tion data as in the current study, but
the procedure is time consuming. With
the current results, the differences
inherent in the subjective refraction
examination could be compensated
for easily.

Since the chromatic aberrations of
the diffractive and refractive lenses are
opposite each other, diffractive lenses
have been used to compensate it inher-
ent in the refractive lens (Davidson
et al. 1993; Flores et al. 2004). In the
diffractive EDOF IOL, the refractive
and diffractive (first-order diffraction)
optical elements were combined for the
compensation in visible light (Mill�an &
Vega 2017). The power of the diffrac-
tive optical element is determined as
2mk/rm

2 (D), where rm indicates the
radius of the mth zone in metres and k
is the wavelength of light in metres
(Ravikumar et al. 2014). With the
calculation, the difference in the EDOF
IOL powers at 550 and 870–900 nm
was obtained as 1.08–1.11 D, which
was close to the experimental result.
Thus, the current evaluations showed
that the chromatic difference induced

Fig. 3. Bland–Altman plots for the spherical (A), cylindrical (B) and SE (C) refractions. The differences in refraction denote the differences between

the objective and subjective values. The solid and broken lines indicate the mean and 95% limits of agreement.

Table 4. Calculated powers and the differences from the labelled powers of the bifocal and

EDOF IOLs.

Labelled power (D)

Wavelength = 850 nm

Calculated powers (D) Differences (D)

Bifocal IOLs

10.0 10.11, 9.58, 9.97 0.11, �0.42, �0.03

15.0 14.69, 14.61, 14.77 �0.31, �0.39, �0.23

20.0 19.66, 19.98, 19.77 �0.34, �0.02, �0.23

EDOF IOLs

10.0 10.97, 10.70, 10.70 0.97, 0.70, 0.70

15.0 15.64, 15.78, 15.76 0.64, 0.78, 0.76

20.0 20.97, 21.00, 20.98 0.97, 1.00, 0.98

D = dioptre, EDOF = extended depth of focus, IOL = intraocular lens.
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by the diffractive element resulted in
higher objective refraction measure-
ments using 800- to 850-nm lights.

The current results indicated that the
difference between the subjective and
objective refractions was inherent from
the use of the echelette grating element.
For diffractive bifocal IOLs, such a
difference has not been found clinically
(Bissen-Miyajima et al. 2010), since the
distance focus is formed with the
refractive elements. However, in the
EDOF IOL, the distance focus was
formed with the first-order diffraction
of the echelette grating element, so that
the effect of the difference in IOL
power would be enhanced at the 800–
850 nm wavelength. It was supposed
that the effect resulting from the refrac-
tive lens would be relatively small
because the Abbe number (55) and
refractive index (1.47) of the IOLs were
relatively low (Mill�an & Vega 2017). In
autorefractors, the difference between
the visible and NIR light should be
corrected for refractive lenses. How-
ever, diffractive lenses have been rarely
used for pseudophakic eyes, so that the
difference found in the EDOF IOL
would not have been addressed and
corrected. The use of diffracted light to
form the distance focus is also seen in
diffractive trifocal IOLs. The PanOp-
tix� IOL (Alcon) is based on a quadri-
focal design using three add powers,
one of which is designed for the
distance focus together with the refrac-
tive of the IOL base curve (Sudhir et al.
2019). Therefore, the effect on the
objective refraction is concerning. A
clinical evaluation of 62 eyes that were
implanted with the IOLs and examined
with an auto kerato-refractometer KR-
8800 (Topcon, Japan, NIR light
source) showed no difference in the
spherical refraction between the sub-
jective and objective refractions
(Rementer�ıa-Capelo et al., 2020),
whereas the objective cylindrical and
SE refractions shifted myopically
(mean differences, �0.43 and 0.20 D,
respectively). An examination of the
differences in the powers at 550 and
800–900 nm is required to investigate
the effect.

The current study had some limita-
tions. Clinically, only the autorefractor
was used for the objective refraction,
while could have been measured using
other instruments, such as a Shack–
Hartmann aberrometer, automatic reti-
noscopy, ray tracing and Tscheming

technologies (Rozema et al. 2005; Had-
dad et al. 2020). The wavelengths of
lights used in these measurements were
red light (650–785 nm) and NIR (808–
850 nm), so that the influence of the
diffractive optical element would alter.
Further examinations are necessary for
confirmation. Next, there were system-
atic errors between the subjective and
objective refractions (0.2 D) owing to
the 5-m measurement of subjective
refraction. The subjective examinations
for infinity are impractical. In a previ-
ous evaluation of bifocal IOLs, the
mean differences in the sphere and SE
refraction were �0.12 and �0.28 D
(Bissen-Miyajima et al. 2010), whereas
the subjective refraction was examined
in increments of 0.25 D. The effect
would be clinically negligible. In the
experiment, the areas of the clinical
and experimental measurements were
not comparable. The experimental
measurement was analysed around
nine central points, so that the results
would represent values on the optical
axis. However, the autorefractor mea-
sured a wider area of 2–4 mm in
diameter. The corneal keratometry
would change from the centre to the
surroundings, and the difference
involves an error in the objective
refraction. Corneal topographic data
measured using anterior-segment opti-
cal coherence tomography are neces-
sary to compensate.

In conclusion, the diffractive EDOF
IOLs using echelette gratings inher-
ently induced constant differences
between the subjective and objective
refractions, and the differences resulted
because the first-order diffraction
formed the distance focus and the
powers at visible and NIR lights dif-
fered due to the chromatic difference in
IOL power.

References

Albarr�an-Diego C, Mu~noz G & Ferrer-Blasco

T (2011): Subjective refraction before

LASIK enhancement in bioptics procedures

with refractive multifocal intraocular lenses.

J Refract Surg 27: 556–557.
Bissen-Miyajima H, Minami K, Yoshino M,

Nishimura M & Oki S (2010): Autorefrac-

tion after implantation of diffractive multi-

focal intraocular lenses. J Cataract Refract

Surg 36: 553–556.
Bissen-Miyajima H, Ota Y, Nakamura K,

Hirasawa M & Minami K (2019): Binocular

visual function with staged implantation of

diffractive multifocal intraocular lenses with

three add powers. Am J Ophthalmol 199:

223–229.
Bland J & Altman D (1999): Measuring

agreement in method comparison studies.

Stat Methods Med Res 8: 135–160.
Bullimore MA, Fusaro RE & Adams CW

(1998): The repeatability of automated and

clinician refraction. Optom Vis Sci 75: 617–
622.

Davidson N, Friesem AA & Hasman E (1993):

Analytic design of hybrid diffractive-refrac-

tive achromats. Appl Opt 32: 4770–4774.
Flores A, Wang MR & Yang JJ (2004):

Achromatic hybrid refractive-diffractive lens

with extended depth of focus. Appl Opt 43:

5618–5630.
Haddad JS, Gouvea L, Ferreira JL, Ambr�osio

R Jr, Waring GO 4th & Rocha KM (2020):

Impact of a chromatic aberration-correcting

intraocular lens on automated refraction. J

Refract Surg. 36: 334–339.
Hartmann J (1900): Bemerkungen uber den

Bau und die Justirung von Spektrographen.

Z. Instrumentenkd 20: 17–27.
Kinge B, Midelfart A & Jacobsen G (1996):

Clinical evaluation of the Allergan Humphrey

500 autorefractor and the Nidek AR-1000

autorefractor. Br J Ophthalmol 80: 35–39.
Kohnen T, B€ohm M, Hemkeppler E,

Sch€onbrunn S, DeLorenzo N, Petermann

K & Herzog M (2019): Visual performance

of an extended depth of focus intraocular

lens for treatment selection. Eye 33: 1556–
1563.

van der Linden JW, Vrijman V, Al-Saady R,

van der Meulen IJ, Mourits MP & Lapid-

Gortzak R (2014): Autorefraction versus

subjective refraction in a radially asymmet-

ric multifocal intraocular lens. Acta Oph-

thalmol 92: 764–768.
Mill�an MS & Vega F (2017): Extended depth

of focus intraocular lens: chromatic perfor-

mance. Biomed Opt Express 8: 4294–4309.
Mu~noz G, Albarr�an-Diego C & Sakla HF

(2007): Validity of autorefraction after

cataract surgery with multifocal ReZoom

intraocular lens implantation. J Cataract

Refract Surg 33: 1573–1578.
Mu~noz G, Albarr�an-Diego C & Sakla HF

(2007): Autorefraction after multifocal

IOLs. Ophthalmology 114: 2100.

Ravikumar S, Bradley A & Thibos LN (2014):

Chromatic aberration and polychromatic

image quality with diffractive multifocal

intraocular lenses. J Cataract Refract Surg

40: 1192–1204.
Rementer�ıa-Capelo LA, Garc�ıa-P�erez JL,

Contreras I, Bl�azquez V & Ruiz-Alcocer J

(2020): Automated refraction after trifocal

and trifocal toric intraocular lens implanta-

tion. Eur J Ophthalmol. in press

Rozema JJ, Van Dyck DE & Tassignon MJ

(2005): Clinical comparison of 6 aberrome-

ters. Part 1: Technical specifications. J

Cataract Refract Surg 31: 1114–1127.
Sudhir RR, Dey A, Bhattacharrya S & Bahu-

layan A (2019): AcrySof IQ PanOptix

intraocular lens versus extended depth of

e842

Acta Ophthalmologica 2021



focus intraocular lens and trifocal intraocu-

lar lens: a clinical overview. Asia Pac J

Ophthalmol (Phila) 8: 335–349.
Weeber HA, Meijer ST & Piers PA (2015):

Extending the range of vision using diffrac-

tive intraocular lens technology. J Cataract

Refract Surg 41: 2746–2754.

Received on June 5th, 2020.

Accepted on October 11th, 2020.

Correspondence:

Keiichiro Minami, PhD

Department of Ophthalmology

Tokyo Dental College Suidobashi Hospital

Kandamisaki-cho 2-9-18

Chiyoda-ku

Tokyo, 101-0061

Japan

Tel/Fax: +81-3-5275-1912
Email: minami@miyata-med.ne.jp

Acknowledgements: We thank Mr. Young Hyun

Kim of Tomey Corporation for assisting with the

modification of a lensmeter and measurements.

Conflict of interest: Minami: AMO Japan K.K,

Japan (consulting); Alcon Japan Ltd, Japan (con-

sulting); Tomey Corporation, Japan (patent pend-

ing). Bissen-Miyajima: Alcon (consulting, lectures);

Johnson & Johnson Surgical Vision (consulting,

lectures); Zeiss (consulting); Santen (consulting,

lectures); HOYA (consulting, lectures). Okamoto

and Nakashima: Tomey Corporation, Japan

(employment). The other authors declare that they

have no conflict of interest.

Funding: The study was supported in part by

Johnson & Johnson Surgical Vision.

Supporting Information

Additional Supporting Information
may be found in the online version of
this article:

Table S1. Mean distances of three-
pinhole images with monofocal IOLs.

e843

Acta Ophthalmologica 2021

mailto:

