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Introduction: The simulation of vision with intraocular lenses (IOLs) prior to the clinical
validation is of great interest for manufacturers as well as clinicians. We have tested the influ-
ence of different IOLs on the perception of contrast using different devices.

Materials and methods: A Rassow telescope and the VirtlOL have been used to assess the
contrast sensitivity function (CSF) through monfocal IOL (CT Asphina 409 MP, IOL 1), multifocal
IOL (AT LISA tri 839 MP, IOL 2) and extended-depth-of-focus-IOL (TECNIS Symfony ZXR00,
IOL3) in 21 participants, aged between 22 and 29 years. Contrast sensitivity (CS) was tested at
various spatial frequencies (3—30 cycles per degree), using the Tuebingen contrast sensitivity test.
Results: All tested IOL reduced the CS when compared to measurements with a trial lens
correction of refractive errors. The analysis of the area under the curve of the contrast sensitivity
function (AUC-CSF) revealed a significant reduction compared to the trial lens correction in
case the Rassow telescope was used (IOL 1: P=0.008; IOL2: P<<0.001; IOL3: P<<0.001) and the
same was true for the VirtlOL device for IOL2 and IOL3 (IOL2: P<<0.001; IOL3: P<<0.001), but
not for IOL1 (P=0.192). Interdevice analysis of the AUC-CSF revealed significant differences
for IOL1 and IOL2 (IOL1: P=0.025; IOL2: P<<0.001), while no difference was found for IOL3
(P=0.092). Bland—Altman analysis as well as intraclass correlations coefficients indicated only
weak interdevice agreement for the tested IOL.

Conclusion: The assessment of the interdevice analysis for the Rassow telescope and the
VirtlOL device revealed only a minor agreement between the two devices. In order to investigate
vision with IOLs prior to a clinical validation, the use of the VirtlOL device is recommended.
Keywords: contrast sensitivity, cataract, vision, psychophysics

Introduction

Visual accommodation describes the possibility of the eye to change its focus over a
wide range of distances, and this capability is depending on the age of the individual.!
With increasing age, the crystalline lens loses its ability to change its refractive
power — a refractive state that is called presbyopia and that usually starts around an
age of 40 years.! To overcome this limitations, presbyopia can be corrected using
single vision spectacle lenses, bifocal or multifocal spectacle lenses as well as contact
lenses, refractive surgery, or intraocular lenses (IOLs) with more than one focus.
While IOLs are used to restore vision in the cataract eyes, the trend goes toward the
so-called refractive lens exchange of the clear lens in precataract or early-presbyopic
individuals.?* This approach should enable clear vision in various distances without
the use of spectacle or contact lenses, the so-called spectacle lens or contact lens
independence. The optical design of multifocal IOL can be divided in to refractive
or diffractive designs and provide foci for two distances (bifocal IOLs [BIOL]),
three distances (trifocal IOLs [TIOL]) or are the so-called extended-depth-of-focus
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lenses, where a distinct focus is not perceivable.*> Since
the development of any multifocal design of IOLs at a first
glance is done by optical design software, the testing prior
to the implantation is normally done on optical benches in
order to ensure the compliance to regulatory requirements.
In the past, vision of an eye implanted with such a newly
developed IOL was mainly studied in clinical trials several
weeks after implantation, while visual acuity or contrast
sensitivity (CS) was measured. In order to reduce the effort
and to be able to gain knowledge on the performance of such
an IOL prior to implantation, already Kusel and Rassow®
presented the so-called Rassow telescope. In the last years,
further developments of these devices have been presented,
and until now, there are several of these devices com-
mercially available, for example, the simultaneous vision
device’ or the VirtlOL.? Using such devices, simulations are
performed in vivo, while an IOL is imposed on the optics
of the patient artificially to deduct the impact of the IOLs
that is tested on any visual function. A widely used indica-
tor for the visual performance of BIOL and TIOL is the
measurement of the high-contrast visual acuity in order to
distinguish the smallest visual angle that can be seen with
such a lens at a defined distance’ or with a defined amount
of spherical defocus.!® Since visual acuity only describes
the cutoff spatial frequency of the eye, this measure only
mimics a small part of the whole perception of the eye and
does not completely describe the visual function of the
eye.'! For example, several abnormalities in vision have
been described where visual acuity was normal, while only
the measurement of the contrast sensitivity function (CSF)
revealed such abnormalities.!>!* Therefore, the measure-
ment of the sensitivity to contrast is of higher importance,
since one can not only measure the cutoff frequency that
is equivalent to visual acuity but also the perception of
contrast that is depending on the spatial frequency' with
the used method of correction. So far, most studies that
report on the CS of different IOLs (monofocal IOL, BIOL,
TIOL, or extended depth-of-focus) only report the CS for
a limited range of spatial frequencies and with a psycho-
physical paradigm that is not ideal, especially since most
of the clinical standard tests are printed charts with only a
limited number of contrasts for each spatial frequency. The
purpose of the current study was to measure and compare
the CSF with different optical designs IOLs, in a study
cohort of precataract subjects, when vision through IOLs
was simulated with two devices, the Rassow telescope
and the VirtlOL device. Consequently, we are able to
compare the different IOLs regarding their performance

to perceive contrast and to give advices regarding the use
of such a device.

Materials and methods
Subjects

Twenty-one participants, all within an age range between
22 and 29 years and with a mean spherical equivalent
refractive error of —2.99D+2.74D, were recruited for the
study. Habitual refractive errors, if existing, were corrected
using a trial frame and trial lenses, and normal or corrected to
normal visual acuity was 0.00 logMAR (=1.0 decimal visual
acuity). Subjects with known ocular diseases were excluded
from the study. All participants were aware of this exclusion
criterion and answered a questionnaire before the experiment.
Binocular vision of the participants was tested using the
bichrome balance test during the subjective refraction. The
content and possible consequences were explained prior to
the study, and all participants gave their written consent. The
study course was approved from the Ethics Commission of
the Medical Faculty of the University of Tuebingen, and the
research followed the tenets of the Declaration of Helsinki.

Intraocular lenses
Three different IOLs from two manufactures were used in
the study, and detailed information about these lenses can
be obtained from Table 1.

Devices to simulate vision with IOL

Two devices were used to simulate vision with IOLs, the so-
called Rassow telescope® and the VirtIOL.® The Rassow tele-
scope was custom build with the following specifications: a
biconvex lens with an optical power of 20D and the IOL of
the same power. The IOL was placed in an artificial eye that
was filled with distilled water, and the biconvex lens was
placed behind the IOL with a distance that was equivalent
to the doubling of the focal length of the IOL. The distance
between the biconvex lens and the eye of the participant
was also twice the focal length of the lens. With this setup,
it was assured that there was no magnification or minimiza-
tion effect of the stimuli that was presented on the monitor.
However the image of the target was inversed, but since
Gabor Patches were used, there would have been no effect
on the perception (of the contrast and the direction) of the
stimuli. The VirtIOL is a commercially available product
and its optical setup is more complex. While the IOL is
also placed in an artificial eye that is filled with distilled
water, the same eye contains a 40D lens behind the IOL.
Additionally, the artificial eye can be fixated through
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Table | Details of the three IOLs that were used in the study

Characteristic IOL1 10L2 IOL3
CT ASPHINA 409 MP | AT LISA tri 839 MP TECNIS Symfony ZXR00
Power Rassow telescope 20D 20D 20D
Power VirtlOL 22.5D 22.5D 22.5D
Optic diameter 6 mm
Total diameter I'l mm 13.0 mm

Material 25% hydrophilic acrylic with hydrophobic surface property Ultraviolet-blocking hydrophobic acrylic
Edge design Square edge Square edge with 360° anti-PCO barrier | Continuous 360° posterior square edge
Manufacturer Carl Zeiss Meditec AG AMO Germany GmbH

Abbreviations: |IOL, intraocular lens; IOLI, monofocal IOL; IOL2, multifocal IOL; IOL3, extended-depth-of-focus IOL; PCO, posterior-capsule opacification.

a magnetic support in a fixed position in order to limit
rotations. Any object is imaged ~15-30 mm from the
IOL, depending on its power. A second lens with a power
of 60D is used to image the object into the eyes pupil
plane of the subject. For both devices, an artificial pupil
of 4 mm was used. This pupil size can be adjusted in
the VirtIOL and correct positioning of the observers eye
as well as the pupil size could be detected with a live
image of an attached camera that continually records
the eye. In case of the Rassow telescope, the artificial
pupil was placed in front of the artificial eye. The order
of the use of each device followed an ABBA pattern.'

The Tuebingen contrast sensitivity test
(TueCST)

The TueCST' was used to measure CS at spatial frequencies
of 3,6, 12, 18, 24, and 30 cycles per degree in the dominant
eye of the test persons. The test uses a Bayesian adaptive
method that is called ¥ (psi) method for the acquisition
of the threshold contrast of the psychometric function,'®
and the slope of the psychometric function was set to 2.74
with a lapse rate of 4%, as suggested by Hou et al.'” Forty
trials were used to determine the contrast threshold of the
participants’ dominant eye. Stimuli for the test were Gabor
Patches with a visual angle of 1.7° that were randomly dis-
played in four different directions. The test was controlled
by MATLAB (Matlab R2010b, MathWorks Inc., Natick,
MA, USA) running on Mac OSX, version 10.9.5. In order
to present the Gabor Patches with a high gray-level resolu-
tion of 16 bits (216 levels), an LCD-Display (ViewPixx 3D,
VPixx Technologies, Saint-Bruno, Canada) with a mean
luminance of the Gabor Patches of 20 cd/m? and a pixel
resolution of 1,920x1,080 was used. The monitor was placed
2 m in front of the participant’s dominant eye in order to be
able to present spatial frequencies up to 30 cycles per degree
(equivalent to a visual acuity of 0.0 logMAR). CS was tested

with all IOLs and while refractive errors were corrected with
trial lenses that were placed in a trial frame. The use of each
IOL was randomized individually for each subject. In order
to maintain the best focus while looking through the 1OLs,
the visual acuity was tested prior the start of each experiment.
Therefore, an acuity chart was presented in the distance of
2 m and the spherical correction that was worn in the trial
frame was adapted until highest visual acuity was reached
with maximum positive spherical correction.

Statistical analysis

The data processing and calculation were carried using MS
Excel (Microsoft Corporation, Redmond, WA, USA) and
Matlab 2016b (MathWorks Inc.). The statistical analysis was
carried out with IBM SPSS statistics 24 (International Busi-
ness Machines Corp., Armonk, NY, USA). The statistical
analysis of the area under the curve of the contrast sensitivity
function (AUC-CSF) was done using the Friedman test, with
additional pairwise post hoc analysis between each data sets
and Bonferroni correction of significance values.

Results

Contrast sensitivity

Figure 1 presents the mean CSF with the three IOLs
(Figure 1A: IOL1, Figure 1B: IOL2, and Figure 1C: IOL3),
when obtained with both devices.

As can be observed from Figure 1, CS was always better
when tested with the VirtIOL device. Additionally, the design
of the IOLs influenced the CSF, while the IOL1 affected
the CSF only minor when compared to the IOL2 and IOL3.
In order to statistically analyze the differences between the
IOLs and the devices, the so-called AUC-CSF was used
for the further analysis. The AUC-CSF was calculated for
each used correction method (trial lenses, IOL1, IOL2, and
I0L3) and both devices (Rassow telescope, VirtlOL). Table 2
summarizes the mean AUC-CSF for each IOL, tested with
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Figure | Comparison of mean contrast sensitivity curves of IOLI (A), IOL2 (B), and IOL3 (C) tested with both the Rassow telescope (blue) and VirtlOL (red).

Note: Bars denote *| standard error of the mean.

Abbreviations: |IOL, intraocular lens; IOLI, monofocal IOL; IOL2, multifocal IOL; IOL3, extended-depth-of-focus IOL.

each device and the AUC-CSF during the test of the CSF
with the trial frame correction.

In order to visualize the AUC-CSF with the trial lens
correction as well as when CS was measured with the dif-
ferent IOL and both the devices, Figure 2 displays the mean
AUC-CSF 1 SD.

Table 2 and Figure 2 clearly indicate that the trial lens
correction resulted in the best CSF and therefore in the high-
est AUC-CSF value. When comparing the different IOLs,
the IOL1 reduced the CSF as well as the AUC-CSF only
slightly, when compared to the trial lens correction, while
higher reductions were observed for [OL2 and IOL3. A pair-
wise post hoc analysis including a Bonferroni correction of
the Friedman test revealed the following: using the Rassow

telescope, all IOLs reduced the AUC-CSF significantly
compared to the trial lens correction (IOL1: P=0.008; IOL2:
P<0.001; IOL3: P<<0.001) and the same was true for the
VirtIOL device (IOL2: P<<0.001;103: P<<0.001), except for
IOL1 (P=0.192). Comparing the AUC-CSF of the different
IOLs, when using the Rassow telescope to measure CS,
no differences were observed for IOL2 vs IOL3 (P=0.139)
and IOL1 vs IOL3 (P=0.721), while IOL2 and IOL1 were
significantly different (P<<0.001). In case the VirtlOL was
used, a significant difference was found for IOL3 vs IOL1
(P=0.018), but neither for IOL1 vs IOL2 (P=0.063) or IOL2
vs IOL3 (P=1.0). In order to compare the results for the
AUC-CSF for each IOL, when both devices were used, a
Wilcoxon signed-rank test was used. Results for IOL1 and

Table 2 Mean AUC-CSF values for the different IOLs and used devices £| SD

Device/correction [o] ] 10L2 10L3 Trial lens
Rassow telescope 13.17+4.13 7.38+2.88 10.68+3.37
VirtlOL 16.3316.45 12.34+3.80 12.29+4.53
Trial lens 21.34+4.15

Abbreviations: AUC-CSF, the area under the curve of the contrast sensitivity function; IOL, intraocular lens; IOLI, monofocal IOL; IOL2, multifocal IOL; IOL3, extended-

depth-of-focus IOL.
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Figure 2 Mean AUC-CSF when tested with trial lens correction and when the three IOLs were tested with the two devices.

Note: Bars denote £1 SD.

Abbreviations: AUC-CSF, the area under the curve of the contrast sensitivity function; IOL, intraocular lens; IOLI, monofocal IOL; IOL2, multifocal IOL; IOL3, extended-

depth-of-focus IOL.

IOL2 showed significant differences between the two devices
(IOL1: P=0.025, IOL2: P<<0.001), while no difference was
found for IOL3 (P=0.092).

Interdevice analysis

Bland—Altman analysis'® and ICC coefficients" were used
to statistically analyze the conducted interdevice analysis
for the AUC-CSF. The Bland—Altman analysis represents
the agreement of two data sets, which are, for example,
measured by two different methods. Table 3 summarizes the
mean difference for each IOL and both devices, the 95% limit
of agreement (95% LoA=1.96 x SD) as well as the 95% CI
of the upper limit and the 95% CI of the lower limit of the
AUC-CSF for all participants and IOLs.

In order to visualize the mean differences, as well as the
95% LoA and the 95% CI for the lower as well as upper limit,
Figure 3 represents the Bland—Altman plots.

Unexpectedly, IOL1 gave a high (negative) mean
difference and also the highest 95% LoA for all tested IOLs.

A high mean difference but only minor 95% LoA were found
for IOL2 in the test, while the IOL3 showed the smallest
mean difference for the AUC-CSF for both devices but higher
amounts of 95% LoA.

Apart from the Bland—Altman analysis, the ICC
coefficients!” were used to analyze the consistency of the
AUC-CSEF results of IOL1-3. In this analysis, a two-way
mixed absolute agreement calculation ICC (3, k) was
conducted and the results are shown in Table 4.

Discussion

In this study, we have evaluated the influence of IOL1, IOL2,
and IOL3 on the CS of the eye, when vision through IOLs
was simulated with two different devices.

Intraocular lenses and CS

One has to take into account that the presented results were
obtained under the best correction of the habitual refractive
errors of each subject’s dominant eye for the test distance

Table 3 Descriptive analysis of AUC-CSF of IOL1-3 measured with both devices from Bland—Altman analysis

Mean difference 95% Limit of agreement (D)

| 95% CI for upper limit (D)

| 95% CI for lower limit (D)

Rassow vs VirtlOL

IOLI —-1.58 +5.28 1.58 to 5.83 —4.74 to —8.99
IOL2 | -248 +3.48 —0.40 to 2.40 —4.56 to —7.36
IOL3 | -0.8l +4.20 1.70 to 5.08 —3.32 to —6.69

Abbreviations: AUC-CSF, the area under the curve of the contrast sensitivity function; IOL, intraocular lens; IOLI, monofocal IOL; IOL2, multifocal IOL; IOL3, extended-

depth-of-focus IOL.
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Figure 3 Difference vs mean plot to compare the three IOLs (A: IOLI, B: IOL2, C: IOL3), when vision was simulated with the Rassow telescope and the VirtlOL device.
Notes: Solid line indicates the mean difference, while dashed lines represent the upper and lower limit (+95% limit of agreement). Shaded areas present 95% Cl limits for

the mean difference and 95% limits of agreement.

Abbreviations: AUC-CSF, the area under the curve of the contrast sensitivity function; IOL, intraocular lens; IOLI, monofocal IOL; IOL2, multifocal IOL; IOL3, extended-

depth-of-focus IOL.

of 2 m, and therefore, the assessment of the direct influence of
the IOL itself on the CSF was evaluated. Additionally, such
experiments could introduce an initial bias by the use of IOLs
outside the eye — the questions still remains if the simulated
performance is equivalent to results observed in real patients.
All tested IOLs reduced the sensitivity to perceive contrast
at the various tested spatial frequencies, when compared to
the test with the trial frame, and the IOL2 had a bigger influ-
ence compared to the IOL1. Testing CS at spatial frequencies

Table 4 Results for the two-way mixed absolute agreement
calculation for ICC

ICC 95% CI
Lower Upper
Rassow vs VirtlOL
IOLI 0.612 0.08 0.84
10L2 0.356 -0.24 0.72
10L3 0.573 0.0l 0.82

Abbreviations: ICC, intraclass correlation; |OL, intraocular lens; IOLI, monofocal
IOL; IOL2, multifocal IOL; IOL3, extended-depth-of-focus IOL.

between 1 and 10 cycles per degree, Yamauchi et al* also
observed a significant difference in CS between IOL1 and
IOL2 in a group of patients, implanted with either IOL1 or
IOL2 of the same manufacturer (Tecnis monofocal IOLs
[ZA9003 or ZCBO00] or Tecnis multifocal IOLs [ZMAOO or
ZMBO00]). Since the same authors? included the typical CS
of subjects with an average age of 60 years, they were able
to conclude that the observed difference between IOL1 and
IOL2 had no clinical significance, since the typical contrast
threshold in elderly persons was even worse compared to their
study group. Measuring the CS in patients implanted with
IOL1 or IOL2, Packer et al?! also observed a reduction in the
perception of contrast in patients implanted with the IOL2,
when compared to patients implanted with IOL1. Since a loss
in the sensitivity to contrast is unavoidable in IOL2 due to its
optical design, the current study showed that the reduction is
comparable between IOL2 and IOL3, either tested with the
custom-build Rassow telescope or with the VirtIOL device.
As mentioned before, CS reveals a better description of the
visual function of the eye as an optical system as for example
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the measured high-contrast visual acuity. Since the CSF
not only describes the contrast threshold that is needed but
also gives information on the visual acuity. Figure 1 clearly
indicates that the resolution limit of the IOL1 was superior
compared to both tested multifocal IOLs, especially when
tested with the VirtlOL. Additionally, the resolution limit
was higher in case the VirtlOL device was used, which
indicates that simulation of vision with IOLs by using the
Rassow telescope results in a lower visual acuity compared
to the VirtIOL device.

Interdevice agreement

When CS was assessed with the two devices and the same
IOL, significant differences were observed. The question
arises if this difference can be caused by the test that is
used to assess the CS or by the device itself. Since the used
TueCST offers higher precision, intertest repeatability, and
test—retest reliability for the measurement of the CS when
compared to other existing tests, the observed differences can
be accounted to be caused by the used device. The Bland—Alt-
man analysis revealed moderate to high differences in the
analyzed AUC-CSF for the different IOLs and the two used
devices. Surprisingly, since the optical design of a monofocal
lens is intended to provide the focus for only one distance,
the mean difference between the Rassow telescope and the
VirtlOL devices was the highest. In case of IOL2, the results
between the two devices showed a smaller mean difference
as well as smaller 95% LoA, which would indicate a better
accordance for the CSF, when assessed with the two devices.
The statistical analysis of the AUC-CSF for IOL3 revealed
no significant differences between the Rassow telescope and
the VirtlOL device, and this is also indicated by Table 3,
since the mean difference between the two devices was the
smallest among the three comparisons. Additionally, most
of the AUC-CSF values for the 21 subjects who participated
in the study were within the 95% LoA, and therefore, one
could argue that the obtained results with the two devices are
exchangeable. Since the mean difference was always nega-
tive, the CSF that was measured with the Rassow telescope
was always smaller compared to the use of the VirtlOL
device, a result that is also confirmed by Figure 1. Since the
95% Cls are quite large, a weak correlation of the test results
acquired by both devices is expected. In order to evaluate the
correlation between these two devices, the ICC was calcu-
lated. Depending on the IOL, the ICC ranged between 0.356
and 0.612. In general, these results do not suggest a good
interdevice agreement regarding the AUC-CSF for the single
IOLs. According to Cicchetti,?? the interdevice agreement can

be defined as “poor” when the ICC coefficient is below 0.4,
“fair” when the ICC coefficient is between 0.4 and 0.59, and
a “good” correlation between two devices has an ICC value
between 0.6 and 0.74. If the ICC coefficient is between 0.75
and 1.0, then the interdevice agreement can be described as
“excellent”. IOL1 has the highest ICC value (ICC: 0.612),
followed by IOL3 (ICC: 0.573) and IOL2 (ICC: 0.356). One
has to keep in mind that the presented data were gathered
in experiments with young subjects (mean age: 25 years)
without known ocular diseases or clouding of the crystalline
lens. Additionally, it was not possible to confirm the obtained
data in a clinical data set of patients implanted with the [OLs
that were used in the course of the study. Therefore, it is
not possible to conclude if the observed higher CS with the
VirtlOL is in line with measurements that are conducted in
real patients.

Agreement with clinical outcomes

Comparing the results regarding the measured sensitivity to
contrast when vision through an IOL is simulated (as in the
current study) with clinical studies is of high importance.
Only in case the results of these two attempts agree, the
simulation of the visual experience is of significant value
for the future use of such attempts for the research and
development of new models of IOLs. Mojzis et al® reported
a logarithmic sensitivity to contrast above 1.5 under photopic
conditions for spatial frequencies of 1.5, 3, and 6 cycles per
degree when CS was tested with the AT LISA tri 839 MP
(Lens #2 of the current study). A similar outcome was
reported by Mencucci et al** for IOL2 (AT LISA tri 839 MP)
and IOL3 that were used in the current study (TECNIS Sym-
fony ZXR00). In contrast, the current study found a lower
logCS for similar tested spatial frequencies when compared
to these clinical assessments of the sensitivity to contrast.
On the one hand, this would indicate that a simulation of
the visual experience would underestimate clinical findings,
which might limit the use of the presented technologies.
On the other hand, the observed difference might only be
the consequence of different psychophysical methods that
were used. So far, sensitivity to contrast is clinically mea-
sured using simple charts, or screening devices such as the
Optec 6500 Vision Tester (Stereo Optical Co., Inc., Chicago,
IL, USA). These test have in common that they only test
CS at a very limited range of spatial frequencies, while the
threshold contrast is measured while only a limited amount
of contrasts are presented to the eye. In the current study,
a computer-based presentation of contrast was used with
40 trials for each spatial frequency to accurately measure
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the contrast threshold. In both cases, the question if the
observed differences are of statistical significance and/or
clinical relevance is not answered.

Conclusion

The preclinical validation if the visual performance is of
increasing interest for manufacturers of IOLs, scientists and
clinicans. Nevertheless, a validation of the results to the clini-
cal measurement of the sensitivity to contrast still needs to
proof if the obtained results are comparable. The interdevice
comparison of the CSF of the Rassow telescope and the
VirtlOL device revealed significant differences and only
a minor interdevice agreement. In order to better predict
the visual performance of an IOL regarding, for example,
the maximal visual acuity or the CS at different spatial
frequencies, we can recommend the use of the VirtIOL device.
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