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Abstract

This manuscript aims to evaluate the tolerance to rotation of a toric monofocal
and a toric bifocal intraocular lenses with different cylinder powers. Theoretical
designs based on wavefront aberrations were created to simulate a toric
monofocal and a toric bifocal intraocular lens. Cylinder power ranged from -1 D
to -6 D, in steps of -1 D. Tolerance to rotation was estimated by the visual Strehl
ratio based on the optical transfer function (VSOTF) metric. Tolerance to
rotation for both monofocal and bifocal intraocular lenses decreased when the
cylinder power increased. For the bifocal design studied, the tolerance to
rotation was larger for the near focus than for the far, however the overall
quality was poorer for the near focus. Our findings show evidence that rotation
tolerance depends both on the design of the intraocular lens and the cylinder
power. This approach could be useful for predicting the tolerance to rotation of

monofocal and multifocal toric intraocular lenses prior the surgery.

Keywords: tolerance to rotation; toric intraocular lenses; bifocality; aberrations;

visual optics.
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Introduction

Presbyopia is the result of the accommodative ability loss experienced by
the aging eye as deterioration of the near vision clarity [1,2]. This loss of
accommodation is inherent to the senescence of the human eye and is related
to biochemical changes of the crystalline lens structure due to aging [3]. Among
various solutions, multifocal corrections are a popular approach for
compensating presbyopic symptoms [2]. Many multifocal solutions work under
the strategy of simultaneous vision [4], which is based on the projection of
several images on the retina at the same time. Depending on the working
distance, one of these images will be focused, while the rest will present
different amounts of blur. The success of simultaneous vision lies then in the

subjects’ ability to select the best focused image and suppress the rest [2,4].

Several types of multifocal solutions based on simultaneous vision can
be distinguished, according to the symmetry and the structure of the correcting
element. Thus, there are symmetrical, asymmetrical, concentric and aspheric
designs. The majority of the commercially available solutions in contact lenses
(CLs) and some intraocular lenses (IOLs) have concentric designs, which
consist of several annular refractive zones for achieving vision at different
distances [2]. All these solutions for presbyopia aim to compensate also for the
rest of the subjects’ refractive errors. Astigmatism is a fairly common refractive
error among the population [5,6] and can have a severe impact in visual quality
if not corrected. For this purpose, toric multifocal CLs and IOLs are available in
the market which aim to increase spectacle independence by correcting

astigmatism along with presbyopia, myopia and hyperopia.
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The axis of a toric optical solution has to be aligned with the astigmatism
axis to correctly compensate the refractive error and, hence, provide good
vision. Toric CLs have stabilization systems [7] for avoiding undesired rotations
that occur with blinks and can influence the visual performance [8]. When
treating with IOLs, however, this issue gets more complex. It is known that IOLs
can rotate after they have been implanted in the eye [9-11], which is not
impactful for vision if the I0OL has rotational symmetry. Nevertheless, if the IOL
does not present rotational symmetry, visual outcomes can change depending
on the angle of rotation [12,13]. If the IOL is toric, then, even relatively small
rotations can have a large impact in the subjects’ vision [14,15]. Stability is a
crucial factor regarding the efficacy of toric IOLs, since a 10° rotation can
reduce the effectiveness of the toric correction by 33%, whereas a rotation of
more than 30° can induce undesired astigmatism [16]. Unfortunately, the impact
of IOL rotations in visual acuity is evaluated after the IOL has been implanted in

the eye, which can lead unavoidably to a follow-up surgery.

Multifocal refractive designs have been previously used to study the
impact of the number of zones [17,18] or the zone distribution [17] on vision. In
this work, we used these type of simulated typical multifocal corrections based
on wavefront aberrations for assessing theoretically the tolerance to rotation of
a concentric bifocal and of a monofocal IOL under different cylinder powers

when combined with corneal aberrations from different eyes.
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Methods

Corneal aberrations

Retrospective corneal aberrations from six right eyes of six healthy
subjects (26.2 + 6.1 years old) obtained with the Pentacam HR (Oculus,
Wetzlar, Germany) were used in this study. Data comprised Zernike coefficients
from the whole cornea up to and including 6th order. Participants gave written
informed consent and the study adhered to the tenets of the Declaration of
Helsinki. A seventh set of corneal aberrations was introduced into the study.
This set is identical to the first, but we substituted the 4th order spherical
aberration (SA) value by 0.41 microns (0.20 microns for a 5-mm pupil), which is
the typical value for a 60 year-old subject, according to Navarro et al. model
cornea [19].

Intraocular lenses designs

Two I0OLs designs were generated for this study: one monofocal and one
bifocal. The designs were created using wavefronts [17] as if they were
obtained in the pupil plane of the eye and they were made trying to match some
characteristics of commercially available lenses. The only aberrations that they
presented were astigmatism (since we were interested in toric IOLs) and SA.
Both designs were given a Zernike 4th order SA value of -0.24 microns, for a 6-
mm pupil, which is a typical value that some commercially available IOLs
incorporate [20,21]. Different values of cylinder power were given to the IOLs,
depending on the corneal astigmatism we wished to compensate, as it will be
explained later.

The bifocal lens was of center-near [2] design and consisted of two

different refractive annular concentric zones: a 2-mm diameter central zone
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dedicated for near vision with an addition power of 3 D and an annular zone
dedicated for far vision.

General procedure

An example of the general methodology followed in this work is illustrated
in Figure 1. The IOL’s cylinder power in this example is -3 D at 90°. For
compensating all the corneal astigmatism with this IOL, the corneal astigmatism
should have the same magnitude, but opposite sign. Hence, the astigmatism
that we wanted to compensate with the IOL was simulated in the cornea. The
axis of the corneal astigmatism was calculated taking into account Zernike
coefficients up to 6th order, and the different cylinder powers were simulated in
this axis. It should be taken into account that when we refer to the IOL’s cylinder
throughout this text, we mean the astigmatic power needed to compensate the
corneal astigmatism.

Once the astigmatism was set in both the cornea and the 10L, we started
rotating the IOL by rotating its wavefront [22]. Rotations from -24° to +24° in
steps of 0.5° were simulated for the monofocal 10L, whereas for the bifocal the
rotations were simulated from -20° to +20°, using the same step. We
considered negative angles as counter-clockwise rotations and positive angles
as clockwise rotations. At each rotation angle, a visual Strehl ratio based on the
optical transfer function (VSOTF) through-focus curve was computed at a
vergence ranging from -2 to +2 D for the monofocal IOL, and from -4 to +1 D for
the bifocal IOL. The through-focus step was 0.125 D. The selection of the
VSOTF [23,24] is justified by the fact that is an optical quality metric highly
correlated with visual acuity [25,26] (VA). Following this, we located the

maximum (monofocal IOL) or maxima (bifocal IOL) from the through-focus
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curves, which will be called from now on peak VSOTF, and we evaluated the
variation of the peak VSOTF with the rotation angle. For assessing the
tolerance to rotation, we selected a threshold value that has been used before
(VSOTF =0.12) [17]. This threshold corresponds to a 0.2 logMAR VA [25] and it
can be considered as the limit where half of the people show difficulty reading
[27]. Therefore, the interval or range of the peak VSOTF curve which was
above that threshold indicated the tolerance to rotation of each IOL design.

The tolerance to rotation was assessed for the combination between
each IOL design and each of the seven corneal wavefronts and the case where
the cornea had zero higher-order aberrations (HOAs). Cylinder power ranging
from -1 to -6 D, in -1 D steps, was studied. The negative sign was selected
because the lenses prescription is normally given in such way. For the bifocal
IOL case, tolerance of rotation was calculated for the far and near vision.
Styles-Crawford apodization effect was taken into account in the simulations by
defining a Gaussian amplitude transmission pupil [28]. A 4.5-mm pupil was
used for all the calculations, since it has been reported as a typical pupil size for
presbyopic subjects under photopic conditions [29]. All the calculations were
performed using monochromatic light (550 nm).

For exploring the effect of different type of HOAs on the tolerance to
rotation of our IOLs designs, a stepwise forward regression [30] was performed.
This method performs a multilinear regression and keeps the statistically
significant variables within the model, while the non-significant variables are
rejected sequentially and do not appear in the final linear model. Therefore, that
analysis allowed us to elucidate which aberrations had a significant impact on

the tolerance to rotation of the IOLs. For this purpose, the HOAs were grouped
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as follows: coma-like aberrations (third and fifth order), trefoil-like aberrations
(third and fifth order), spherical-like aberrations (fourth and sixth orders) and
astigmatism-like aberrations (fourth and six orders). The root mean square
(RMS) error was calculated for each group of aberrations for a 4.5-pupil
diameter.

Finally, for illustrating the effect of rotation in image quality, retinal
images were simulated by convolving a United States Air Force (USAF) target

with the Point Spread Functions (PSFs) of both [OLs designs.
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Results

Table 1 shows the RMS values of the different corneal HOAs of each set
considered in this study.

Figure 2 shows the tolerance to rotation of the monofocal IOL (top row)
and its tolerance to rotation when corneal aberrations from subject 1 were
added to the IOL’s wavefront (bottom row). A cylinder of -3 D was selected as
an example for this figure. In the left column, the through-focus VSOTF curves
are represented for both cases at different rotation angles, whereas the right
column shows the variation of the peak VSOTF with the angle of rotation for the
different cylinder powers. The horizontal dashed lines indicate the VSOTF
threshold (0.12). The peak VSOTF represented in the right panel corresponds
to the respective maximum in the through-focus (left panels), which in these
cases were zero diopters. Each colour indicates a different cylinder power.

The variation in the tolerance to rotation interval, which corresponds with
respect to the sum of the tolerance to rotation in both orientations, with respect
to the cylinder power of the monofocal toric IOL can be seen in the top panel of
Figure 3. It is clear that the angle interval (considering both orientations), where
a monofocal toric IOL can be rotated without too much detriment on the vision,
decreases greatly as the cylinder power increases. The bottom panel in Figure
3 shows the individual tolerance to rotation of all the corneal aberration sets
under study, the mean value of the seven sets, and the case where the cornea
does not present HOAs. From the figure, we can observe that the differences
among subjects are generally small. Here, we can see also how the tolerance to
rotation decreases with the cylinder power for every corneal aberrations set

(different colours).
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Figure 4, shows retinal image simulations of how the USAF target is seen
through the monofocal toric IOL plus a cornea without HOAs, considering
several rotations and three different cylinder powers. It is evident that as the
power of the cylinder increases the images get blurrier with smaller rotations.

Similarly to Figure 2, the upper panel of Figure 5 shows the tolerance to
rotation of the bifocal IOL design with and without the HOAs of the corneal
aberrations set 1. The bottom panel of the figure shows the variations of the
peak VSOTF with respect to the angle of rotation for both the far and near foci.
As in Figure 2, the angle of rotation and the cylinder power affect the quality of
the through-focus curves. The effect of corneal HOAs is more evident in the
bifocal case than in the monofocal case.

Figure 6 gives the same information as Figure 3, but for the bifocal toric
IOL, for both the far (left column) and the near focus (right column). Again,
cylinder power rapidly diminishes the interval of tolerance to rotation. In this
case it is worthy to point out the fact that the near focus presented a greater
tolerance to rotation than the far focus. However, the far focus showed slightly
more inter-individual variability. This could be explained by the fact that the IOL
had a center-near design, thus aberrations probably affect more in the
peripheral zone which was dedicated to far vision.

Figure 7 shows simulated images of the USAF target that can be seen
through the bifocal toric IOL at different angles of rotation and cylinder powers.
The group of images at the top corresponds to the far focus, whereas the
images at the bottom to the near focus. The quality of the images deteriorated
as both the amounts of rotation and cylinder power increased. In the near focus,

ghost images corresponding to the far focus can be observed.

10
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Table 2 shows the results of the stepwise linear regression that was
performed for exploring which HOAs had a greater influence on the tolerance to
rotation of both I0OLs designs. According to these results, it seems that the
trefoil-like terms have the greater effect on the tolerance to rotation for
monofocal toric 10Ls, and also for the far focus in the bifocal toric 10L, along
with the coma-like terms. Regarding the near focus, the results are more
irregular. At low cylinder, the term affecting most the tolerance to rotation is the
astigmatism-like; for mid cylinder powers, the aberration terms affecting more
the tolerance to rotation are the coma-like terms. Finally, for high cylinder

powers, none of the terms yielded any significant interaction.

11
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Discussion

Rotations of IOLs after implantation can and do occur frequently [9-11].
The magnitude of rotation depends on the 10Ls design [31] (haptics, plate, etc.),
their adhesive properties [32,33] and the postoperative axial movement of the
lens due to capsular bag shrinkage [31]. Rotations can occur soon after the
surgery but can also appear in a later stage, around three months afterwards
[10]. The magnitude of rotations goes from mild angle values (< 10 degrees) to
severe ones (< 30 degrees). Consequently, IOLs’ rotations can have a very
marked impact on the subjects’ visual performance which can lead into IOL’s
extraction.

Our results showed that in the case of the monofocal IOL the tolerance to
rotation barely depends on the subjects’ corneal aberrations (see Figure 3).
When the cylinder power is high (6 D), the optimal rotation angle is the one we
calculated for each subject, whereas for lower cylinder powers, some subjects
showed slightly different optimal angles. Aside from this slight difference in the
best angle in a few subjects, the inter-individual tolerance to rotation among
individuals is similar. This tolerance decreases with cylinder power in a rapid
way, which is logical, since the greater the power of the cylinder, the greater the
resultant residual astigmatism. A fact worthy of pointing out is that the ideal
case (cornea without HOAs) does not yield the highest tolerance results,
according to Figure 3. On the contrary, it seems to be in the middle among all
the data. Hence, particular sets of corneal HOAs seem to have the ability of
increasing slightly the tolerance of rotation of monofocal toric IOLs. This shares
the same explanation as the theoretical depth of focus (DoF). Subjects with

particular levels of aberrations (generally SA) show an increase in DoF, but a

12
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decrease in optical quality[35,36], since there is a trade-off between those two
parameters.

Regarding the bifocal design, we performed the analysis of the two main
foci, corresponding to the nominal power (far focus) and the addition power
(near focus), separately. In the representation of the peak VSOTF with respect
to the angle of rotation (Figure 5), we can see that the optical quality of the near
focus is worse than the one of the far focus. This is due to the fact that we
wanted to simulate a typical bifocal IOL, in which the distribution of energy is
inclined towards the area dedicated for far correction. Despite the quality being
worse, the tolerance to rotation was better for the near vision than for the far.
This could be explained by the selection of a center-near design, due to the fact
that the residual astigmatism could have a larger impact in the peripheral zone
than in the central one.

For both foci, the variation of the tolerance to rotation with regards to the
cylinder power is similar to that of the monofocal IOL. It can be noticed from
Figure 6 that for the near vision, the ideal case (IOL plus cornea without HOAS)
yielded the highest tolerance to rotation among all the corneal aberrations sets
plus bifocal IOL configurations. Regarding the far vision, the addition of some
corneal HOAs improved slightly the tolerance of rotation.

Comparing to the monofocal, in the bifocal case there seemed to exist
more inter-individual variability and more asymmetries within the tolerance to
rotation, mostly for the far focus. This may be due to the fact that the bifocal I0L
had a more complex design than the monofocal IOL. It is also worthy to outline
that the tolerance to rotation of the monofocal IOL exceeded the one of the

bifocal I0OL for both of its foci. This reinforces the importance that rotations

13
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experienced by multifocal IOLs can have in the subjects’ visual performance.
This impact can be even greater in more complex designs, such as trifocal IOLs
[36,37] or extended-range 10Ls [38,39].

The corneal aberrations used in this work were measured to young
people who do not need IOL implantation in normal conditions. Nevertheless,
several studies showed that corneal aberrations are very subject dependant
[40], with the SA being the main contributor to age-related changes in HOAs
[41,42]. For this reason, we added an extra corneal aberrations set, having a
SA of 0.41 um for a 6-mm pupil that corresponds to a 60-years old model
cornea [19]. The addition of this SA value practically did not change the
outcomes regarding tolerance to rotation. Its greatest impact was found in the
peak VSOTF, which was lower due to having a higher value of SA.

Special consideration has to be taken with the interpretation of the
tolerance to rotation values. These values could vary slightly if we had used
another optical quality metric to calculate the through-focus curves. The use of
the VSOTF is justified by the high correlation found between this metric and VA
[25], however, that does not mean that other metrics could not have been used.
Another important aspect is the selection of the threshold for acceptable vision.
We chose 0.2 logMAR VA [26], which corresponds to a value of 0.12 for
VSOTF, as explained in the Methods section. This is an absolute threshold,
nevertheless, there is the possibility of selecting a relative one, as has been
done in many studies about DoF [43,44]. The problem with the relative
threshold, as Yi et al. [45] showed, is that in order to correlate the theoretical
DoF with the subjective one, it was better to assume that each subject could

have his/her own threshold value.

14
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From the results, it can be assumed that there are some particular
corneal HOAs that could improve slightly the tolerance to rotations in toric IOLs
(Table 2). Generally, as the corneal HOAs increased, the tolerance to rotation
seemed to decrease. Nevertheless, in some cases, for small amounts of
corneal HOAs (mostly trefoil and coma-like terms), there existed an
improvement in tolerance to rotation. Our results could indicate that depending
on the design of the toric IOL and on the cylinder power, the tolerance to
rotation could be improved with the addition of certain aberrations to the IOL,
always at the expense of a possible decrease in optical quality caused by these
aberrations.

Although this theoretical approach can be a useful tool for predicting the
tolerance to rotation of different I0Ls, it has several limitations that need to be
taken into account. The first one being that the IOLs created in this work were
theoretical and the only aberrations present on them were SA and astigmatism.
Nevertheless, the design used here for the bifocal is similar to the one
presented by some commercially available bifocal corrections [46] and the
amount of SA selected is a typical one. Also, rotationally symmetrical IOLs have
normally negligible amount of non-rotational aberrations [47]. Another limitation
is that the simulations in this study were all done under the assumption of
monochromatic light (550 nm), thus removing the possible effect of chromatic
aberration upon the tolerance to rotation.

In summary, this method could be a powerful tool to predict the tolerance
to rotation of monofocal and multiple zones multifocal toric I0Ls before the
implantation of the actual lens occurs. In addition, a more personalized

prediction can be made according to the subjects’ corneal aberrations, since

15
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they can be combined with different IOLs designs. Another application of this
method goes in the direction of the toric IOL optimization and design. Several
parameters can be tested (area of the different zones, number of zones, other
aberrations, etc.) to try to find an IOL that presents a high tolerance to rotation.
Finally, this method can show the impact of rotations in different toric 10OL
designs when combined with corneal aberrations in the retinal image quality,
which could be an approximation of how the patient actually sees with a rotated

toric IOL.

16
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Figure legends

Fig. 1 lllustration of the methodology followed in this work. The black dashed
lines indicate the cylinder axis of the IOL. The top part of the figure shows the
wavefront of a theoretical toric monofocal IOL (no HOAs) when added to the
wavefront of an astigmatic cornea (no HOAS), resulting into a perfect
compensation of the corneal astigmatism (1.a). Residual corneal astigmatism
was apparent when the I0L was rotated 15° clockwise (1.b). Bottom part of the
figure shows the same, but with a center-near bifocal concentric IOL.

Fig. 2 Top left panel shows several monofocal IOL through-focus VSOTF
curves at different angles of rotation (solid curve indicates perfect centration;
dashed line corresponds to a rotation of 4°; and dotted line shows a 10°
rotation). Top right panel shows the maximum of the through-focus in the left
(peak VSOTF) with respect to the angle of rotation. Different colours indicate
different cylinder powers. Bottom row shows the same, but when HOAs from
subject 1 cornea were added to the calculations. The horizontal dashed lines
indicate the VSOTF threshold (0.12). All the graphs correspond to a toric IOL
with -3 D of cylinder.

Fig. 3 Variation of the tolerance to rotation interval (sum of the tolerance to
rotation in both orientations) of the monofocal toric IOL regarding the cylinder
power (top panel). Symbols are different for each corneal set. The open circle
corresponds to the monofocal IOL without the presence of HOAs. Black line
represents the mean values of the seven sets without including the case where
there was only the IOL. The bottom panel shows the individual tolerance to
rotation for three values of cylinder (1, 3 and 6 D). The marker indicates the

angle where the quality (peak VSOTF) was optimum, whereas the bars
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represent the tolerance to rotation (VSOTF = 0.12) to both orientations.
Negative angle values are counter clockwise rotation; positive values are
clockwise rotations.

Fig. 4 USAF targets obtained with the monofocal IOL at different amounts of
rotation (columns) and for different cylinder powers (rows). Only one orientation
is represented here, since the IOL plus cornea without HOAs does not have any
asymmetrical aberration, both orientations are the same.

Fig. 5 Through-focus VSOTF curves for the bifocal IOL plus cornea without
HOAs (top left panel) and for the IOL with the corneal HOAs of set 1 (top right
panel). Variation of the peak VSOTF with respect to the angle of rotation for the
far focus of the I0L plus cornea without HOAs (mid left panel), and for the IOL
plus corneal aberrations from set 1 (mid right panel). Bottom row shows same
as before but for the near focus. The horizontal dashed lines indicate the
VSOTF threshold (0.12). Symbols and colours are the same as in Figure 2. All
the graphs correspond to a toric IOL with -3 D of cylinder. Note that the scale of
the y axis changes throughout the panels.

Fig. 6 Top row shows the variation experienced by the tolerance to rotation with
respect to the cylinder power for all the corneal aberrations and for the 10L plus
cornea without HOAs, for both the far (left) and near foci (right). The bottom row
shows the individual tolerance to rotation, alongside the mean of the seven
corneal aberrations sets, and the IOL plus cornea without HOAs case. The left
column shows the results for the far focus whereas the right for the near focus.
Symbols and colours are those described in Figure 3.

Fig. 7 USAF targets images of the bifocal toric IOL at different angles of rotation

(columns), and cylinder powers (rows). The upper stack of images corresponds
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to the far focus (a), whereas the bottom stack (b) shows the images obtained for
the near focus. Only one orientation is represented here, since the IOL plus
cornea without HOAs does not have any asymmetrical aberration, both

orientations are the same.
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Table 1

Table 1. Different corneal HOAs RMS expressed in microns for every subject.
The last row is subject’s 1 corneal aberrations set, with a fourth-order spherical

aberration of 0.41 for a 6-mm pupil. All the RMS were calculated for a 4.5-mm

pupil.
Coma- | Trefoil- | Spherical- | Astigmatism- | Tetrafoil-
Subject HOAs
like like like like like

1 0.1005 0.1307 0.0537 0.0362 0.0327 0.1811
2 0.0615 0.0381 0.0386 0.0389 0.0149 0.0922
3 0.0813 0.0928 0.0599 0.0584 0.0326 0.1529
4 0.0496 0.1182 0.0557 0.0074 0.0109 0.1405
5 0.0616 0.0496 0.0385 0.0262 0.0680 0.1150
6 0.0513 0.0555 0.0606 0.0340 0.0267 0.1065
7 0.1005 0.1307 0.1140 0.0362 0.0327 0.2071




Table 2

Table 2. Results yielded by the stepwise linear regression for each cylinder
power and for both IOLs designs simulated in this study. In each cell, the
significant term/s is/are shown, along with the respective p-value. A dash

indicates that none of the terms was significant in order to explain the tolerance

to rotation.
Monofocal IOL Bifocal IOL
Cylinder
Far Near
(D)
Trefoil-like (p = 0.007)
Astigmatism-like (p =
1 - and coma-like (p =
0.004)
0.021)
Trefoil-like (p = 0.006)
Trefoil-like (p =
2 and coma-like (p = Coma-like (p = 0.043)
0.021)
0.021)
Trefoil-like (p = 0.005)
Trefoil-like (p =
3 and coma-like (p = Coma-like (p = 0.036)
0.016)
0.021)
Trefoil-like (p = 0.006)
Trefoil-like (p =
4 and coma-like (p = -
0.015)
0.014)
Trefoil-like (p = 0.005)
Trefoil-like (p =
5 and coma-like (p = -
0.011)
0.016)
Trefoil-like (p = 0.001)
Trefoil-like (p =
6 and astigmatism-like -
0.010)
(p =0.013)







