Multi-toric optical element to compensate ocular
astigmatism with increased tolerance under

rotation
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A new, to the best of our knowledge, optical element
designed to compensate regular astigmatism while
exhibiting increased tolerance to rotational misalignment
is introduced. The element incorporates an optical design
based on concentric annular regions with slightly
different cylindrical axis angular positions. To assess
visual quality performance as a function of rotation,
retinal image simulation and clinical assessments with an
adaptive optics visual simulator were carried out. The
results demonstrate the superior performance of the
newly proposed element in the presence of rotational
errors when compared to traditional solutions. ©2024
Optica Publishing Group

Healthy human eyes do not always achieve optimal vision quality
due to refractive errors as myopia, hyperopia, regular and irregular
astigmatism. In the case of regular astigmatism, optimal visual
acuity (VA) can be got through lenses with sphero-cylindrical (S-C)
power caused by toric surfaces. However, it is important to note that
to achieve the corresponding compensatory effect, the astigmatic
lens must be carefully oriented in the plane transverse to the visual
axis. When alens S-C power is not well aligned with the astigmatism
axis of refractive error of the eye, the lens may induce higher
astigmatic vision degradation instead of achieving optimal
compensation [1,2]. Keeping the correct rotational position of a lens
to compensate astigmatism pose different challenge levels
depending on whether they are used as eyeglasses, contact lenses
or intraocular lenses. Among all of them, due to its dynamic
condition, contact lenses present the most challenging case.

There are several factors involved in rotational stability of a S-C
contact lens. The patient related factors include palpebral aperture,
lid position and corneal topography [3]. The factors related to the
contact lens include fitting profile, lens movement after blinking,
mechanical properties of the material (e.g. Young modulus) and
toric lens stabilization design. Nowadays, various stabilization
techniques are used in S-C contactlenses, such as prism ballast, peri-
ballast or dynamic stabilization, which are surfaced on the contact
lens [4-6]. However, this kind of methods also increase the
complexity of the lens design and may also cause discomfort due to
the added thickness at the lens periphery required to implement
the stabilization structures. Nevertheless, a maximum angular

misalignment of 6.00° can still easily occur due to blinking
interaction with the lens in the primary sight position [7].

In this work, a new kind of optical design to compensate
astigmatism has been developed accepting that a contact lens may
notalways be well aligned with the astigmatism axis. The idea keeps
a close analogy relation with the multifocal contact lens designs
used to compensate presbyopia by simultaneous vision [8,9].

In particular, it is purposed a multizonal toric design of the optical
region for the contact lens formed by a set of annular concentric
regions. In its most straightforward version, all the zones have the
same S-C power with slightly different cylindrical axis angular
positions. In this way, it is expected that at least one of the zones
correct the astigmatism when the lens rotates due to blinking
interaction.

This new optical multizonal design zone may be surfaced onto
the optical zone of the contact lens body and can also exist together
with the current position stabilization methods. The optical design
implies a new element able to tolerate higher degrees of angular
rotation errors, this characteristic implies an increased quality
visual stability and/or the use of less demanding and comfortable
stabilizations methods.

Figure 1 illustrates the new proposed element in a trizonal
setting (Figure 1(b) in comparison with a conventional S-C lens
(Figure 1(a)). The design can be potentially customized in function
of the specific magnitude of astigmatism, blur tolerance and pupil
size of each patient.

For this study, the design was set with a 5.00 ° rotation, and a
maximum optical zone diameter of 4.50 mm. The central zone has a
radius of 1.40 mm, the mid-peripheral zone has a radius of 1.87 mm,
and the peripheral zone has a radius of 2.25 mm. In terms of S-C
power, the most peripheral zone presents the S-C zero-misaligned
nominal prescription (S-C_NO), the mid-peripheral zone presents
the same S-C power with a clockwise (CW) - 5.00 ° rotated position
for the cylinder axis (S-C_.CW5) and the central zone has a
counterclockwise (CCW) + 5.00 ° rotated position (S-C_CCWS5). It
has been established that counterclockwise is considered positive,
while clockwise is considered negative.

To evaluate the performance of this new optical element in the
presence of a rotational error, simulated retinal images and clinical
evaluations were done for the compensation of an astigmatic
ametropia of -3.50 Dx 180 °.
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Fig. 1. Different designs of tested optical zones. (a) Conventional sphero-
cylindrical (S-C) contactlens. (b) Trizonal Multi-Toric (TMT) design. The
green ring denotes the S-C prescription with correct axis of astigmatism
(S-C_NO). The purple ring denotes the 5.00 ° S-C prescription rotated
clockwise for the cylinder axis (S-C_CW5). The blue ring denotes the
5.00 ° S-C prescription rotated counterclockwise for the cylinder axis (S-
C_CCWS5). The dashed line indicates the direction of the negative
cylinder axis.

On the one hand, the retinal image simulations illustrate how a
line of optotypes corresponding with 0 LogMAR visual acuity (5" arc
of angular size) can be seen with the new multi-toric design in
comparison with a conventional toric compensation (see Figure 2).
The retinal image calculation was done as the convolution of the
paraxial image with the point-spread function (PSF), calculated
using the Fourier optics method [10] by Matlabv.7 (The Mathworks
Inc,, Natick, MA, USA) for a reduced eye model with aperture radius
2.250 mm, refractive index 1.333 and axial length 22.222 mm. The
effect of the astigmatic wavefront aberration of the eye in
combination with each compensation element were modeled as a
thin phase plate at the aperture plane of the model eye. The
compensations were then rotated in increments of + 2.50 °, ranging
from 7.50 ° (counterclockwise) to -7.50 ° (clockwise) relative to the
nominal position. The optical zone's aperture was set to the same
2.25 mm radius as the eye model.

In the case of the conventional S-C design (see Figure 2), it is
evident that image quality declines as rotation error increases,
transitioning from very good to unacceptable image quality at +
5.00 ° of rotation error. In contrast, the new multi-toric design the
optical shows enhanced tolerance to rotation error in terms of
potential visual acuity.

On the other hand, a double-blind clinical study was performed.
Inclusion criteria consisted of healthy individuals who had not
undergone refractive surgery, were not taking medications
affecting vision or the eye, were aged between 18 to 35 years,
spherical refractive error less than 4.00 D of myopia or hyperopia,
and astigmatism refractive error less than 1.00 D. The contact lens
users discontinued their use 48 hours before the measurements.
The study adhered to the principles in the Helsinki Declaration and
every participant provided written informed consent.

The clinical evaluation was carried out with the adaptive optics
visual simulator (VAO, Voptica SL, Murcia, Spain). This
commerecially available device combines a Hartmann-Shack sensor
to measure the objective refraction and wavefront aberrations of
the eye, and a silicon liquid crystal spatial light modulator (LCoS)
that allows for compensation of ocular refraction and aberrations,
as well as the simulation of different optical profiles [11-14].

Refraction was measured three times with the Hartmann-Shack
sensor to obtain an average, which served as the initial reference for
the subjective refraction process. Compensation for each patient's
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Fig. 2. Simulated multi-line images corresponding with LogMar VA
= (0.0, + 0.1, + 0.2) for different rotation errors in a model eye with
sphero-cylindrical refraction (-3.50 D x 180 °). On the left, the
simulation for a conventional sphero-cylindrical compensation, on
the right the corresponding simulation for the trizonal multi-toric

(TMT) design.

refraction, induction astigmatic ametropia (-3.50 D x 180 °), and
conventional or multi-toric design (See Figure 1) of the lenses with
different rotations were all performed simultaneously thanks to
LCoS the phase spatial modulator provided by the instrument.

For the sake of completeness, rotation was carried out both
clockwise (negative) and counterclockwise (positive) at 2.50 °,
5.00°, and 7.50 ° in both directions. For each design and condition,
VA was measured using the Snellen E optotype, which displayed 5
random letters per line with + 0.10 logMAR steps between lines,
down to -0.2 logMAR, using the OLED display integrated within the
instrument. To assess the VA of each patient with different designs,
participants were instructed to identify the optotypes of each line
from left to right and from lower to higher VA. The last line of VA
they could correctly recognize was documented, and errors in letter
identification were discounted (assigning each letter a value of +



0.02 logMAR). The optotype was projected to infinity with an
average photopic luminance of 80 cd/m? The different lenses and
orientations were randomly presented to the patient.

Throughout the study, changes in the pupil diameter of the
patients were monitored, revealing an average diameter of 6.96
1.04 mm. However, the assessment of visual performance was
carried out with a fixed pupillary diameter of 4.50 mm, as this
dimension represents the inherent limitation of the visual
simulation instrument. No participant exhibited a measurement
below this value. All measurements were carried out randomized
order in a single session, which took 45 to 60 minutes to complete.
Throughout the entire process of recording measurements, neither
the examiner nor the patient knew which optical element was being
evaluated.

Descriptive statistics were used to describe the data and the
normality of data was assessed with the Shapiro-Wilk test which
indicated normal distribution. The paired t-Test was used to
statistical analysis. In all tests, the significance level was considered
0.05. Regression fitting and the correlation coefficient (r?) were
obtained to analyze the relationship between the loss of VA and the
degree of rotation.

The study included 16 eyes of 16 volunteers (62.5 % OD and 37.5
% 0S), 15 were women and 1 was a man. The mean age was 22.75
+ 3.29 years (range 19 to 32 years). Regarding the subjective
refractive error, the mean sphere (sph) was -1.39 + 1.30 D (range 0
to -3.50 D), while the mean cylinder (cyl) was -0.20 + 0.30 D (range
0t0-0.75 D). The sph and cyl values used for averaging were taken
from the spherocylindrical refractions expressed in minus cylinder
form. The mean of the best corrected distance VA was -0.08 = 0.05
logMAR (range -0.18 to + 0.0 logMAR). Mean higher-order Zernike
Root Mean Square (RMS) for a pupil diameter of 4.50 mm was 0.14
+0.06 um.

First, we compared the VA achieved with clockwise rotation to
that obtained with counterclockwise rotation for each considered
design. Figure 3 shows box plots of VA for all data samples for
different lenses (conventional and TMT) and all considered
rotations: on-axis (a), + 2.50° (b), £ 5.00 ° (c) and + 7.50 ° (d). For the
same rotation value within a given design, no statistically significant
differences were found between both directions: conventional toric
(p=0.05) and TMT (p= 0.125).

Table 1 summarizes the mean and standard deviation (SD) of VA
data for each element and rotation (averaging between clockwise
and counterclockwise rotations was considered). The bottom line
shows the polynomial regressions for the Visual Acuity as a function
of the rotation error together with Pearson's correlation coefficient
for both studied cases.

Table 2 displays the experimental differences in VA between
each rotation and the on-axis position for every optical element.
Statistically significant differences were observed for the
conventional design in VA between the on-axis position and each
rotation; in particular, there was a loss of two lines in VA at 7.50° of
rotation error.

Our results show that with the nominal compensation position,
VA is better with the conventional toric design compared to the
TMT design (statistically significant difference, p<0.05). However,
once the rotation occurs, the average VA with the conventional
design decreased from - 0.07 on-axis to + 0.13 at 7.50° of rotation
error. In contrast, for the TMT design, VA mean goes from +0.01 on-
axis to +0.07 with a rotation error of 7.50°. The differences at the

most extremal rotated position were statistically significant for both
designs (p<0.05).
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Fig. 3. Box plots of VA for all data samples for different lenses and all
rotations: (a) on-axis, b) + 2.50°, (c) £ 5.00 “and (d) + 7.50 °. The median
(central line inside each box), Q1 and Q4 quartiles (lower and higher
borders of each box, respectively), and maximum and minimum values
(whiskers) are shown for each box. * Significant pairwise differences.

Table 1. Visual acuity (mean * SD) for all for each design and
rotation. In the last line (grey background) itis shown the
regression fitting and the r? as a function of the rotation.

Visual Acuity (logMAR)
Conventional TMT
Rot Experiment Fig.2 Experiment Fig.2
On-axis -0.07+£0.07 <0 +0.01+0.07 <0
|2.50°| -0.02+0.04 <0 +0.00£0.05 <0
|5.00°| +0.05+0.05 +0.20 +0.02+0.05 <0
|7.50°| +0.13+£0.05 =2+0.20 +0.07 +0.06 +0.15
0.0024 Rot2-0.01
VA= 0.03 Rot-0.085 Rot +0.010
12 0.99 1.00

*For each rotation, averaging between clockwise and counterclockwise rotations
was taken into account. Rot: Rotation error. The columns labelled as “Fig.2” represent
VA values estimated from the simulated multi-line images shown at Fig.2. In the last
line (gray background), the regression fitting and the 12 as a function of the rotation are
shown

Table 2. Visual acuity and t-test differences to evaluate
between rotations for the same element.

VA Differences (logMAR) and p-value On-axis

Rot Conventional TMT
|2.50°| +005 p<0.002* -001  p=0.620
[5.00°| +012  p<0.001* +001 p=0551
|7.50°| +020 p<0.001* +006  p=0.005*

* Statistically significant differences (p<0.05). Rot: Rotation error.



Conversely, the new elements showed increased tolerance to
rotation error (see Table 1 and Figure 3). For the TMT design,
statistically significant differences were only found between the centred
and maximum rotation positions (Table 2). In the TMT design, there
was a loss of 3 letters in VA (+ 0.06 logMAR), and in the conventional
design there was a loss of 10 letters in VA (+ 0.20 logMAR).

Table 1 also reveals that the average values of experimental visual
acuity exceed those estimated from the simulated images shown in Fig.
2. This finding is more evident in cases with larger rotational errors.
Among other causes, the reasons for these differences may be attributed
to the limitations of the reduced eye model or to perceptual adaptation
to astigmatic image degradation [15,16].

In the case of the conventional S-C design, there is a noticeable
decrease in simulated image quality as the rotation error increases. This
is reflected in clinical outcomes, where VA shifts from being very good
with the centered design (- 0.07 logMAR) to deteriorating significantly
with a 7.50 ° rotation (+ 0.13 logMAR) (Table 1). In contrast, the TMT
design show greater tolerance to rotation error. As can be seen in Figure
2 and in clinical results (Table 1 and Figure 3), image quality remains
quite stable across all angular errors, even up toa 7.50 ° rotation.

Regarding the limitations of the study with patients, the adaptation
time to each optical element and condition was short, a different study
must be performed to determine if this condition can influence the
obtained results. Moreover, only one pupil size and optotype contrast
has been considered in the clinical study, In the future, it might be of
interest to evaluate the performance of the new element using different
pupil diameters and optotypes with reduced contrasts.

Results may have important implications in the management of
astigmatism correction because it is expected that the stable image
quality of the new proposed under rotation implies better visual
comfortability for toric contact lenses users. From a clinical viewpoint,
the proposed multitoric design might be helpful for subjects with large
amount of manifest cylinder who have experienced previous
unsuccessful fittings of toric contact lenses. However, due to the inverse
relationship between visual quality tolerance to rotation and cylinder
power [1], fewer VA gains should be expected for astigmatism cylinder
powers lower than 3.50 D, as analyzed in this study. Since low
astigmatism powers are more prevalent [17], the clinical application of
this design for the general population deserves further research.

Moreover, contact lenses manufacturers can also be benefited for the
increased rotation tolerance of these designs because smaller stock
range will be needed for different cylinder axis. Fabrication of TMT
design implies toric surfacing so, a priori, can be fabricated with lathe
cutting machine with a special program setting. Nevertheless, further
research needs to be conducted to manufacture and testing this new
type of contact lenses for astigmatism compensation.

In summary, we have introduced a new optical design capable of
compensating for regular astigmatism with increased tolerance to
rotation error. Several retinal image simulations have shown that these
new designs provide acceptable and quite stable retinal image quality
compared with conventional design when the lens rotates a range of
7.50°. These results have been corroborated by a double-blind clinical
study with the help of a commercial visual simulator based on adaptive
optics. Taking all this together, it seems that the proposed multi-toric
designs present an interesting alternative solution to compensate
regular astigmatism with increased tolerance to rotational
misalignment errors.
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