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Abstract

Purpose: Compare the impact of uncorrected astigmatism in a single vision (SV) and a dual focus
(DF) optical model at the center and boundaries of the interval of Sturm.

Methods: With the rule astigmatism (up to 2.00 diopters) was added to a single vision and a dual
focus optical model. The dual focus model included an annular zone with +2.00 of added power.
For each model, wavefronts were constructed from Zernike polynomials over the full pupil (SV
model) or separately (on zone-by-zone basis) in the DF model. Geometric ray tracing and wave
optics were used to compute point-spread functions (PSFs), Modulation Transfer Functions
(MTFs) and simulated letter images at the center and anterior and posterior ends of the “Interval
of Sturm” (10S).

Results: Simple line foci were observed with the SV model, but more complicated PSFs
containing circular, elliptical and double orthogonal line components were created when
astigmatism was added to the DF model. Simulated images in both the SV and DF models were
degraded with increasing levels of astigmatism. In the absence of astigmatism, lens only MTFs
were reduced by approximately 50% in the DF model, but as astigmatism levels increased, MTF
values and differences in MTFs between the SV and DF models were reduced. In the presence of
ocular aberrations MTFs with astigmatisms greater than 1.00D were almost identical in the SV
and DF models.

Conclusions: The modeling shows that uncorrected astigmatism remains a major contributor to

image degradation in eyes corrected with a DF contact lens suggesting that astigmatic eyes fit
with dual focus myopia control contact lenses would benefit from a toric correction.
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Introduction

Following Thomas Young’s description of his own refractive astigmatism in 1800,
mathematician and astronomer William Airy corrected the astigmatism in his left eye with a
cylindrical lens in 1825.! There are two general sources of refractive astigmatism in the human
eye; one caused by toricities in the cornea or lens, and the other due to e.g. the visual axis being
tilted relative to the optical axis (in which case the foveally-measured astigmatism will include
off-axis, oblique astigmatism).>* Astigmatism includes a meridional variation in refractive states
wherein the (orthogonal) vertical and horizontal meridians exhibit maximum and minimum
powers, creating the common with- and against-the-rule (WTR and ATR) astigmatic refractive
errors.*> WTR being more prevalent in younger eyes.®’

5,9,10 and

Prevalence of astigmatism in human eyes varies with age,® presence of myopia,
ethnicity.!%!112 Astigmatism lesser than 1.00 D is the most common,>’ but between 20 and 40%
of adult eyes have 1.0 D or more of refractive astigmatism, %113 and prevalence levels can rise to

70% - 87% of eye clinic populations.®’

Uncorrected refractive astigmatism creates perpendicular elongated point-spread functions (PSF)
at each end of the focal interval (the “Interval of Sturm”, 10S), and a non-meridionally biased
blurred PSF at the center of this power range (the "circle of least confusion", which can resemble

a square rotated 45 degrees).!* Uncorrected astigmatism reduces visual acuity'>!¢ and contrast

1920 and can induce monocular

sensitivity,!” slows reading speed,'® impairs driving performance,
diplopia®!?>?* or create blur that can be subjectively troublesome and objectionable.?* The visual
impact of uncorrected astigmatism becomes evident for levels of astigmatism greater than or
equal to 0.50D.%-26228 Refractive corrections for astigmatism are available in contact lenses?
and spectacles. Read et al. provides a comprehensive review of astigmatism and its visual
impact.°

Although increasing levels of uncorrected astigmatism create a monotonic increase in retinal blur
with associated decreases in visual acuity and contrast sensitivity,!”3!?? the presence of
uncorrected astigmatism in retinal images generated by multifocal intra-ocular lenses (IOLs) can
result in complex PSFs that vary both radially and meridionally.>® Some evidence suggests that
the presence of one aberration can minimize the impact of another,* raising the possibility that
eyes fit with myopia control or aberrated multifocal lenses may not require correction for
astigmatism. However, experimental studies of pseudophakic eyes show that vision consequences

3536

of uncorrected astigmatism are similar or even greater’’ in eyes fit with multifocal IOLs

compared to eyes fit with single vision IOLs.

The aim of this modelling study is to explore the consequences of uncorrected astigmatism on
retinal image quality with dual focus (DF) contact lenses. Uncorrected astigmatism in an eye
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corrected with a DF contact lens creates a refractive error that varies both radially and
meridionally. Will uncorrected astigmatism degrade image quality when an eye is corrected with
a DF myopia control lens? Also, will astigmatism correction benefit astigmatic patients fit with
dual focus myopia control contact lenses? Given the zonal, discontinuous nature of dual-focus
optics, a combined modal-zonal modeling approach enabled quantitative investigation of these
questions.

Methods

Sign conventions

Throughout this manuscript spherical wavefronts are expressed as having wavefront vergence in
diopters where positive and negative dioptric values describe converging and diverging
wavefronts, respectively. Therefore, positive dioptric values are used to describe the converging
wavefront exiting a myopic eye, which is contrary to clinical convention in which myopia is
defined by the negative powered lenses used for its correction. The model included +2.00 D of
excess power in the vertical meridian (WTR astigmatism, Rx plano -2.00 x 180), and +2.00 D of
add power in an annular treatment zone of the DF myopia control lens.

The modeled optics

A schematic geometrical optics illustration of light deviations due to uncorrected astigmatism in
single vision (SV) and DF optics are shown in Figure 1. A reference model (top left) without
astigmatism or zonal optics exhibits a single focal plane and a point PSF. In the presence of
uncorrected astigmatism such as WTR astigmatism (bottom left, wherein the eye has added
optical power along the vertical meridian) the single focal plane is split into an “Interval of Sturm”
wherein the added power in the vertical meridian creates a horizontal “line focus” (focused
vertically, blurred horizontally) anterior to the focal plane at which the PSF is a vertical line
(focused horizontally, blurred vertically), being created by the other (horizontal) meridian.
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Figure 1. A simplified geometrical optics illustration of light deviation with and without WTR astigmatism in
combination with SV (left column) and DF (right column) optics. The presence of WTR astigmatism (bottom
row) is represented with the convex cylinder symbol. Horizontal and vertical meridians are represented with solid
white lines inside the schematic wavefront ovals on the left of each diagram. In the DF model, light rays from the
distance and treatment optics are represented in green and yellow, respectively. Dark and light colors represent
light rays corresponding to the more and less myopic meridians, respectively. The small circles located at the foci
represent the borders of the interval of Sturm and the symbols inside represent the simplified shapes of PSFs
expected at the corresponding focal planes.

Without astigmatism, the DF optic produces a composite PSF (top right) at the distance correction
focal plane including a distance-optic generated central PSF core surrounded by a blur ring
generated by the annular treatment zone which focuses anteriorly with respect to the distance
correction optic focal plane. When both astigmatism and dual focus optics are present (bottom
right) two intervals of Sturm exist: one created by the distance- and another by the treatment
optic. If the optical power differences due to astigmatism are of the same magnitude as the added
plus power of the treatment optic (e.g. 2.00 D in the current model), the most anterior IOS edge
created by the distance optic will coincide with the least anterior edge of the interval created by

the treatment optic. At that plane, the resulting PSF becomes a combination of vertical and
horizontal line foci.’
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Data processing - modelling lenses with wavefronts

Optical modelling used custom software (Indiana Wavefront Analyzer — IWA, Maple, LLC,
mapleoptics.com, implemented in Matlab, mathworks.com). Optics containing defocus,
astigmatism, zonal geometry and ocular aberrations were defined as wavefront errors across the
full pupil (SV model) or separately across each individual zone (DF model) from which the
following were derived:

e Wavefront slope (0W/or) — for every point in the pupil it defines the ray deviation angles
which are measured by aberrometers.®

e Wavefront vergence: (0W/or)/r — for every point in the pupil it describes the optical power
(in diopters) defined by the position along the optical axis of intersections between it and
each ray.* In case of a simple lens, this is commonly referred to as the “optical power” and
for an eye, vergence of the exiting wavefront is a measure of the local refractive error.

Sphero-cylindrical clinical prescriptions for the uncorrected astigmatism to be induced were first
converted into the power vector space M, JO and J45, and then into a normalized Zernike vector

using equations by Thibos et al.*

e Geometrical optics PSFs were generated by propagating the pupil-plane wavefronts
forward to the image plane and then computing ray density histograms. These PSFs reflect
all the refractive properties of the lenses but lack the wave phenomena (diffraction or
interference).*

e Fourier optics PSFs which include these wave phenomena were computed as the squared
magnitude of the Fourier transform of the generalized pupil function, defined by the
amplitude phase of the wavefront:

2 (x,
PGy) = AGxy) - exp(o ) (1)

where: W(x, y) is the wavefront error, A(x, y) is the amplitude function (which equaled 1
but can generally be used to model the Stiles Crawford Effect, cataracts, etc.) and A is the
wavelength. These PSFs include the wave effects and have been experimentally confirmed
to closely match the physical world.*!**> After their computation, the Fourier PSFs were
scaled according to the pupil diameter.

(2)

QO w
fc_f'_

180
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where: f; is the cutoff frequency (bandwidth) in cycles per degree, @ is the measurement
aperture diameter (4.8 mm or 6.0 mm) and 4 is the measurement wavelength (540 nm).

Simulated retinal images of 30 arc minute (6/36) letter E’s were calculated using the inverse
Fourier transform of the product of the Fourier-transformed PSFs and optotype images. This
method is effectively the same as a spatial-domain convolution between a PSF and image, but
much faster to compute. Modulation transfer functions (MTFs) were obtained by taking the
absolute value of the OTFs. Because OTFs and MTFs are fundamentally two-dimensional
functions of spatial frequency coordinates, radial averages were calculated to reduce them to one-
dimensional functions of modulation vs spatial frequency. MTFs were calculated for models of
lens-only optics (including astigmatism, diffraction and zonal geometry in the DF model) and
lens-plus-ocular-aberrations (high order aberrations HOA for a typical young adult eye listed in
Table 1 in the Appendix).

Results

Pupil- and image-plane properties of the astigmatic model (6.0 mm pupil diameter) are shown in
Figures 2 and 3 for the modeled SV and DF optics, respectively. Both models include +2.00 D of
vertical meridian defocus (axis 180, WTR astigmatism, clinical refractive correction of plano -
2.00 x 180). The DF model included an annular ring containing +2.00 D of added power. Each
of the columns 1-5 describe, respectively, wavefront vergence maps (defocus), 3D projections of
wavefront errors, geometric PSF, wave optics PSF, and simulated images of a 6/36 high contrast
letter E’s. The top, middle, and bottom rows represent optics and images when the anterior end,
center and posterior end of the Interval of Sturm (IOS) has been focused (by adjusting spherical
defocus with Z20).

Wavefront vergence [D]  Wavefront error [um] Geom. PSF Fourier PSF Sim. image (6/36)
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Figure 2. Example pupil- (columns 1, 2) and image-plane (columns 3 - 5) descriptors of the SV lens astigmatic
model (+2.00 D of optical power added along the vertical meridian for a 6.0 mm pupil). The row labels include
symbols shared with Figure 1 (“ANT”, “MID”, and “POS”) which indicate the plane within the Interval of Sturm
being modeled. Wavefront vergence and errors are plotted as a function of pupil location in mm. PSFs, and
simulated images are shown in image coordinates of arc minutes.

The impact of uncorrected astigmatism was also evident in the wavefronts, PSFs and simulated
images created by the DF model (Figure 3). For example, at the anterior edge of the 10S for the
distance correction, the axis 180 astigmatism showed a line focused vertically and blurred
horizontally, while the annular treatment optic had its least positive meridian focused creating a
line focused horizontally and blurred vertically, together creating a cross PSF. For more posterior
planes (center and posterior end of the IOS for the distance correction) the blur created by the
treatment zone increased creating a vertical oval pattern. At the center of the IOS of the distance
correction the center zone and outer annulus of the distance optic created a PSF including circle
surrounded by a circular annulus.

Wavefront vergence [D]  Wavefront error [um] Geom. PSF Fourier PSF Sim. Image (6/36)
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Figure 3. Examples of the pupil- (columns 1, 2) and image-plane (columns 3 - 5) descriptors of the DF lens model
(+2.00 D of optical power added along the vertical meridian and +2.00D of added power in the annular ring for a
6.0 mm pupil). The three rows represent the planes within the distance correction interval of Sturm. Wavefront
vergence and errors are plotted as a function of pupil location in mm. PSFs, and simulated images are shown in
image coordinates of arc minutes.

In both models, the simulated letter E exhibited a clear focus of horizontal and vertical contours
at the anterior- and posterior end of the IOS, respectively. Neither vertical nor horizontal contours
were focused on the center of the IOS. Consistent with the cross PSF present at the anterior edge
of the distance optic 1OS in the DF model (Figure 3), the simulated E included both focus and
blur in horizontal and vertical contours.

Figures 4 A & B show side-by-side comparisons of simulated retinal images (6/36 Snellen E) for
modeled SV and DF optics at different planes within the 10S for 3 levels (0.50, 1.00 and 2.00 D)
of astigmatism and two pupil diameters (6.0 mm and 4.8 mm). In the case of the 6.0 mm pupil,
the modeled DF optic included the central zone distance correction, the first treatment annulus
and a part of the second distance correction annulus, whereas the 4.8 mm pupil included only the
central distance correction optical zone and the first treatment annulus. Evidence of two-meridian
blur combined with two-meridian focus can be seen in the DF model at the anterior edge of the
distance correction IOS. The all-meridian blur is present at the center of the IOS for both models,
but more visible for the SV model. The vertical blur demodulates horizontal contours at the
posterior edge of the IOS for both models, but less so for the DF model.
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Figure 4. Simulated retinal images for the modeled SV and DF optics for different planes of focus within the IOS
(rows) and magnitudes of cylinder (columns). The modeled pupil diameter was A) 6.0 mm and B) 4.8 mm, and
the Snellen E size was 30 arc minutes (6/36).

Radially averaged MTFs provided quantitative assessments of the impact of varying magnitudes
of uncorrected astigmatism for the SV and DF models for each plane within the 10S. Figure 5
compares the MTFs for the SV (left) and DF (right) for the three focal planes (A-C) with 5 levels
of astigmatism (0.00, 0.25, 0.50, 1.00, 2.00 D) for a 4.8 mm pupil diameter. The MTFs in Figure
5 reflect the lens-only optics, whereas the MTFs in Figure 6 reflect the combined impact of lens
optics and ocular aberrations (see Table 1 in Appendix).

In the absence of astigmatism, the SV lens-only MTF is diffraction limited and the DF lens-only
MTF drops to approximately 50% of the SV diffraction-limited values beyond about 10 cpd
because only ~50% of the light is focused (the other ~50% being defocused by the treatment
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optic). MTF values steadily decline as astigmatism increases in both SV and DF models. The
differences between SV and DF MTFs become much smaller once uncorrected astigmatism is
introduced into the model. For example, with zero astigmatism, MTFs at 20 cpd are 0.86 and 0.46
respectively in the SV and DF models, and with 0.50 D of astigmatism the MTFs drop to more
similar values of 0.19 and 0.15 at ends of the IOS. At the center of the IOS, MTF values at low
SFs remain generally higher for the SV model, but the DF model has higher MTF values at higher
SFs. For each astigmatism level, the differences observed between the lens only SV and DF
models generally become much smaller after ocular HOAs are included (Figure 6).
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Figure 5. Radially averaged MTFs (top) and Fourier PSFs (bottom) for the SV (left) and DF (right) models for
different magnitudes of cylinder (colored data series), and planes of focus within the IOS (A - C). The model used
4.8 mm pupils and included only defocus and astigmatism aberration terms generated by each model (no higher
order aberrations).
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optics for different magnitudes of cylinder (colored data series), and planes of focus within the IOS (A - C). The
model used 4.8 mm pupils and included HOAs of a typical young adult eye (see Table 1 in Appendix).

To facilitate the comparison of the effects of uncorrected astigmatism on the SV and DF models
with and without ocular aberrations, MTF values at 8 and 15 cpd are plotted as a function of
increasing magnitudes of uncorrected astigmatism for the three planes within the 10S for all 4
models (Figure 7). The decrease in image modulation generated by adding ocular HOAs is highly
significant in the absence of astigmatism, but mostly disappears once astigmatism levels are >1.00
D. Similarly, MTF differences between SV and DF models when no astigmatism is present also
mostly disappear with astigmatisms greater than 1.00 D.
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Discussion

Optical modeling revealed that uncorrected astigmatism had a readily observable impact on image
quality in both the SV and DF lens-only models (Figures 2-4), which were quantified with radially
averaged MTFs (Figure 5 and 6). The length of geometrical optics PSF line foci at the edge of
the IOS can be predicted for the SV model to be 41 arc minutes due to the 2.00 D of meridional
defocus and the 6.0 mm pupil:*

B=K:-2-D 3)

where B - blur diameter in arc minutes, K - unit scaling constant 3.42, @ - pupil diameter in mm,
D - defocus in diopters.

At the center of the 10S, where defocus levels are half those at the edges, a circular blur patch
with a diameter of 20.5 arc minutes is generated. Similarly, the same equation can be used to
estimate the diameter of the blur patterns generated by a +2.00 D add ring in the DF model. For
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example, at the plane where the most myopic meridian of the distance correction is focused, the
least myopic meridian of the treatment optic was also focused generating two orthogonal line foci
(Figure 3), one generated by 2.00 D of defocus across the 6.0 mm pupil and one 2.00 D of defocus
across a 4.8 mm diameter annulus resulting in a cross that is 41 arc minutes horizontally and 33
arc minutes vertically. In this unique scenario, the resulting images have one meridian focused
by the distance correction optic and the perpendicular meridian focused by the treatment optic
(see simulated images for DF model at the anterior edge of the 10S in Figures 3 and 4). Similar
crossed images were observed experimentally when adding astigmatism to a multifocal model.!*

The simulated retinal images of optotype E’s (Figure 4) reveal that DF focus optics lower image
contrast, and that in the presence of 2.00 D of astigmatism images at the anterior end and center
of the IOS contain light focused at both horizontal- and vertical meridians (see discussion above),
enabling both horizontal and vertical contours in the image to appear focused. The reduced blur
at the center of the IOS observed in the DF images with 2.00 D of astigmatism reflects the smaller
distance optic CZ (3.3 mm diameter) being defocused by ~1.00 D relative to the 6.0 mm and 4.8
mm diameters in modeled SV optics. Equation 3 predicts this, showing that defocus blur will
scale with aperture size. This calculation highlights the concept of a “virtual pinhole” created
when only a small central region is involved in generating the distance image (while the
surrounding optic is defocused or highly aberrated). Although reducing the center-zone will
reduce blur from any uncorrected astigmatism and thus expand the depth of focus, reducing the
size of the distance correction optic will also lower image contrast.** Such virtual pinholes,
therefore, reduce the impact of but do not correct the astigmatism and are accompanied by
generally lowered image contrasts.

The lens-only model (Figure 5) creates a monotonic decline in contrast with increasing levels of
astigmatism in both the SV and DF models. At low spatial frequencies (lower than 3 cpd) image
modulation in the DF model is dominated by the contrast lowering effects of the dual focus optics,
but at frequencies greater than 3 cpd, additional decreases in contrast are created by uncorrected
astigmatism. The expected large difference in MTFs for the SV and DF models with zero
astigmatism (Figure 5) became more similar when the aberrated eye optics were added to the
model (Figure 6). With levels of astigmatism >1.00 D the image contrasts in the SV and DF
models were almost the same in the presence of ocular HOAs (Figure 7).

If the need to correct astigmatism is based upon the relative reduction in image quality, eyes with
SV corrections may require corrections for lower levels of astigmatism. However, if the need for
a toric correction occurs when astigmatism causes image quality to drop below some criterion
level (e.g. that needed to read standard text), the need for toric corrections may occur with the
same astigmatism magnitude in eyes with SV or DF corrections because the MTF values observed
in the SV and DF models with astigmatism >1.00D and ocular HOAs are very similar (Figure 7).
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Experimental studies showing that uncorrected astigmatism has similar detrimental visual effects
in eyes with multifocal corrections as observed in eyes with SV corrections®>3¢44¢ are consistent

with astigmatism corrections being driven by resulting absolute image quality.

The present modelling suggests that eyes fit with DF lenses (as used for myopia control) should
not be expected to be immune from the detrimental effects of uncorrected astigmatism.
Accordingly, these findings suggest that astigmatic eyes fitted with dual-focus contact lenses can
derive visual benefits from toric correction comparable to astigmatic eyes fit with single vision
corrections.
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Appendix

Table 1. Zernike coefficients for a 22 y.o. subject, corresponding to a 4.8 mm pupil diameter. The label “variable”
indicates that the value of these coefficients changed with the magnitude of cylinder (C2-2 and C22) and the plane
of focus of the interval of Sturm (C20).

TERM ABERRATION NAME V?:ﬁ?
c(e, 0) 0.0000
c(1,-1) 0.0000
c(1, 1) 0.0000
c(2,-2)

c(2, 0) VARIABLE
c(2, 2)

c(3,-3) -0.0203
c(3,-1) 0.1056
c(3, 1) -8.0572
c(3, 3) 0.0958
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