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1. Introduction

Abstract

Purpose: High sampling density optical metrology combined with pupil- and
image-plane numerical analyses were applied to evaluate a novel spectacle lens
containing multiple small zones designed to slow myopia progression.

Methods: High-resolution aberrometry (ClearWave, www.lumetrics.com) was
used to sample wavefront slopes of a novel spectacle lens, Defocus Incorporated
Multiple Segments (DIMS) (www.hoya.com), incorporating many small, posi-
tive-powered lenslets in its periphery. Using wavefront slope and error maps, cus-
tom MATLAB software (‘Indiana Wavefront Analyzer’) was used to compute
image-plane point-spread functions (PSF), modulation transfer functions (MTF),
simulated images and power distributions created by the dual-focus optic for dif-
ferent pupil sizes and target vergences.

Results: Outside of a central 10 mm zone containing single distance optical
power, a hexagonal array of small 1 mm lenslets with nearest-neighbour sepa-
rations of 0.5 mm were distributed over the lens periphery. Sagittal and cur-
vature-based measures of optical power imperfectly captured the consistent
+3.50 D add produced by the lenslets. Image plane simulations revealed mul-
tiple PSFs and poor image quality at the lenslet focal plane. Blur at the dis-
tance optic focal plane was consistent with a combination of diffraction blur
from the distance optic and the approximately +3.50 D of defocus from the
1 mm diameter near optic zones.

Conclusion: Converging the defocused beams generated by the multiple small
(1 mm diameter) lenslets to a blurred image at the distance focal plane produced
a blur magnitude determined by the small lenslet diameter and not the overall
pupil diameter. The distance optic located in between the near-add lenslets deter-
mines the limits of the optical quality achievable by the lens. When compared to
the optics of a traditional concentric-zone dual-focus contact lens, the optics of
the DIMS lens generates higher-contrast images at low spatial frequencies (<7
cycles per degree), but lower-contrast at high spatial frequencies.

environmental control,” pharmaceutical drops,® optical
manipulations that introduce multifocal optics” or con-

Prevalence of myopia has been increasing globally,' and in
select East-Asian populations can exceed 95%.>° High
levels of myopia are associated with significantly elevated
risk of developing retinal complications, potentially leading
to severe visual impairments in later life.* Therapeutic
interventions have been developed that include

trast-attenuation filters.'

A novel dual-focus (bifocal) spectacle lens, which
includes discrete, positive-power lenslets on its surface''
has been employed as a myopia control device,'* showing a
certain degree of success. We have examined the imaging
properties of this Defocus Incorporated Multiple Segments
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(DIMS) lens (www.hoya.com), the design of which is
unique in the field of ophthalmic dual-focus lenses, which
are generally included in contact lenses'>'*
lenses.'>'® Precursor dual-focus lenses designed for presby-

or intraocular

opes and pseudophakic eyes distribute distance and near
optical corrections into different geographic zones across
the lens and hence across the eye’s pupil,'” and work by
creating a high-quality image when either the distance or
near optic is focused on the retina.'*'® To create a near
image, the optics of each near zone must create a single
focused image (Figure la). The new DIMS spectacle lens
employs a zonal structure containing small, circular
(=1 mm diameter) lenslets, each containing add power,
but images from each individual lenslet do not converge to
create a single image in the focal plane corresponding to
the add power (Figure 1b), but rather multiple separate
images.'" The present investigation examined the optical
and imaging ramifications of this novel lens design.

2. Methods

A high-resolution single-pass Shack-Hartmann aberrometer
with a 540 nm light source (ClearWave, www.lumetrics.com)
was used to sample wavefront slopes every 104 microns'’
across a 10 mm aperture. Local integration methods were
used to compute wavefront error maps of the pupil,”
which were exported for analysis with custom imaging
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software (Indiana Wavefront Analyzer, IWA) running in
MATLAB™  (https://www.mathworks.com/products/mat
lab.html). Wavefront slopes across a 9.3 mm measurement
aperture were measured in one central, and two peripheral
regions of a sample DIMS lens with distance correction of
—0.50 D (Figure 2).

Wavefront error maps were corrected for astigmatism
and prism, and local horizontal and vertical wavefront
slopes were obtained from the wavefront by means of
numerical differentiation. Sagittal power at each point in
the pupil was computed by dividing radial wavefront slopes
by radial distance from the pupil centre (dW/dr)/r.>' Power
was additionally calculated using the local curvature of the
wavefront (W, /dx* + dZWJ,/dy2 )/2.22 Fourier Transforms
of the pupil functions were used to compute point-spread
functions (PSFs) and modulation transfer functions
(MTFs) in the image plane. Simulated images were com-
puted by convolution.*

3. Results

Both visual inspection and wavefront metrology reveal a
central lenslet-free region of approximately 10 mm, sur-
rounded by an annular region containing lenslets 1 mm in
diameter arranged in a triangular array with nearest neigh-
bour centre-to-centre distance of approximately 1.5 mm
giving a coverage factor of approximately 40% (Figure 2).
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Figure 1. Schematic ray tracing of zonal bifocal lenses showing destinies of individual ray bundles passing through the near add zones (blue rays) and the
distance base optic (yellow rays) being focused, respectively, at £, (add) and , (distance). Lens design (a) shows a traditional zonal bifocal design, with a sin-
gle focus at each focal plane, and (b) shows the novel focusing pattern of add zones that converge to a single blur pattern at the distance focal plane, but

create multiple individual foci at the near focal plane.
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(b)
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CF = (¢/r)’ X max coverage.
CF =0.44 x 0.91 = 40%.

Figure 2. Geometry of the DIMS spectacle lens. (@) 1 mm diameter circular lenslets are arranged in a hexagonal pattern spaced along the primary
meridian by centre-centre distances of 1.5 mm resulting in nearest neighbour separations of 0.50 mm (b). Three large circles in Figure 2a represent
three 6.0 mm diameter locations on the DIMS lens that were sampled for optical analyses. Each 6.0 mm sample includes the corresponding radial
wavefront slope maps sampled using a single-pass Shack-Hartmann aberrometer. CF stands for coverage factor, which is equal to the square of the
ratio between the lenslet diameter and lenslet separation, multiplied by the maximum coverage factor (0.91) when said ratio is equal to 1.

(a) Meridional Slope [mrad]

6.0 mm

(c) Vergence [D]

(b) Wavefront Error [um]

(d)  Curvature [D]

Figure 3. Wavefront slope (a), Wavefront error (b), Sagittal Power (c) and Curvature Power (d) maps from the 6.0 mm sample located in the DIMS

lens peripheral region.

Example radial wavefront slope (mrad), wavefront error
(microns), sagittal power (dioptres) and local curvature
power (dioptres) are shown over a 6.0 mm analysis pupil
centred in a region fully populated with the I mm diameter
lenslets from a DIMS lens with a distance power of
—0.50 D and power in the add zones of +3.00 D
(Figure 3a-d). The wavefront slope changes across each
1 mm diameter lenslet are quite uniform (Figure 3a) with
an edge-to-edge slope difference of 1.5 mrad, consistent
with the expected +3.00 D of positive power in each lenslet.

When utilising the aforementioned radial ‘slope/r’ calcu-
lation to obtain sagittal power, only the central lenslet

power is correctly reported (+3.00 D, Figure 3c), while the
base power of —0.50 D is observed across the full measure-
ment aperture. At the same time, powers of lenslets not
centred on the measurement pupil are all underreported,
which is anticipated because whereas the radial wavefront
slopes within each lenslet are almost identical (Figure 3a),
the distance from centre r increases, resulting in the
decrease in calculated power. When power is calculated by
the local curvature of the wavefront (obtained by calculat-
ing the second derivative of the wavefront), each lenslet
power is correctly reported (Figure 3d). However, this
method evaluates differences in local slopes, and reports
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Figure 4. Point Spread Functions (PSFs) and simulated images of high contrast letter E targets (20/60 and 20/20) computed for a range of target ver-
gences (values indicated above each panel) centred on the TVs required to focus the near (left) and distance (right) optics. Pupil diameter = 6.0 mm,
sampled aperture fully within the peripheral lenslet region of the DIMS spectacle lens (see Figure 2a).

anomalous powers at the margins of each zone (note the
dark blue ring indicating highly negative powers at the bor-
ders of the lenslets). The —6.00 D ring observed in the cur-
vature power maps is not present in the optical design, and
is an artifact created because sampled rays just inside and
just outside of each lenslet will diverge relative to each
other. The above analysis reveals the challenges of accu-
rately reporting power of lenslets in the DIMS lens.

Image plane calculations do not require a power determi-
nation, but instead employ a Fourier Transform of the pupil
function (wavefront error map across the pupil,®* Figure 3b).
Figure 4 shows sample PSFs and simulated images of 20/20
and 20/60 high contrast letter E’s for a 6.0 mm pupil
sampled from within the area of the DIMS lens completely
covered by lenslets, while Figure 5 shows the same for a
pupil that is approximately 50% covered by lenslets.

PSFs at and near to the distance focus (Figures 4 and 5,
right panels) are small with sufficient image quality at the

focal plane to image a 20/20 character. By contrast, the
multiple individual PSFs superimposed on the large blur
from the distance optic seen at and near the near lenslet
focal plane (Figures 4 and 5, left panels) lead to low con-
trast and multiple repeated images. As the image plane
moves farther from the distance optical focal plane, the
image quality generated by the large aperture distance optic
decreases rapidly, and the distance optic blur pattern
expands in diameter becoming large at the near optic focal
plane (Figures 4 and 5, left panels).

Blur associated with the 1 mm diameter lenslets remains
dominated by diffraction over the 1.00 D range of defocus
(Figures 4 and 5, left panels), and the array of lenslets
within the measurement aperture generate an array of spa-
tially separated PSFs as predicted from the schematic in
Figure 1b. The simulated retinal images around the near
focal plane of the lenslets reveal multiple repeated images,
each with reduced contrast because each lenslet contributes

distance focused
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Figure 5. Point Spread Functions (PSFs) and simulated images of high contrast letter E targets (20/20 and 20/60) computed for a range of target ver-
gences (values inset in each panel) with zero being the target vergence that focused either the distance optic (right). Pupil diameter = 6.0 mm for an
aperture that was partially (~50%) covered by the lenslet region of the DIMS spectacle lens (see Figure 2a).

4 © 2020 The Authors Ophthalmic & Physiological Optics © 2020 The College of Optometrists



M Jaskulski et al.

M Diffraction
80

60

40

Modulation [%]

20

Spatial frequency [c d~!]

Figure 6. MTFs computed when the distance optic is focused for both
the DIMS multi-zone spectacle lens (blue lines) and the MiSight multi-
zone contact lens (green lines). For each lens, MTFs were computed for
pupil diameters of 4.0 mm, 6.0 mm and 8.0 mm. Full aperture diffrac-
tion limited MTFs are shown for comparison (grey lines). The comparison
MiSight lens has a ‘centre-distance’ optic surrounded by annular zones
containing +2.00 D add power (zones 2 and 4), and a second distance
optic (zone 3), with outer diameters of approximately 3.3 mm, 4.9 mm,
7.1 mm and 8.9 mm, respectively.?®
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Figure 7. MTFs for the isolated distance and near components of a
DIMS lens. The focused isolated distance (base) and near (lenslet) optics
are represented by solid and dashed blue lines, respectively and the cor-
responding defocused optics by dotted and dot-dash lines, respectively.

only (1/6)* of the light in the image. Image quality at the
distance optic focal plane is approximately diffraction lim-
ited for an analysis pupil centred on the DIMS centre lack-
ing any lenslets (data not shown), and when the lenslets
populate about 50% of the measurement pupil (Figure 5)
the distance focal plane image quality is superior to that
achieved when the full pupil is populated with lenslets
(Figure 4).

DIMS lens imaging properties for myopia control

Quantitative analysis of the image quality generated at
the distance optic focal plane of the DIMS lens region fully
populated by lenslets was performed using MTFs
(Figure 6). Diffraction blur for a single focal power optic
(grey lines) changed significantly over the 4-8 mm pupil
diameters. However, the real MTFs (blue lines) remained
similar for each pupil size, revealing a significant drop in
image modulation between zero and 20 cycles per degree
(cd™) and an increase in image modulation around
45 cd™'. This pupil size independence is quite different
from that seen with more traditional zonal bifocal designs
(e.g. Figure 6 green lines).

Image contrast at each of the focal planes of a traditional
zonal bifocal lens is determined jointly by the significant
diffraction blur created by the segmented and potentially
narrow annular apertures, and the amount of defocused
light contributed by the out-of-focus optics.'* In the case
where the apertures creating the focused image are small
(e.g. narrow annular apertures in a concentric zonal bifocal
lens), the focused MTF includes a drop at low spatial fre-
quencies due to diffraction at the small sub-aperture size
(width), but the total bandwidth is determined by the sum
of local sub apertures (e.g. total diameter of the annular
zone).'* Since in the DIMS design the gaps between near-
est-neighbour lenslets containing the distance optic are
only 0.5 mm (Figure 2b), a drop in the MTF paralleling
that created by a 0.5 mm diameter pupil (dropping to zero
at about 15 ¢d™!) contributes to the reduced modulation
at low spatial frequencies at the distance optic focal plane
(Figure 6). The increase in image modulation seen at higher
spatial frequencies mirrors the effect seen in the diffrac-
tion-limited MTFs of a thin, annular-aperture lenses.'*
Also, the approximately +3.50 D defocus created by the
multiple lenslets generates a localised defocused image at
the distance focal plane (Figure 1b). Using Smith’s equa-
tion to predict blur circle size (B =PD) a blur of 0.2 degrees
is predicted, which will create an MTF that drops to zero at
about 6 cd™'.*® Therefore, diffraction from the focused
distance optic and defocus of the near optic are both con-
tributing to the drop in the MTFs over the range of approx-
imately 0-15 cd™".

MTTFs reveal higher contrast generated with small pupils
when imaging through the centre of a traditional, zonal,
dual-focus lens (Figure 6, green lines, this model contains a
3.3 mm diameter distance optic centre zone). With pupil
sizes large enough to include both the distance and near
optics of the traditional zonal bifocal lens, the distance
optic’s focal-plane MTFs are attenuated by the amount of
defocused light created by the near optic. When comparing
these two lens designs, one can see that the DIMS design
produces higher modulation below 5-8 cd™', but lower
image modulation above 10 ¢d ™. In terms of image forma-
tion, this result would translate to images with higher
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Figure 8. Wavefronts and images generated by the combined distance and near optics, and each optic isolated, were computed at the near optic
focal plane (left three panels) and distance optic focal plane (right three panels). The top panels show the wavefront error maps, and middle and bot-
tom panels show images of PSFs and 20/20 together with 20/60 letter E's, respectively. At the near focal plane, the PSFs generated by the near optic
are a series of spatially-separated diffraction-limited points, whereas the out-of-focus distance optic generates a familiar large blur circle, but with
areas absent due to the masking out of the lenslets. The out-of-focus but converged near optic lenslets create a series of localised diffraction limited

PSFs in their focal plane (see schematic in Figure 1b).

contrast, but more blur generated by the DIMS lens com-
pared to the traditional zonal bifocal design, which has
much greater blur created by the near add zone, but a higher
quality focused image generated by the distance optic.

The image quality at both distance- and near-image
planes results from the combined impact of an array of
near add power lenslets and a distance optic that exists at
all locations other than the lenslets. Therefore, we examined
the optical quality provided by each contributing optic
(Figure 7). For example, the MTFs generated by the focused
distance optic aperture drop below 40% at 25 cd™', but
increase to >40% at 45 ¢ d~'. The defocused lenslet images
(which approximately superimpose at the distance focal
plane, Figure 1b) produce an MTF which drops to zero at
about 9 cd™!, as predicted from simple geometrical optics.
The resulting MTF (Figure 6) is therefore a 60/40 weighted
combination of the two-component optical MTFs seen in
Figure 7. At the near focal plane, the resultant image is a
combination of that produced by the 3.50 D defocused dis-
tance optic and the focused near optic generating multiple
images. Both component MTFs are shown in Figure 7, nei-
ther yielding high image quality.

The wavefronts used to generate the images for each
component optic are shown in the upper panels of Figure 8,
and the resulting images of a point source and small letter
E’s are shown in the middle and bottom panels, respec-
tively. The three left panels in Figure 8, labelled ‘near
focused’, were computed for the near optic (lenslets) focal
plane, whereas the three right panels, labelled ‘distance

focused’, were computed for the distance (base optic) focal
plane. The wavefront error map of the distance optic at its
own focal plane is quite flat and dominated by spherical
aberration (‘distance focused, base only’ panel in Figure 8),
whereas the wavefronts of each small lenslet optic are highly
curved due to the 3.5 D of defocus (‘distance focused, lens-
lets only’ panel in Figure 8). On the other hand, at the near
optic focal plane there is no local curvature in the wave-
fronts of each lenslet (compare the ‘lenslets only’ panels for
both ‘near focused’ and ‘distance focused’ conditions). The
significant negative curvature in the base optic wavefront is
observed at the near optic focal plane in the wavefronts of
both the distance and near optics (see the ‘near focused,
base only’ and ‘near focused, lenslets only’ panels). If the
DIMS was a traditional bifocal lens, the wavefront error
maps within each lenslet region would be flat at their focal
plane, but the unique design of the DIMS lens retains the
wavefront slopes expected from the out-of-focus distance
optic across the pupil. Each lenslet introduces wavefront
curvature but retains the overall wavefront slope of the dis-
tance optic, and thus the global wavefront error map (‘near
focused, base + lenslets’ panel) in Figure 8 is retained in
both the distance and near optic sub-apertures.

4. Discussion

Traditional dual-focus or bifocal lenses designed to be worn
by presbyopic and pseudophakic eyes must be able to gen-
erate high-quality images at both the distance- and near-

6 © 2020 The Authors Ophthalmic & Physiological Optics © 2020 The College of Optometrists
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optic focal planes. However, because of the poor image
quality generated by the multiple separate PSFs associated
with each lenslet of the DIMS lens design at the near add
power focal plane (Figures 4b and 5b), the extra plus power
of the lenslets cannot be used to focus near targets. Since
dual-focus optics are now being used to successfully control
myopic eye growth in children”'* who have large amounts
of accommodation®’** which can be used to focus near
targets, high image quality at the add focal plane is unnec-
essary. The MTF analysis reveals that the DIMS lens design
can generate higher contrast images at low spatial frequen-
cies compared to the traditional bifocal design (Figure 6),
but because of the fragmented aperture of the distance
optic, diffraction limits its ability to generate high contrast
high spatial frequency images (Figures 6 and 7).

Earlier attempts to control myopic eye growth in
children with spectacle lenses were generally unsuccess-
ful.>>*' However, a study of the DIMS lens by its inven-
tors,'? revealed a 40% slowing of myopia progression over
two years. An ideal myopia control lens should not only
control the rate of progression of myopia, but also pro-
vide high quality visual performance when looking
through the distance optic. Our comparative analysis of
the MTF’s generated by the DIMS and a zonal bifocal
design (Figure 6) reveal higher contrast generated by the
DIMS design, but better spatial detail imaged by the con-
centric zonal design. The main advantage of the DIMS
lens, therefore, other than it being a spectacle design, is
that the image demodulation generated by the array of
multiple 1 mm diameter lenslets (Figures 4-8) will be
absent for a child viewing through the 10 mm central
region of the spectacle lens, which lacks the lenslets. The
image demodulation introduced by the multiple lenslets
in the DIMS design (Figure 6) will, therefore, likely be
manifest primarily in the peripheral retina. Recent studies
in monkeys have shown that the optical characteristics of
the peripheral retinal image can control myopic eye
growth.”? The optical results of the DIMS lens in the pre-
sent study align with this myopia control theory, with the
lens providing clear central vision while inducing optical
defocus peripherally. Other spectacle lenses designed for
myopia control also restrict the image manipulation to
the lens periphery™ as do zonal dual-focus contact lenses
where the central zone (e.g. approximately 3.3 mm in the
MiSight lens, see Figure 6) is surrounded by an annular
add zone, which contributes significantly to peripheral

: s 34,35
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