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Methods: Pupil size, aberration levels and accommodative lag were adjusted for
Funding information models viewing stimuli at 400, 100, 33 and 20 cm. Distributions of defocus across
None. the pupil and simulated retinal images were obtained. An equivalent 16-point let-
ter was imaged at near viewing distances, while a 0.00 logMAR (6/6) letter was
imaged at 400 cm. Multi-zone lenses included those clinically utilised for myopia
control (e.g., dual-focus, multi-segmented and aspherical optics).

Results: Viewing distance adjustments to model spherical aberration (SA) and
pupil radius resulted in a model eye with wider defocus distributions at closer view-
ing distances, especially at 20 cm. The increasing negative SA at near reduced the
effective add power of dual-focus lenses, reducing the amount of myopic defocus
introduced by the centre-distance, 2-zone design. The negative SA at near largely
compensated for the high positive SA introduced by the aspheric lens, removing
most myopic defocus when viewing at near. A 0.50 D accommodative lag had little
impact on the legibility of typical text (16-point) at the closer viewing distances.
Conclusions: All four multi-zone lenses successfully generated myopic defocus
at greater viewing distances, but two failed to introduce significant amounts of
myopic defocus at the nearest viewing distance due to the combined effects of
pupil miosis and negative SA. Typical 16-point type is easily legible at near even in
presence of the multi-zone optics of lenses utilised for myopia control and accom-
modative lag.
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INTRODUCTION

The prevalence of myopia has been steadily increasing
in recent years, affecting approximately 33% of the US
population,' and over 90% of children and young adults
in regions of East and Southeast Asia.>™ Several optical
interventions, including bifocal and progressive addi-
tion spectacles,6 dual and multifocal contact lenses”® and
more recently, multi-segmented spectacles®'® have been
used in an effort to slow myopia progression by introduc-
ing myopic defocus into the eyes of progressing myopes.

Multi-zone optics must balance the requirement for
high quality vision with the need to introduce myopic de-
focus (treatment effect). Multi-zone optics have attained
high quality distance vision in presbyopic and pseudopha-
kic eyes,"™" and similar results are observed in young
adults'® and children®'""® fitted with multi-zone lenses.
However, because of accommodative Iags,19 shifts of oc-
ular spherical aberration from positive to negative®® and
varying degrees of pupil miosis*’ which may occur with
accommodation during near viewing, the optical impact
of multi-zone lenses is susceptible to change with viewing
distance. Also, some multifocal designs have been shown
to reduce accommodation whereas eyes fitted with a dual
focus lens showed normal accommodation.?? Can multi-
zone lenses, such as those that are clinically used for my-
opia control, achieve the joint goals of introducing myopic
defocus and retaining high quality vision over the range
of viewing distances commonly encountered by children?

The present study used optical modelling to examine
systematically the refractive state distribution and image
quality in optical models of children's eyes, taking into ac-
count accommodative lags, viewing distance dependent
changes in pupil sizes and spherical aberration. Optical
properties of eyes alone and those fitted with multi-zone
lenses were compared.

METHODS
Model parameters

An optical model of the accommodating child's eye based
on its wavefront error (WFE) was developed to examine the
impact of changing pupil size, monochromatic aberrations,
accommodative error and angular size of viewed stimuli that
accompany near viewing. Ex-vivo wavefronts for four differ-
ent multi-zone lenses measured using a validated, single-
pass Shack-Hartmann aberrometer (ClearWave, Lumetrics,
lumetrics.com)®> were added to the modelled children's eyes
to assess their refractive and imaging effects.

Viewing distances favoured by children vary with age,
height, type of visual task and arm length (Harmon dis-
tance),®* but reading distances are typically between
33 and 20 cm.>>8 Viewing distances of 400, 100, 33 and
20 cm were included in our model (Table 1). Images of
an upper-case, non-serifed letter E were computed for

Key points

+ Multi-zone lenses may generate myopic defocus
at greater viewing distances yet fail to introduce
significant myopic defocus at the nearest view-
ing distance due to pupil miosis and negative
spherical aberration.

+ The presence of multi-zone optics does not im-
pair the legibility of typically encountered 16-
point type at near.

« Knowledge of a child's accommodative be-
haviour, spherical aberration and pupil miosis
associated with near work may aid optical treat-
ments to slow myopia progression.

letters subtending 5 arc minutes (0.00 logMAR (6/6) letter)
at 400 cm, and for text size typically encountered in chil-
dren's books,?’ 16-point type (2 M) letters,?® which sub-
tended 10, 30 and 50 arc minutes at 100, 33 and 20 cm,
respectively.

Kirwan et al.?® reported higher order aberrations
(HOA) from 162 unaccommodated eyes of 82 children
(ages 4-14) for a 6 mm pupil diameter. Their abso-
lute mean Zernike coefficient (up to 5th order) with
signs matching the arithmetic mean were included in
our model scaled to the model pupil sizes. Studies of
children show that as the eye accommodates, pupil
size decreases®’ and spherical aberration becomes
increasingly more negative.?® We used currently un-
published laboratory data obtained from 16 myopic
children (aged 8-13 years) viewing 0.30 logMAR (6/12)
letter targets over six distances (between 400 and
20 cm) to model the viewing distant dependent spher-
ical aberration and pupil size. Data were collected on
right eyes with binocular viewing of the letter targets
on an iPhone (Apple, apple.com), using a double pass
pyramidal wavefront aberrometer (Osiris, CSO, csoita-
lia.it). A mixed quadratic model was used to predict
spherical aberration (C4°) values for natural pupil radii
of 3.32, 3.48, 3.47 and 2.81 mm of +0.13, +0.02, —0.17
and —0.26 um, respectively, for viewing distances of
400, 100, 33 and 20 cm (Table 1). These values repre-
sent averages observed when children viewed stimuli
over target vergences (TV) between —0.25 and -5.00 D
with natural pupils. Actual accommodation levels var-
ied slightly between eyes due to varying levels of ac-
commodative lag, and we have employed the average
observed SA levels for both the accurate and lagging
eyes as representative of average SA experienced by
children at these TV. Image quality is affected by even
small amounts of defocus. Defocus due to accommo-
dative lag is common, and has been reported either to
be less than 0.50 D*'? or reach up to 2.00 D in myopic
children.' However, 0.50 D of lag is typical for children
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TABLE 1 Model parameters used for an accommodating child's eye
Viewing distances 400 cm 100 cm 33cm 20cm
Pupil radii 3.32mm 348 mm  347mm  2.81mm
Spherical aberration  +0.13um  +0.02pm —0.17 pm —0.26 pm

A mixed quadratic model was applied to our laboratory's previously collected
data in children (n = 16) to predict natural pupil sizes and spherical aberration for
corresponding viewing distances.

viewing near targets.'” Thus, we compared images for
optimally focused model eyes (details explained in
Data Analysis) with the same models experiencing 0.50
D of typically encountered accommodative lag.

Four commercially available multi-zone lenses (three
contactlenses and one spectacle lens) were included in the
model: MiSight 1 day (CooperVision, coopervision.com);
Biofinity Multifocal centre-distance (CD) (CooperVision,
coopervision.com);  NaturalVue  Multifocal 1 Day
(Visioneering Technologies, vtivision.com) contact lenses
and Defocus Incorporated Multiple Segments (DIMS) spec-
tacle lenses, currently marketed as MiYOSMART>3 (Hoya
Vision, hoyavision.com) (Figure 1), all of which have been
either employed (on- or off-label) or investigated as po-
tential myopia control interventions.”®'%'834 MiSight 1 day
is a dual-focus contact lens approved by the US Food and
Drug Administration (FDA) for controlling myopia progres-
sion in children.®® Biofinity Multifocal CD and NaturalVue
Multifocal 1 Day are contact lenses designed for the treat-
ment of presbyopia, but are also clinically used off-label
for myopia control.”** DIMS is a dual-focus spectacle lens
designed for myopia control in children.'”'®3* ClearWave-
measured wavefronts from each lens were individually
added to the modelled child's eye wavefront in the pupil
plane using proprietary analysis software - Indiana
Wavefront Analyzer (IWA) written in MATLAB (MathWorks,
mathworks.com). Contact lens models assumed complete
contact lens conformation.'*3®

Data analysis

As some multi-zone lenses contain distance viewing optics
centrally, and others near viewing optics centrally, this re-
quires careful determination of optimal focus as entered
into the model. Optimum focus for the “eye alone” model
and “eye + lens” model corresponding to the aspheric
NaturalVue Multifocal 1 Day lens was determined by iden-
tifying the over-correction that maximized the visual Strehl
ratio based on the optical transfer function (VSOTF) image
quality metric.*’ For comparison, three additional focus
strategies were employed. One that minimized wavefront
root mean square error (RMSE), i.e.,:

minRMS refractive state (D) = (— 4. /3. c/rR> ()

Two additional refractive states were considered. One
that focused the eye paraxially, where

Paraxial refractive state (D) = (— 4. /3. 9 +12. \/5. C9)/R?
(2)

and one that focused the pupil margins:

Marginal refractive state (D) = ( — 4. V/3. 912 \/5. C9)/R?
3)

where R is pupil radius in mm and C" are the Zernike coeffi-
cients of the measured wavefront in micrometres.*

For the two other contact lenses (MiSight 1 day and
Biofinity Multifocal CD), the “eye + lens” models were fo-
cused by setting the mean defocus of either the centre
zone (distance zone focus) or the first annular zone (treat-
ment/add zone focus) to zero by adding appropriate Cg to
the model. For treatment/add zone focus, there is no ac-
commodative behaviour that would allow the add zone
to be focused at target vergences more distant than the
add power of the lens; hence, only the results from the
two nearer target vergences (TV = —3.00 and —5.00 D) are
shown. For an eye viewing through the peripheral optics
of the DIMS spectacle lens, the distance optic was focused
(minRMS).

In an optimally focused eye with aberrations, and even
more so in the same eye wearing a multi-zone lens, there
can be a wide range of refractive states at different loca-
tions in the pupil.*® Using either the “(wavefront slope)/r”
calculation for sagittal refractive state or a refractive state
calculated from local curvature,*® we computed local re-
fractive state at each pupil sampling point, and from these
refractive state maps we computed the distributions of
defocus present in the modelled child's eye, taking into
account the Stiles-Crawford effect and diminishing the ef-
ficacy of light rays further away from the pupil centre*"*
using the equation:

Defocus = refractive state (RS) — target vergence (TV)  (4)

Following Equation (4), myopic defocus is accompanied
by a negative sign and hyperopic defocus by a positive sign.
The defocus distributions quantify the magnitude of the
myopic defocus “stop signal”, or conversely, the hyperopic
“grow signal”. The “eye alone” or “eye + lens” WFE maps
were used to compute image plane point spread functions
(PSF) and corresponding optical transfer functions (OTF).
The product of these OTF and the Fourier transform of the
visual stimuli were computed to obtain the simulated reti-
nal image by means of an inverse Fourier transform.*

RESULTS
Model eye
The majority of the light entering through the pupil of an

aberrated eye is to a greater or lesser extent defocused,*
and due to spherical aberration (SA), the refractive state at
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FIGURE 1

Ex-vivo, aberrometer measured power maps of four myopia control lenses. (a), (b) and (d) represent sagittal powers maps for MiSight

1 day, Biofinity Multifocal centre- systematically distance (CD) and NaturalVue Multifocal 1 Day contact lenses, respectively, whereas (c) represents
the curvature power map of the peripheral region of a Defocus Incorporated Multiple Segments (DIMS) spectacle lens. The red and blue triangles on
the colour bar scale indicates the measured distance and add power, respectively. Note that these measured powers served as the basis for optical

modelling as opposed to the nominally labelled powers on the packaging

the pupil centre can differ from that at the pupil margin
by more than 2.00 D.*® Significantly, the defocus created
when focusing a specific region of the pupil will vary with
viewing distance because SA may change magnitude and
sign with accommodation.?® The interaction between the
computational focusing strategy and resulting defocus dis-
tributions are compared in Figure 2 for the accommodat-
ing model child's eye viewing stimuli at 400, 100, 33 and
20 cm (target vergences of —0.25, —1.00, —3.00 and —5.00
D, respectively). The resulting defocus distributions are
similar for children's eyes, accommodating for TV of —0.25,
—1.00 and —3.00 D, revealing a peak at or near zero when
defocus is adjusted to maximise image quality (Figure 2b,
Optimum IQ focus), and the majority of the pupil generates
defocus of <0.50 D. Notably, for the model eye accommo-
dating to a 20 cm target, the elevated levels of negative SA

cause a much wider spread of the refractive distribution,
with 36% of the pupil being defocused by >0.50 D even
when optimally focused. Comparison of the optimum
focus distributions with paraxial and minRMS focus reveals
that optimum focus is achieved by focusing between these
two standard choices of focus, as has been reported for
adult eyes.** In the presence of considerable negative SA,
the paraxial focusing strategy generated large amounts of
hyperopic defocus, especially for the 20 cm accommodat-
ing model, whereas with marginal focus large amounts of
myopic defocus were generated. For an eye with positive
SA, accommodative lag will tend to focus the pupil mar-
gins, whereas with negative SA, accommodative lag will
shift focus towards the pupil centre. Marginal and to a
lesser extent paraxial focus resulted in significant levels of
defocus when SA levels are high (Figure 2¢, d).
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FIGURE 2

employing different focusing strategies>"®

The impact of these four focusing strategies on the ac-
commodating child's eye, either with or without a 0.50 D
accommodative lag, is revealed by the PSF and simulated
retinalimages in Figure 3. In the presence of larger amounts
of negative SA, the hyperopic defocus contributed by lag
improved IQ in a model otherwise marginally focused, but
lags created increased blur when hyperopic defocus domi-
nated, e.g., when added to an otherwise paraxially focused
eye. In spite of the varied levels of blur generated by these
eight models (four focusing strategies, each with and with-
out the lag), the 16-point type character was easily recog-
nizable when viewed at both near distances (33 and 20 cm)
even with the increased defocus (Figure 2) and blur (see
PSF, Figure 3) at these near distances.

Note that the letter E at 400 cm subtends 5 min of arc
(analogous to 0.0 logMAR) whereas at distances of 100,
33 and 20 cm it subtends 10, 30 and 50 min of arc, respec-
tively; analogous to a child viewing 16-point type at cor-
responding near viewing distances. All images shown are
square plots, PSF ranging from —15 to +15 min of arc, and
the simulated retinal image ranging from —35 to +35 min
of arc. For 400 and 100 cm viewing distances where the
simulated images are small, the background was filled with
white. The same conventions apply to the remaining sim-
ulation figures.

Model eye + MiSight 1 day lens

The MiSight 1 day dual-focus lens includes a distance cor-
rection in the centre zone surrounded by the first annular

Impact of optics of an accommodating model child's eye. Defocus distributions at four target vergences (step size 0.125 D)
are shown. Defocus equals refractive state minus target vergence

treatment ring (treatment zone), a second annular distance
zone and finally a second annular treatment zone with cor-
responding diameters of approximately 3.40, 4.80, 6.80
and 8.80 mm, respectively14 (Figure 1a). The two image
planes generated in a non-lagging eye are shown sche-
matically in Figure 4a. The defocus distributions for an
“eye + lens” model that has been focused for the centre
zone (CZ) distance optic (Figure 4b) revealed a second peak
at about —2.00 D (myopic defocus). This is as expected from
the +2.00 D added to the treatment zones (Figure 1a) for
this lens. The large amount of negative SA in the —5.00 D
TV model reduced the effective power within the treat-
ment zone, resulting in the shift of this peak towards less
myopic values (between —1.00 and —1.50 D). If a child used
the +2.00 D power added in the treatment zones to focus
near targets, large amounts of hyperopic defocus would
be generated by the central and annular distance zone op-
tics (Figure 4c). However, there is no evidence children® or
young adults?? wearing MiSight lens actually use the power
in the treatment zones to focus near targets; although, the
recent study by Gifford et al. suggests the possibility of a
multifocal contact lens design to affect the accommoda-
tive behaviour in young adults.?

Figure 5 shows the PSF and simulated retinal images re-
vealing the impact of the MiSight 1 day lens on the model
eye focusing either the power in the distant or treatment
zones. For an eye focusing the distance zones, the PSF
was dominated by a well-focused, small central core sur-
rounded by a myopically defocused ring. This myopically
defocused ring was centrally enlarged, but surrounded by
a smaller myopically defocused ring in the presence of lag,
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FIGURE 3

Impact of optics of an accommodating model child's eye. Point Spread Functions (PSF) and simulated retinal images of letter E

computed for different viewing distances and employing different focusing strategies are shown as mentioned at the top. For each strategy, the

effect of typical lag (0.50 D) is shown

reducing the 1Q at 400 cm. Similarly, for an eye focusing
the treatment zones, the PSF was dominated by an imper-
fectly focused central core surrounded by a hyperopically
defocused patch from the defocused central zone. Also,
the negative SA at near (33 and 20 cm) counteracted some
of the myopic defocus created by the treatment zones
when focusing the distant zone resulting in a decrease in
the size of the blur annulus. As is expected from any dual
focus lens, the defocused light reduced the contrast of the
focused image, but the increased angular size of the image

at near viewing distances helped to retain the high legibil-
ity of the letter for both distant and treatment zone focus,
even in presence of an accommodative lag.

Model eye + Biofinity Multifocal centre-distance
(CD) lens

The Biofinity Multifocal CD lens is comprised of a single
distance zone in the centre (r = 1.80 mm) surrounded by a
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FIGURE 4 Impactof adding a MiSight 1 day contact lens to the accommodating model child's eye. (a) Schematic of a model child's eye

wearing a dual-focus contact lens, showing focal planes for the distance correction and add (treatment) zones when viewing a near target. Defocus
distributions using (b) distance focus at four different target vergences and (c) treatment zone focus at two near target vergences are shown. For
treatment zone focus, the data has shifted by the lens specified +2.00 D of additional power. Defocus equals refractive state minus target vergence

single add zone (Figure 1b). The bi-modal defocus distribu-
tions for an eye focusing with the distance zone (Figure 6a)
manifested a second peak at around —1.30 D for the —0.25
D TV, which gradually shifted to around —1.21 and —0.88 D
for —1.00 and —3.00 D TV, respectively, and was ultimately
lost for the —5.0 D TV. The maximum myopic defocus also
reduced from around —3.00 D at —0.25 D TV to <-1.00 D at
—5.00 D TV due to pupil miosis and the presence of nega-
tive SA at near. Alternatively, if an eye used the add zone to
focus, (Figure 6b), the majority of the defocus was shifted

towards hyperopia. The PSFs and simulated retinal images
calculated for the model “eye + lens” (Figure 7) exhibited a
well-focused central core surrounded by an aberrated skirt
when the distance zone was focused. At the nearest view-
ing distances (33 and 20 cm), the myopic defocus created
by the surrounding add zone was dioptrically reduced due
to negative SA, while also reduced its proportion of light
because of near pupil miosis. Both of these resulted in sig-
nificantly improved image contrast at the 20 cm viewing
distance.
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FIGURE 5

Impact of adding MiSight 1 day contact lens to the accommodating model child's eye. Point Spread Functions (PSF) and simulated

retinal images of a letter E are computed for different viewing distances for a model eye focusing either the distance zone or treatment zone as
mentioned at the top. For distance zone focus, the effect of typical lag (0.50 D) is also shown

Model eye + Defocus Incorporated Multiple
Segments (DIMS) lens

The DIMS spectacle lens includes a novel multi-segmented
optical design comprising of a central distance optic zone
(9 mm in diameter) surrounded by an annular zone in-
cluding multiple circular lenslets approximately 1 mm in
diameter and of relative positive (add) power of +3.50 D
(Figure 1c, inset Figure 8)."840 The defocus distributions ob-
tained for an eye viewing solely through the central (dis-
tance) zone (data not shown) are similar to the model eye
alone (Figure 2). Since the lenslets in the peripheral lens do
not share a common axis, but each directs rays toward the
distant optic focus,*° the standard sagittal power (“slope/r")
calculation does not reveal the extra +3.50 D of add power
in the lenslets (Figure 8a). However, when employing curva-
ture power*® (obtained from the wavefront using a discrete
Laplacian calculation) the myopic defocus introduced by the
lenslets can readily be seen (Figure 8b). However, the local
curvature method is a noise-prone measure of optical power
which generates spurious negative powers (up to —6 D) at
the lenslet margins (dark blue ring of high negative power at
the border of each lenslets, Figure 10).%° As a result, the defo-
cus distributions obtained using the local curvature method
show large amounts of myopic defocus at all TV, in line with

the previously published reports of the effective myopia
control nature of the lens.'”'® The anomalous negative pow-
ers at the margins of the lenslets was reflected as artifactual
hyperopic defocus (up to approximately 6 D) (Figure 8b) and
highlights the complexity of correctly reporting power of a
multi-segmented optical lens design.

Figure 9 shows the PSF and simulated retinal images of
the “eye + DIMS” model with a minRMS focus of the distant
optic while viewing through either the central or periph-
eral optics. As expected, the results of viewing through the
central zone (with or without lag) are comparable to corre-
sponding results of the model eye alone (minRMS focus).
When viewing through the surround zone, the individually
defocused PSF from the multiple lenslets superimposed on
the PSF of the model eye (minRMS focus) generated low
contrast images at 400 and 100 cm, but sufficient image
quality to ensure legibility of the 16-point letter at near
viewing distances (33 and 20 cm), both with and without
the 0.50 D lag of accommodation (Figure 9c¢, d).

Model eye + NaturalVue Multifocal 1 Day lens

The NaturalVue Multifocal 1 Day lens is characterised by a
smooth power profile over the central 6 mm pupil diameter
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FIGURE 6 Impact of adding a Biofinity Multifocal centre-distance (CD) contact lens to the accommodating model child's eye. Defocus

distributions using (a) distance focus at four different target vergences and (b) add zone focus (assuming +1.10 D add) at two near target vergences

are shown. Defocus equals refractive state minus target vergence

due to highly aspheric optics. This power profile can be
further characterised by a primary spherical aberration
coefficient (C4°) of approximately +0.50 um. The power of
this design abruptly changes at a radius of around 3.0 mm
such that the peripheral lens has a power closely match-
ing the lens centre (Figure 1d). The defocus distributions
for the “eye + NaturalVue” model are plotted in Figure 10
for the same four focusing strategies (minRMS, paraxial, op-
timum 1Q, and marginal) as used for the model eye alone.
However, unlike the eye alone, which generated a much
wider defocus distribution at the closest viewing distance,
the “eye + NaturalVue” model revealed wider distributions
at the greater viewing distances (400, 100 and 33 cm). It also
revealed a narrower defocus distribution at the 20 cm view-
ing distance, where: (a) the high negative SA of the model
eye (C40 = —0.26 um) counteracted the positive SA of the
lens (+0.42 um) and (b) the pupil diameter was smaller than
the lens aspheric zone. The positive SA of the lens remained
dominant at greater distances, generating significant
amounts of myopic defocus when optimally or paraxially
focused. However, this positive SA reduced myopic defo-
cus as the eye accommodated. Specifically, no significant
myopic defocus was observed for the model “eye + lens”
viewing at the closest distance of 20 cm. In contrast, the ma-
jority (>60%) of the defocus distributions at each TV were
hyperopic with minRMS focus. The defocus distributions for
the marginal focusing strategy which focused the edge of
the centre optics or the maximum add region of the lens,
resulted in the defocus distributions containing predomi-
nantly (>90%) hyperopic defocus at all TV (Figure 10d).

The PSF and simulated retinal images obtained for the
“eye + NaturalVue” model (Figure 11) were similar when
comparing each corresponding TV for both the paraxial
and optimum 1Q focusing strategies (Figure 11c—f), since
optimum focus is close to paraxial focus for an eye with
high levels of SA.** Image quality at 33 cm was most in-
fluenced by the focusing strategy and the accommodative
lag. However, at a viewing distance of 20 cm, the legibility
of the 16-point letter was retained for all focusing strate-
gies, even in the presence of the added 0.50 D accommo-
dative lag.

DISCUSSION

In this study, we used an optical model of an accommo-
dating child's eye, in which both pupil size and the level
of ocular SA changed with viewing distance, to assess the
impact of multi-zone lenses on the legibility of 16-point
type often encountered in children's literature.” Unlike the
traditional use of multi-zone lenses with presbyopic eyes,
in which the add power is used to aid focusing of near tar-
gets, multi-zone lenses in children aim to introduce myopic
defocus in the retinal image of accommodating young
eyes at all viewing distances.*’ In general, we found that
all four lenses were able to successfully introduce signifi-
cant myopic defocus without compromising legibility of
16-point type, even in the presence of plausible levels of
accommodative lag (modelled with 0.50 D lag). There were,
however, some exceptions to this general finding. The two
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FIGURE 7

Impact of adding a Biofinity Multifocal centre-distance (CD) contact lens to the accommodating model child's eye. Point Spread

Functions (PSF) and simulated retinal images of a letter E are computed for different viewing distances using distance zone focus and add zone focus
as mentioned at the top. For distance zone focus, the effect of typical lag (0.50 D) is also shown

viewing-distance dependent changes of pupil diameter
and ocular SA were responsible for removing the myopic
defocus signal when viewing at near with the Biofinity
Multifocal CD lens, in which the full near add was pre-
sent for radii greater than 2 mm (excluding the transition
zone). The amount of light entering the pupil after passing
through the add zone was reduced from 64% (at 400 cm) to
49% (at 20 cm) due to pupil miosis. Also, the elevated levels
of negative SA (-0.26 um) present at the nearest viewing
distance reduced the effective add for the “eye + Biofinity”
model from about +1.40 D at 400 cm to <+0.25 D at 20 cm.
The result of both pupil and SA changes converted the
defocus distributions from the characteristic dual-focus,
bi-modal distributions seen at 400 cm through 33 cm
into an effectively monofocal distribution, lacking signifi-
cant amounts of myopic defocus for the child viewing at
20 cm (Figure 6). A similar loss of multifocality and myopic
defocus was also seen at 20 cm in the “eye + NaturalVue”
model (Figure 10). In this case, the eye's negative SA simply
cancelled out the lens’ positive SA resulting in essentially
a monofocal “eye + lens” combination. Loss of the myopic
defocus signal essential to slow anomalous myopic eye
growth suggests a potential low efficacy of these lenses
in children who experience significant accommodative
miosis and shifts toward higher levels of negative SA when

viewing at near. This result may align with the variable my-
opia control responses clinically observed with multifocal
lenses.”

Animal studies have shown that the presence of hyper-
opic defocus can be a “grow” signal, whereas myopic de-
focus is a “stop” signal for axial elongation in the young,
developing eye,”® and peripheral defocus may have a
dominant influence on development of refractive error.*®
In an aberrated eye, only a portion of the light entering
the pupil will be in focus, while the majority remains de-
focused. The effect of the relative strength of competing
defocus signals is emphasised by Arumugam et al.,>® who
reported that even when the positively powered treatment
zones occupied only one-fifth of the area of a dual-focus
lens, refractive development in the treated monkeys was
still dominated by relative myopic defocus. Even though
different proportions (from 50:50 to 18:82) of +3.00 D/0.00
D zones were used in their lenses, the refractive errors (in
all groups) were statistically similar to the monkeys reared
with full field +3.00 D lenses. More recently, Walline et al.”
reported that treatment with high add power, multi-zone
lenses significantly reduced the rate of myopia progression
compared to that of medium add powered lenses. This
suggests that the magnitude rather than the proportion
of myopic defocus may be crucial in controlling myopia
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Impact of adding Defocus Incorporated Multiple Segments (DIMS) spectacle lens to the accommodating model child's eye. Defocus

distributions at four different target vergences are shown for the model eye with minRMS focus of the distant optic and viewing through peripheral
optics (assuming +3.50 D add), obtained by: (a) sagittal method and (b) local curvature method to compute power. The inset at the top (a) represents
the geometry of the DIMS spectacle lens*® with the arrowhead pointing to its peripheral optics, at the bottom (b) is the curvature power map of the

peripheral optics.
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FIGURE 9

Note the different range of y-limits in (a) and (b) for better data visualization
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Impact of adding Defocus Incorporated Multiple Segments (DIMS) spectacle lens to the accommodating model child's eye. Point

Spread Functions (PSF) and simulated retinal images of letter E are computed for the model eye with minRMS focus of the distant optic and viewing
through either the (a, b) central or (c, d) peripheral optics, with and without the effect of typical lag (0.50 D) as mentioned at the top
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FIGURE 10 Impactof adding a NaturalVue Multifocal 1 Day contact lens to the accommodating model child's eye. Defocus distribution at four

different target vergences employing different focusing strategies are shown. Defocus equals refractive state minus target vergence

progression. Our modelling results showed that although
the “eye + Biofinity” model provided the maximum pro-
portion of myopically defocused light at 400 cm (47% with
>1.0 D of myopic defocus), myopic defocus exceeding 1.00
D was almost eliminated at the nearest viewing distance
for both the “eye + Biofinity” and the “eye + NaturalVue”
model. However, the “eye + MiSight” model sustained a
significant level of myopic defocus at all viewing distances,
(43% at 400 cm and about 30% each at 33 and 20 cm with
>1.00 D of myopic defocus). The “eye + DIMS” model also
generated significant levels of myopic defocus (40% at
400 cm and over 30% at 20 cm with >1.00 D of myopic de-
focus, ignoring defocus values >+2.00 D) (Figure 8b). Thus,
even if the peripheral optics of the DIMS lens covered only
half of the pupil (being a spectacle lens), it will still be able
to produce 15% of myopic defocus >1.00 D at the closest
viewing distance (20 cm).

The magnitudes of accommodative lag vary between
children.”® Typically they experience minimal to no lag
when viewing distant targets, but lags tend to increase
when viewing at near. Thus, for a typical child, a more rea-
sonable model for retinal simulations would include no
lag at 400 and 100 cm and with a typical lag (+0.50 D) at
nearer viewing distances, such as 33 and 20 cm. Although
the presence of aberrations (importantly negative SA) and
blur from the accommodative lag degrade the image qual-
ity at near, this is typically compensated by the increased
angular size of near targets>® along with near viewing
pupil miosis,?" which expands the depth of field at near.>*
Considering a reasonable model, for the “eye alone” condi-
tion, the simulated retinal images yielded an easily legible

text at all viewing distances almost irrespective of focusing
approach (except marginal with no lag at 400 cm) (Figure 3).
Simulations of the model eye wearing MiSight 1 day or
Biofinity Multifocal CD revealed legible text at near when
either the distance or add zones were focused (Figures 5
and 7). However, as shown recently, both children® and
young adults?? fitted with MiSight lens accommodate to
focus the distance optics. Interestingly, with Biofinity or
NaturalVue lenses, increased accommodative lags were
observed at near,? although they were generally less than
the corresponding lens add powers. Because of the text
legibility at near when either the distance or add zones
were focused, children could focus with the add zones,*
but the data clearly show for MiSight,**** and perhaps also
for Biofinity, that children and young adults do not adopt
this accommodative strategy. Such behaviour may be ab-
sent because of the dominant impact of convergence on
the accommodative response during binocular viewing.*
Although our optical model attempts to best repre-
sent a typical child's accommodating eye, several studies
highlight the presence of significant individual variability
in different optical parameters (e.g., SA, pupil diameter,
accommodative lag, etc.) which can be further influ-
enced by age, sex, race, refractive error, indoor/outdoor
hours etc.'9212931:3256 o g oy analysis shows, changes in
these optical characteristics will affect the distributions
of defocus and corresponding image quality, but likely
will have little impact on the legibility of 16-point type at
near. The current modelling analysis assumes complete
contact lens conformation in agreement with previous
results.”**® These earlier findings indicate that a lack of
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Impact of adding a NaturalVue Multifocal 1 Day contact lens to the accommodating model child's eye. Point Spread Functions (PSF)

and simulated retinal images of a letter E computed for different viewing distances and employing different focusing strategies are shown at the top.

For each refractive strategy, the effect of typical lag (0.50 D) is shown

conformity is not likely to occur for the on-axis condi-
tions as modelled here, but may become more relevant
in modelling certain off-axis conditions with high pow-
ered lenses.'*3°

In summary, all four multi-zone lenses successfully
generated myopic defocus at greater viewing distances,
but two failed to introduce significant amounts of my-
opic defocus at the nearest viewing distance, when the
model child's eye viewed through the central zone of the
lens and used it to focus the target. Importantly, due to

the magnification of the retinal image associated with
near viewing, adding a multi-zone lens to a child's eye
did not compromise legibility of a typical 16-point type
character. Therefore, these lenses do not appear to im-
pair reading ability of children when used as a myopia
control tool.
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