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While binocularly viewing high contrast characters at 4.00, 1.00, 0.50, 0.33,0.25 and
0.20 m, aberrometry data were captured across the central +30° of the horizontal
retina. Local refractive errors were pooled for each area of the pupil covered by the
central distance or first annular defocus zone of the DF CLs.

Results: In the “good” accommodator group fitted with SV CLs, accommodative
lags were generally absent except at the closest viewing distance (mean errors:
—0.09 £ 0.22 D, —0.12 + 0.26 D, —0.05 £ 0.37 D and +0.38 + 0.54 D for —2.00, —3.00,
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Conclusions: Some young adult myopes chronically experience high levels of hy-
peropic defocus when viewing near targets, which was replaced by myopic defo-
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with a centre-distance myopia control DF CL.
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INTRODUCTION

The correction of myopia traditionally employs spectacles,
contact lenses (CLs) or corneal reshaping using orthokera-
tology or refractive surgery. These approaches all employ
refractive optical principles to make distant targets conju-
gate with the fovea in the unaccommodated eye.1 However,
when the foveal image is focused in myopic eyes or those
destined to become myopic,%® hyperopic defocus can
exist in the extrafoveal regions. Importantly, studies of in-
fant monkeys suggest that hyperopic defocus, even when
absent from the central 10° of the retina accelerated eye
growth, ultimately generating myopic eyes.” The presence
of myopic defocus can slow eye growth,” and can prevent
growth that would otherwise have been caused by the si-
multaneous presence of hyperopic defocus.®

The term “hyperopic defocus” describes the situation
where the image plane lies posterior to the photoreceptor
plane, which can occur if the eye is too short for its optical
power (“hyperopia”), as is the case in the typical infant eye.”
Eyes also routinely establish retinal conjugate planes more
posterior than ideal for proximal stimuli (“accommodative
lag”®®), thereby placing the image plane behind the retina.
In the presence of hyperopic defocus, retinal image focus
can be achieved by either moving the image plane for-
ward by accommodation,'® the use of plus-power ophthal-
mic lenses or by moving the retina back with eye growth.®
Eye growth in hyperopic infant eyes typically results in
approximate emmetropia, a process called “emmetropiza-
tion”.? However, eye growth to match the image and retinal
planes due to habitual near viewing"'* and accommoda-
tive lag® will result in an eye that is too long for distance
viewing, i.e., the development of “myopia”.”®

Dual-focus (DF) CLs employ regions of added plus
power designed to introduce myopic defocus as a way of
controlling the effects of any co-occurring hyperopic de-
focus,® and have been shown to slow the rate of myopia
by more than 50% (myopia progression was reduced by
0.73 D in the treated cohort) in children.'® However, the ef-
ficacy of such plus power containing treatments often var-
ies from child to child.'®"” One possible explanation is that
some eyes experience varying amounts of hyperopic defo-
cus, and therefore different degrees of induced myopic de-
focus, in part due to their accommodative response when
fitted with myopia control DF CLs."® The purpose of the
present study was to examine the impact of a CL employ-
ing DF optics on the presence of hyperopic defocus across
the central 30° of the horizontal retina in young adults who
either accommodated accurately or who had larger than
average lags of accommodation.

METHODS

In Phase 1 of this study, the accommodative responses of 40
young myopic adults wearing single vision (SV) CLs was ob-
tained. From these responses, two subsets of participants

Key points

+ At typical near reading distances, accommoda-
tive lags measured in the pupil centre remained
when fitted with centre-distance dual-focus
contact lenses, indicating that accommodative
behaviour is dominated by the central zone
optics.

+ Hyperopic defocus due to accommodative lags
was replaced with myopic defocus by the annu-
lar zones of the dual-focus contact lenses that
contained an additional +2.00 D power.

« Individuals with higher accommodative lags
experienced less myopic defocus in the annu-
lar zones. The tested dual-focus myopia control
lens was able to replace hyperopic with myopic
defocus across the central 30° of the retina.

were selected to complete a second study phase: those
participants who had accommodative responses within ei-
ther the upper or lower response quartiles, and those with
the least or greatest accommodative lags. For simplicity,
these participants are termed “good” (least accommoda-
tive lag) and “poor” (most accommodative lag) accommo-
dating participants when referenced below. Foveal and
off-axis refractive states were then measured in these sub-
samples while they were wearing DF CL that corrected their
distance refractive errors. The study protocol followed the
tenets of the Declaration of Helsinki and was approved by
the Indiana University research ethics committee. Written
informed consent was obtained from each participant be-
fore participating in the study.

Participants

Forty young adult (Mean + SD age; 21.85 + 1.52 years), non-
CL wearing, myopic participants were recruited by word of
mouth, from recruitment databases and using an adver-
tisement circulated via email and social media platforms.
Participants were screened with a routine eye examination
to determine subjective refraction, visual acuity and gen-
eral ocular health. Myopic participants (spherical equiva-
lent refraction (SER) < —0.50 D)'° with good visual acuity
(0.00 logMAR or better), no manifest strabismus or amblyo-
pia and no history of refractive surgery or ocular disease
were recruited. Mean + SD SER was —3.33 £ 1.40 D (range
—0.75 to —6.50 D). From the overall sample, 10 participants
(four with small [Mean = SD SER = —3.69 + 1.38] and six
with larger [Mean + SD SER = -3.33 £ 1.32] accommoda-
tive lags) who were available and willing to participate in
subsequent testing were fitted with DF CLs (MiSight 1 day,
omafilcon A, CooperVision, coopervision.com).
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Contact lenses

The spherical SV CLs (Proclear 1-Day, omafilcon A,
CooperVision, coopervision.com) had a base curve of
8.70 mm and diameter of 14.20 mm. The DF CLs (MiSight
1 day) had a base curve of 8.70 mm and diameter of
14.20 mm. The CL wavefront error and power maps
(Figure 1) were measured ex-vivo using a previously vali-
dated® single-pass Shack-Hartmann wavefront sensor
with a sampling resolution of 104 microns (ClearWave,
Lumetrics, lumetrics.com). Eyes were fitted with lenses
to optimize monocular distance vision (maximum plus or
minimum minus correction).

The DF CLs consisted of four alternating distance and
near zones with measured radii of approximately 1.65, 2.40,
3.40 and 4.40 mm, respectively, from the innermost to the
outermost rings (Figure 1, right panels), which is consistent
with previous reports.?’ Zones 1 and 3 were distance vi-
sion correcting zones and zones 2 and 4 were “defocus”
or “treatment zones” with a designed additional +2.00 D.
The spherical aberration (C4°) for this measured DF CL
(with nominal distance power of —1.25 D) within the central
distance correction zone (radius = 1.65 mm) was 0.01 mi-
crons. The SV CL with nominal power of —1.00 D included
a low level (—0.16 microns) of negative C4° over a 7-mm
pupil diameter. The mean + SD C4° for the SV CL sphere

Radius (mm)

FIGURE 1

powers ranging from —1.00 to —6.00 D used in this study
was —0.30 £ 0.13 microns.

Measurement procedures

By inserting a 45° tilted infrared reflecting beam splitter
into the measurement path, a validated®? high sampling
density (41-pm samples in the pupil plane) double-pass py-
ramidal wavefront sensing aberrometer (Osiris, Costruzione
Strumenti Oftalmici,csoitalia.it) was adapted to assess the
refractive state of the right eyes during binocular view-
ing. Fixated stimuli were positioned at 4.00, 1.00, 0.50,
0.33, 0.25 and 0.20 m (corresponding to target vergences
of —0.25, —1.00, —2.00, —3.00, —4.00 and —5.00 D) from the
eye. Measurements were taken at the fovea and at +10, 20
and 30° across the central retina. Eye stability was aided by
a chin- and forehead rest. On-axis (foveal) measurements
were obtained by aligning the fixation target with the in-
strument measurement axis.

Participants binocularly viewed a high spatial band-
width stimulus. At all near viewing distances, this con-
sisted of a changing sequence of 0.30 logMAR equivalent
letter characters displayed on an iPhone 6 (Apple, apple.
com). At 4.00 m, subjects viewed the 0.30 logMAR line
on an illuminated Early Treatment Diabetic Retinopathy
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Colour maps of ex-vivo measured wavefront error (top panels, microns) and power (bottom panels, dioptres) of the single vision (SV)

(left panels) and dual-focus (DF) (right panels) contact lenses (CLs) across a 10.00 mm measurement diameter with nominal distance powers of —1.00
and —1.25 D, respectively. Map coordinates are in mm. The measured optical zones of the SV and DF CLs have diameters of approximately 8.00 and

9.00 mm, respectively
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Study (ETDRS) chart. During the measurements, partici-
pants were instructed to “keep the target single and as
clear as possible”. A “sham” task of having participants
press a key on the keyboard when they saw a particu-
lar letter was employed to aid attention. Off-axis mea-
surements were achieved by rotating a mechanical arm
holding the iPhone and fixation target with its centre of
rotation located directly above the participant’s right eye.
Eye fixation to the right placed the measurement axis into
the nasal visual field, and thus measures refractive state
for the temporal retina, and vice versa. Fixation locations
were randomized for off-axis measurements. Three single
aberrometry acquisitions were obtained for each fixation
target location.

Data analysis

Wavefront data for the full natural pupil were exported
and processed using customised software (Indiana
Wavefront Analyzer [IWA])?3 implemented in MATLAB
(Mathworks, mathworks.com). Elliptical analysis zones
were used when analysing off-axis data.”*? Local inte-
gration of the slope data provided zonally reconstructed
wavefronts avoiding Zernike fitting.”® Radial slope di-
vided by the distance from the pupil centre or CL cen-
tre yielded the local wavefront radial vergence, or local
refractive state when measuring output from the eye.?’
These measures capture local refractive errors generated
by uncorrected sphere, astigmatism, accommodative er-
rors and higher order aberrations. Dioptre histograms
quantifying the number of samples (reflecting local area)
corresponding to a dioptre level in 0.125 D increments
were derived from these local sagittal power maps. First,
the on-axis refractive state of all 40 eyes was quanti-
fied as the aberrometer-measured average refractive
state within the central 4.00 mm of the pupil while par-
ticipants viewed the 4.00 m target.”® In these distance-
corrected eyes, differences between the measured local
refractive state and the target vergence (refractive state -
target vergence) indicated retinal image defocus due
to accommodative error. Accommodative lead (myopic
defocus) and lag (hyperopic defocus) were represented
using negative and positive signs, respectively.

Lens position relative to the pupil centre of the DF zonal
CLs was determined by identifying the boundary between
the central and first annular zones, and the first and sec-
ond annular zones from the vergence maps (Figure 2,
upper panels). Refractive state was quantified as the aver-
age within each of the central and first annular treatment
zones. In some instances, due to lens decentration the full
annular zone was not visible, but any available data within
the zones was utilized. For comparison, refractive state
data were also collated from the same DF equivalent geo-
graphic regions within the pupil when assessing SV lens
data (Figure 2, lower panels), which allowed the same ocu-
lar optics to be included when comparing both lenses.

RESULTS

During the initial screening of 40 participants (Figure 3),
accommodative lags at near viewing distances (0.50 m-
0.20 m) were common (94% of all measurements) with a
mean = SD of +0.34 +0.40 D, +0.37 + 0.44 D, +0.52 + 0.58 D
and +0.71 £ 0.60 D, respectively, for —2.00, —3.00, —4.00 and
—5.00 D target vergences. Accommodative errors for the
40 participants wearing the SV CLs at each target distance
were highly correlated within a participant, indicating that
accommodative lags were habitually present in some par-
ticipants at all near distances. Pairwise comparisons of lags
for target vergences —2.00 and —3.00, —3.00 and —4.00 and
—4.00 and —5.00 D produced respective r* values of 0.86,
0.75 and 0.87.

From the 40 participants who were originally screened,
four were selected from the lower quartile of the accommo-
dative response distribution exhibiting the least accommo-
dative lag (red lines and symbols in Figure 3, termed “good”
accommodating participants), and six from the upper quar-
tile exhibiting habitual under-accommodion (blue symbols
and lines in Figure 3, termed “poor” accommodating partic-
ipants). The mean + SD accommodative error (lag) of the
“good” accommodating participants was —0.09 + 0.22 D,
—0.12 £ 0.26 D, —0.05 £ 0.37 D and +0.38 + 0.54 D, respec-
tively, for —2.00, —3.00, —4.00 and —5.00 D target vergences,
while for the “poor” accommodating participants the
mean + SD accommodative errors were +0.81 + 0.21 D,
+0.97 + 0.27 D, +1.18 + 0.39 D and +1.47 + 0.55 D, respec-
tively, for the —2.00, —3.00, —4.00 and —5.00 D target ver-
gences; statistically larger than those observed in the good
accommodators (p < 0.002, paired t-test).

A representative series of individual accommodative
error maps (measured refractive state - target vergence at
each location in the pupil) of one “poor” accommodator
wearing a DF lens are shown in Figure 4. In the on-axis ex-
amples (top series of maps), the DF optics of the CL dom-
inate the defocus pattern with the blur ring. The gradual
shift toward yellow colours at near distances reveals in-
creasing accommodative lags. When measured off-axis
(bottom series of maps), the axial separation of the CL op-
tics and the eye’s entrance pupil causes the parallax shift
of the CL centre, introducing more peripheral CL optics in
front of the pupil.>*~*' The off-axis optics in combination
with parallax introduce more complex defocus patterns
across the pupil due to oblique astigmatism and coma as-
sociated with off-axis optics.>**

The resultant average defocus within the central opti-
cal zone and first annular treatment zone is plotted for on-
axis measurements in the left panels of Figure 5. The good
accommodator group (top-left panel) experienced little
defocus foveally with the SV CLs, only revealing hyperopic
defocus in the equivalent first annular region at the near-
est distances. When viewing with the DF lens, on-axis de-
focus within the central zone of the good accommodating
eyes was approximately the same as observed with the SV
lenses. This similarity suggests that good accommodating
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Examples of zone-wise analysis methods. Refractive state was quantified as the average dioptric value within the available regions of

the central and first annular zone of dual-focus lens (top panels). Equivalent pupil regions were then used to analyse the same regions on the single

vision contact lens data (bottom panels)
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FIGURE 3 Refractive state (mean of three repeat measurements) of

40 participants plotted as a function of target vergence. A sub-sampling
of participants with the lowest accommodative lags (red, “good”
accommodating participants) and highest accommodative lags (blue,
“poor” accommodating participants) were selected for full on- and
off-axis testing of both the single vision and dual-focus contact lenses

participants accommodate to focus rays from the central
optical region of the pupil, regardless of whether they are
fitted with SV or DF CLs.

Because of the increasing negative spherical aberration
associated with accommodation,®** even the good ac-
commodating participants experienced some hyperopic
defocus in the first annular region (radii 1.65-2.40 mm)
when fitted with SV CLs (mean = +0.10 D, +0.10 D, +0.24 D
and +0.50 D, respectively, for target vergences of —2.00,

—3.00,—4.00 and —5.00 D). However, because of the +2.00 D
defocus power in the annulus of the DF lens, the same eyes
experienced significant myopic defocus (mean = -1.22,
-1.30, —1.29 and —1.14 D, respectively, for target vergences
of —2.00, —3.00, —4.00 and —5.00 D). The magnitude of myo-
pic defocus in the first annular zone of the DF lens when on
the eye was less than the +2.00 D nominal defocus power
(Figure 1) stated in the lens design, because ocular negative
spherical aberration is added to the plus-power within the
annular zone, and a small impact of the narrow transition
zone between the central zone and first annual treatment

The on-axis data for the poor accommodating eyes
(bottom-left panel, Figure 5) fitted with SV CLs also revealed
increasing levels of hyperopic defocus at near within the
equivalent first annular zone (mean = +0.92, +1.26, +1.41
and +1.87 D, respectively, for target vergences of —2.00,
—3.00, —4.00 and —5.00 D), which changed to myopic defo-
cus of —0.85, —0.79, —0.63 and —0.30 D when viewing with
the DF CLs.

Average off-axis defocus is plotted (Figure 5) as a func-
tion of retinal eccentricity while participants viewed fixa-
tion stimuli at —1.00 and —4.00 D target vergences (middle
and right panels, respectively). At a target vergence of
-1.00 D, the good accommodating participants had a
well-focused image across most of the 30° of the central
retina with the SV lens for both equivalent central and an-
nular zones. There was a clear hyperopic shift at 30° in the
temporal retina. The poor accommodating eyes had fairly
similar, well-focused images across the central 30° with the
SV lenses. At target vergence of —1.00 D, the central zone
results remained similar to those of the SV lenses while the
defocus zone in the DF lens was able to produce myopic
defocus at all eccentricities for both good and poor accom-
modating eyes. Similar patterns are present in the —4.00 D
target vergence data, with a hyperopic shift reflecting the
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Example accommodative error (refractive state - target vergence) maps of one participant (poor accommodator) wearing the dual-

focus zonal contact lens for on- (top panels) and off-axis (bottom panels) viewing conditions. Target vergence for the on-axis foveal measurements
ranged from —0.25 to —5.00 D (top row), and off-axis retinal eccentricities ranged from 30° nasal to 30° temporal (bottom panels). Off-axis data was
collected while viewing a target at 1.00 m. Maps have a fixed size and contain defocus data for the full pupil. Because pupil size varies with viewing
distance, the maps at higher target vergences show data across a smaller pupil, and therefore, the central zone, which has a fixed size in the lens,

covers a larger proportion of these smaller pupils
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FIGURE 5 Mean defocus as a function of negative target vergence (left panels), and as a function of nasal (negative) and temporal (positive)
retinal eccentricity for —1.00 D (middle panels) and —4.00 D (right panels) target vergences. Mean and standard error are plotted for the central
distance correction zone (dotted lines) and first annular treatment zone (solid lines) for dual-focus (DF; red lines) and equivalent zones for single
vision (SV; blue lines) contact lenses. Top panels represent data from the good accommodating participants while the bottom panels are for poor

accommodating participants. Error bars indicate standard error of the mean

generally present accommodative lags for this near view-
ing distance. The elevated ocular negative spherical aber-
ration at this target vergence contributed a hyperopic shift
in the annular zone data, resulting in significant hyperopia
when viewing with the SV lens, especially in the poor ac-
commodators in the temporal retina. Myopic defocus cre-
ated by the annular treatment zone of the DF lenses was
present over most of the central retina, but often absent at
30° in the temporal retina when viewing with the DF lens,

especially at the near viewing distance in the poor accom-
modating eyes.

One of the goals of DF optics is to reduce chronic ex-
posure to hyperopic defocus (due to accommodative
lags) and replace this with significant myopic defocus as
a signal to slow eye growth. The impact of this strategy
was examined for the full natural pupil by assessing the
proportion of light within the retinal image that was ei-
ther hyperopically or myopically defocused. Myopia was
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defined as SER < —0.50 D, hyperopia = 0.75 D,*” and
emmetropia in between these two refractive zones.*®
Figure 6 plots the proportion of myopic (x-axis) and hy-
peropic (y-axis) defocus for each of the good (top row)
and poor (bottom row) accommodating participants fit-
ted with SV (blue) and DF (red) CLs for on-axis (foveal)
data. Each subplot shows data for each of the target
vergences. Data close to the origin indicate that most of
the pupil area contributed (emmetropic) focused light,
whereas data along the Y = —X line indicate that there is
no focused light. Data toward the bottom right indicate
more myopic than hyperopic defocus, and conversely
data toward the top-left of each panel indicate a pre-
dominance of hyperopic defocus. The SV data (blue sym-
bols) clearly distinguishes the good (top row) from poor
(bottom row) accommodating participants. In particular,
notice that the poor accommodating participants have a
larger majority of hyperopically defocused light, which
approached 100% at near distances. However, with SV
CLs, good accommodating participants experienced a
majority of focused light at distance, switching to a lessor
majority of hyperopic defocus at the closest distances.
The DF CLs, however, successfully provided a mix of fo-
cused and myopically defocused light for the good ac-
commodating participants at all viewing distances. The
DF CLs also successfully prevented hyperopic defocus
from becoming dominant in the poor accommodating
participants.

Proportions of focused (blue) and myopically (red)
or hyperopically (black) defocused light in the retinal
image for each location sampled across the central 30°
of the horizontal retina are plotted in Figures 7 and 8 for
the —-1.00 and —4.00 D target vergences, respectively.
Hyperopic defocus (black symbols) is less dominant in
the good (G) than the poor (P) accommodating groups,
but significant in both groups fitted with SV CLs when
viewing the —4.00 D stimulus (top panels, Figure 8).

Introduction of the DF optic increased the proportion of
myopic defocus in all cases (red symbols, bottom pan-
els), becoming dominant for —1.00 D target vergence,
and generally matching the hyperpic proportions for the
—4.00 D target vergence.

DISCUSSION

Evaluation of the accommodative responses of 40 young
myopic SV-wearing participants revealed significant
between-participant differences in accommodative accu-
racy that were maintained across a wide range of viewing
distances. However, between-participant differences be-
came most exaggerated at the nearest target distances.
Individuals in the poor accommodating group experienced
habitual hyperopic defocus at all near distances, whereas
those in the good accommodating group achieved ap-
proximate focus at all but the closest distances.

When fitted with DF CLs, individuals in both the good
and poor accommodating subsets accommodated such
that the defocus generated by the central zone of the DF
CLs mirrored that generated over the same pupil area
with SV CLs. These results align with previous results that
indicated no large effect of DF optics on the accommo-
dative behaviour of young adults.'®*°"*' These results
also emphasise that the accommodative behaviour of
myopic participants in this study was dominated by the
central zone optics when fitted with DF CLs, importantly
resulting in myopic defocus generated by the annular
defocus zone. In agreement with expectations from pre-
vious results, the nominal +2.00 D defocus in the annu-
lar “treatment zone"'® of the DF CLs used in this study
was, on average, sufficient to generate myopic defocus
even in the presence of the negative spherical aberra-
tion generated during accommodation,**3>** but some
of the poor accommodators experienced significant

1 -0.25D -1.00 D -2.00D -3.00D -4.00 D -5.00 D

2 0.5
2 Dages O
L 0 0.5 1 0 0.5 1 1
c
S 1. 5
=
o
805

0 0.5 1 0.5 0 0.5 1 1

Proportion Myopic
FIGURE 6 Proportion of the full pupil contributing hyperopically defocused (y-axis), and myopically defocused (x-axis) light to the retinal image

for the good accommodating (top panels) and poor accommodating (bottom panels) cohorts. Filled symbols represent the group-mean, whereas
open symbols indicate individual eye means of three repeated measurements. Single vision and dual-focus contact lens data are shown in blue and

red, respectively
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FIGURE 7 The proportion of myopic (red), hyperopic (black) defocus and focused light (blue) present at each retinal eccentricity with a —1.00 D
target vergence. The top and bottom panels show data for eyes fitted with single vision and dual-focus contact lens, respectively. Left and right
sub-panels show data for the good “G” and poor “P” accommodating groups, respectively. Filled symbols represent group-mean whereas open
symbols indicate individual eye means. There is overlay of some coincident individual participant data points
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FIGURE 8 The proportion of myopic (red), hyperopic (black) defocus and focused light (blue) present at each retinal eccentricity with a —4.00 D
target vergence. The top and bottom panels show data for eyes fitted with single vision and dual-focus contact lens, respectively. Left and right
sub-panels show data for the good “G” and poor “P” accommodating groups, respectively. Filled symbols represent group-mean whereas open
symbols indicate individual eye means. There is overlay of some coincident individual participant data points

amounts of foveal hyperopic defocus at the nearest
viewing distances (Figures 5 and 6). These results reveal
that DF zonal CL designs with +2.00 D defocus powers
can be used to ensure reduced hyperopic defocus and

the introduction of significant amounts of myopic de-
focus across the central horizontal retina for all tested
subjects at most viewing distances, as the treatment
strategy indicates.'®
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In comparing the current results to previous reports,
it is important to highlight some key methodological
details. A few studies reporting peripheral refraction
and accommodation of either the eye alone or an eye
wearing SV CLs, measured mean SER or defocus cal-
culated directly from Zernike coefficients of the en-
tire pupil, and reported that accommodation did not
consistently influence the relative off-axis refractions
(hyperopic or myopic shift).*=% Alternatively, others
have noted that relative peripheral refraction tended
to become more myopic with accommodation.*®*
Studies*®*° reporting off-axis refraction with multifo-
cal CLs have observed similar mean SER from autore-
fractometers or Zernike derived measures of defocus
from aberrometers. Results of these studies of multi-
focal CLs have also been variable with some finding a
myopic shift outside the fovea*® while others reported
a relative hyperopic shift.”®

Integrating data to arrive at a single measure of SER in
eyes fitted with multifocal CLs is dramatically affected by
analysis diameter*® and location'® of the integration area.
For example, minimum root mean square (minRMS) mea-
surements of refractive state will make the eye appear
hyperopic relative to a paraxial measurement (accommo-
dative lag) when the eyes are accommodating, whereas
in the unaccommodated state the minRMS measurement
of refractive state may still be myopic relative to a parax-
ial refraction.* In the presence of large aberrations char-
acteristic of zonal multifocal optics, estimates of SER are
especially affected by the selected criterion for focus.?®
Additionally, the amplified contribution of off-axis opti-
cal aberrations®' and the very obvious parallax shift of
zones across the pupil associated with peripheral imag-
ing all complicate the interpretation of any measure of
peripheral refractive state.?® To minimise these compli-
cating issues, we employed a zone-specific analysis of
refractive state, centred at the CL centre, concentrating
on the pupil regions covered by the DF CL centre and
first annular zones (Figures 2 and 5). This approach, how-
ever, has some potential limitations. In order to compare
accommodative behaviour with the SV CLs, we assumed
that the SV and DF CLs position similarly on the eye,
which likely is an approximation.>? Also, our zone-specific
analysis approach evaluated only the mean power within
each zone, whereas in reality power will vary within the
zone, but by much less than the power varies across the
whole pupil.

In the poor accommodating group, refractive states
for the region of the pupil covered by the first CL annu-
lar zone showed a shift from myopic to hyperopic defo-
cus at the largest measured eccentricity (30° temporal
retina/nasal field at —4.00 D target vergence; Figure 5).
Similar observation of hyperopic shifts at 40° eccentricity
has been reported with two bifocal CLs in a simulation
study.?® This shift is believed to be attributed to the com-
plicated interaction of CL decentration, eye-plus-lens

aberrations (e.g., astigmatism, coma and other high
order aberrations) and eye shape.53

The zone-specific analysis (Figure 5) and the pupil pro-
portion analyses (Figures 6, 7 and 8) both show that DF
CLs successfully provided a majority of myopic defocus
for the good accommodating participants in this study
at all viewing distances, in spite of increased negative
spherical aberration at near. For most tested conditions,
the DF CL even successfully prevented hyperopic defocus
from becoming dominant in the poor accommodating
participants. This result indicates that even individuals
with higher accommodative lags may still be treated
effectively with MiSight 1 day DF zonal CLs containing
+2.00 D defocus, but they might experience more benefit
from an optical design with a higher defocus. Although
the successful introduction of myopic defocus in young
adult myopes even in the presence of significant accom-
modative lag is clearly shown here, it is important that
these experiments be replicated in children who are
undergoing myopia progression and myopia treatment.
Collectively, these results also indicate potential clinical
utility in measuring accommodative lag, pupil size and
ocular aberrations when implementing myopia control
treatment.
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