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Myopia Control Dose Delivered to Treated Eyes by a Dual-focus
Myopia-control Contact Lens
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Matt Jaskulski, PhD,1 Martin Rickert, PhD,1 Paul Chamberlain, BSc,3 Baskar Arumugam, PhD,3 Arthur Bradley, PhD,3

and Pete S. Kollbaum, OD, PhD, FAAO1
SIGNIFICANCE: Consistent with closed-loopmodels of regulated eye growth, a successful dual-focus (DF) myopia-
control contact lens focused a significant proportion of light anterior to the central retina in eyes of treated children
viewing near and distant targets.

PURPOSE: This study examined the optical impact of a DF contact lens during near viewing in a sample of habitual
DF lens wearing children.

METHODS:Seventeenmyopic children aged 14 to 18 years who had completed 3 or 6 years of treatment with a DF
contact lens (MiSight 1 Day; CooperVision, Inc., San Ramon, CA) were recruited and fit bilaterally with the DF and
a single-vision (Proclear 1 Day; CooperVision, Inc.) contact lens. Right eye wavefronts were measured using a py-
ramidal aberrometer (Osiris; CSO, Florence, Italy) while children accommodated binocularly to high-contrast letter
stimuli at five target vergences. Wavefront error data were used to compute pupil maps of refractive state.

RESULTS: During near viewing, children wearing single-vision lenses accommodated on average to achieve ap-
proximate focus in the pupil center but, because of combined accommodative lag and negative spherical aberra-
tion, experienced up to 2.00D of hyperopic defocus in the pupil margins. With DF lenses, children accommodated
similarly achieving approximate focus in the pupil center. When viewing three near distances (0.48, 0.31, and
0.23 m), the added +2.00 D within the DF lens treatment optics shifted the mean defocus from +0.75 to
−1.00 D. The DF lens reduced the percentage of hyperopic defocus (≥+0.75 D) in the retinal image from 52 to
25% over these target distances, leading to an increase in myopic defocus (≤−0.50 D) from 17 to 42%.

CONCLUSIONS: The DF contact lens did not alter the accommodative behavior of children. The treatment optics
introduced myopic defocus and decreased the amount of hyperopically defocused light in the retinal image.
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In response to the high prevalence of myopia in young adults,
approaching 100% in certain demographics,2,3 research efforts
have sought to slow or stop the accelerated growth of young eyes.4

A longer eye is associatedwith sight-threatening retinal pathologies5–8

in later years. Most extant methods at the time of writing use various
optical strategies to alter the retinal image in progressing myopic
eyes.9–12 Spectacle lenses containing central clear zones surrounded
by either groups of plus powered small lenslets10,13,14 or arrays of
scatter sources15 have demonstrated some efficacy at slowing my-
opia progression. Repurposed presbyopic multifocal contact lens
designs9,16,17 have generally proven less effective than a novel
dual-focus contact lens11 specifically designed for myopia control,
which received U.S. Food and Drug Administration approval in the
United States in 2019.18MiSight 1 Day (omafilcon A; CooperVision,
San Ramon, CA; coopervision.com) soft (hydrophilic) contact lenses
with dual-focus optics were approved by the U.S. Food and Drug Ad-
ministration for daily wear and are indicated for the correction of my-
opic ametropia and for slowing the progression of myopia in children
with nondiseased eyes, who at the initiation of treatment are 8 to
12 years of age and have a refraction of −0.75 to −4.00 D (spherical
equivalent) with ≤0.75 D of astigmatism. The lens is to be discarded
after each removal.

One type of myopia control intervention includes optical fea-
tures designed to focus some proportion (e.g., 25 to 50%) of the
light anterior to the retina. The resulting myopic defocus has been
shown to attenuate or prevent the eye elongation induced by simul-
taneously present hyperopic defocus in model work.19,20 Pub-
lished data show that the small lenslets included in the Defocus In-
corporated Multiple Segments spectacle lenses (MiYOSMART;
Hoya Vision Care, Tokyo, Japan) have approximately +3.50 D of
added power,10,13 whereas the dual-focus contact lens (MiSight
1 Day) includes annular zones containing approximately +2.00 D
of added power.21 Missing from these descriptions of the lenses
themselves is a quantification of the myopic defocus dose deliv-
ered to the myopic child's retina. This distinction is important be-
cause the ability for a myopia control intervention to deliver myopic
defocus depends on the eye's optics and the lens' treatment zone
design. Said another way, just because a lens has a zone or zones
of +2.00 or +3.50 D, this does not mean this is the amount of my-
opic defocus that is introduced by the lenses when worn. Two key
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parameters of the eye's optics will dominate the resultant defocus
present at the retina. First and most significant is the accommoda-
tive response,22 which is known to lag at near in most eyes and can
lag more in some eyes than others,21 potentially being larger in my-
opic eyes.23,24 Accommodative lags will generate hyperopic defocus
in the retinal image. Increased lags in myopic eyes wearing multi-
focal contact lenses have been reported,25 which can become am-
plified after sustained use of themultifocal lenses.16 Also, negative
spherical aberration found in accommodating eyes26–28 generates
a hyperopic shift in refractive error with increasing distance from
the pupil center.29 For example, young accommodating eyes may
have sufficient negative spherical aberration to counteract positive
spherical aberration introduced in a contact lens,30 which may ex-
plain the low impact of presbyopic contact lens designs when im-
plemented as myopia control therapy.16

Model work has shown that the magnitude of introduced defocus
will regulate eye growth31–33 and the proportion of defocused light
introduced to the retina.34 Also, in the presence of a grow signal,
studies have shown that more diopters of plus defocus35 and a
greater proportion of myopically defocused light20,36 can both am-
plify the slowing effect of this optical treatment strategy. The pres-
ent article sought to quantify the myopic defocus dose delivered
and the associated reduction in hyperopically defocused light by
the treatment optics of a dual-focus contact lens to the retina of
children undergoing myopia control therapy.

Because the treatment optics of this contact lens are restricted
to two narrow annuli, assessing the refractive impact of such lens
designs with instruments that integrate over some device-determined
region of the pupil cannot capture the zone-specific refractive im-
pact.37,38 Spatially resolved aberrometers, however, are ideally suited
for this task in that theymeasure wavefront slope atmany hundreds of
locations in the pupil from which local refractive states can be calcu-
lated.13 Introduced myopic defocus and reduced hyperopic defocus
produced by the treatment optics can be quantified by assessing the
refractive state in the geographic regions of the pupil covered by the
treatment optic. Examining the full pupil, the same aberrometry data
can be used to quantify increases in the proportion of myopically
defocused light and decreases in the proportion of hyperopically
defocused light in the retinal image.31,32,34 Because of the success
of the dual-focus contact lenses in slowing rate of myopia progres-
sion,11,39,40 it was hypothesized that the dual-focus contact lens
can consistently (a) deliver a significant dose of myopic defocus over
a wide range of viewing distances in the eyes of treated myopic chil-
dren and (b) decrease the amount of hyperopically defocused light in
the retinal image.

METHODS

Subjects
Seventeen adolescent children aged 14 to 18 years (mean stan-

dard deviation [SD] age, 16.61 [1.63] years) and having com-
pleted either 3 or 6 years of myopia control therapy40 with dual-focus
soft contact lenses (MiSight 1 Day) were tested at the Aston
University (United Kingdom) research clinic during their final year
of treatment. This research was reviewed by the Aston University
Research Ethics board and conforms with the principles and appli-
cable guidelines for the protection of human subjects in biomedi-
cal research. Written informed consent or assent occurred with
each participant as age-appropriate (and guardian consent where
applicable) before entering in the aberrometry substudy. During
www.optvissci.com Optom Vis Sci 202
the test visit, optical measurements were acquired from the right
eye while children wore their dual-focus treatment lenses in both
eyes. Subsequently, children wore matched power single-vision
lenses (Proclear 1 Day; CooperVision) of the same distance pre-
scription in both eyes with approximately 15minutes of adaptation
period before optical measurements of their right eyes. All partici-
pants were experienced and well-adapted contact lens wearers. No
adaptation problemswere reported. As previously published,11 dis-
tance visual acuity was similar with both single-vision and dual-focus
contact lenses. This study design allowed direct comparison of the
optical impact of dual-focus and single-vision lenses on the central
retinal images of right eyes while binocularly viewing stimuli over a
wide range of distances. Both lenses shared the same base curve
(8.7mm), diameter (14.2mm), andmaterial (omafilcon A). The sin-
gle-vision lenses use an aspherical front surface to avoid power vari-
ations in spherical aberration,41 and the dual-focus lenses use a
four-zone concentric design42 with two zones (center zone and ring
2 [R2]) designed to correct the refractive myopia and two annular
zones (ring 1 [R1] and ring 3 [R3]) identified as treatment zoneswith
added plus power to generate myopic defocus at the retina. Eyes
were fitted with lenses to optimize distance visual acuity using a
maximum plus refraction technique.

Ex Vivo Contact Lens Aberrometry
Maps of optical power (Figs. 1A, B) across two sample −1.00 D

lenses (single-vision and dual-focus) were measured ex vivo using a
previously validated43 single-pass Shack-Hartmann aberrometer
(ClearWave; Lumetrics, Inc., Rochester, NY) with a sampling reso-
lution of 104 μm. Distributions of sampled power (Fig. 1D) were
plotted for each refractive correction zone (center zone and R2 of
the dual-focus lens) and the two treatment zones (R1 and R3 of
the dual-focus lens). To allow direct comparison between the two
lenses, the same calculations were performed for the single-vision
lens using identical regions of the measured wavefront (Fig. 1C).
Average powers in the center zone of both lenses were within
0.02 D of the labeled −1.00 D power. The average added powers
in the two treatment zones of the dual-focus lens were +2.00 and
+2.25 D for R1 and R3, respectively. The increase in plus power
within R3 is consistent with a small amount of positive spherical
aberration. Conversely, the outer analysis zones of the single-vision
lens have more negative power because of negative spherical aber-
ration in this lens.41

Optical Measurements
A validated44 double-pass pyramidal wavefront sensor (Osiris;

CSO, Florence, Italy) was used to measure (sampling resolution of
41 μm) the wavefront exiting the right eye as children binocularly
accommodated to high-contrast stimuli at distances of 3.98,
0.98, 0.48, 0.31, and 0.23 m (target vergence [D], of −0.25,
−1.02, −2.08, −3.23, and −4.35 D). At 3.98 m, children viewed
the 0.30 logMAR line on an illuminated Early Treatment Diabetic
Retinopathy Study chart. At near viewing distances, the stimuli
were changing sequences of high-contrast letters (0.30 logMAR
equivalent) displayed on an iPhone 6 (Apple, Cupertino, CA) with
the screen luminance of 150 cd/m2. Room illumination during
measurements was 6 lux. Head position was stabilized with both
chin and forehead rests. The instrument measurement axis was
aligned with the eye's primary line of sight. Therefore, when chil-
dren accommodated binocularly to near stimuli, the left eye con-
verged to maintain fixation, whereas the relative position of the
right remained approximately constant throughout the experiment.
3; Vol 100(6) 377



FIGURE 1.Off-eye optical design of the single-vision and dual-focus lenses. Measured (ClearWave; Lumetrics, lumetrics.com) power maps for two sam-
ple contact lenses (single-vision (A) and dual-focus (B)) with labeled power −1.00 D from which zone-specific power distributions (C, D) were derived.
Rings on the single-vision power map (A) mirror the zone boundaries observed in the dual-focus lens (B). Power distributions (C, D) characterize each of
the four zones, quantified using bin widths of 0.25 D.
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Before each measurement, children were instructed to blink twice
and keep the letters as clear as they could. Three repeats of good
quality data were acquired at each stimuli position.

Data Analysis
Osiris wavefront error maps were imported into MATLAB

(MathWorks, Natick, MA), and custom software (IndianaWavefront
Analyzer; MAPLE, Bloomington, IN) was used to compute local
measures of refractive state in the pupil (natural pupil size) using
the slope/radial distance equation.38 The coordinate center was
aligned with the contact lens center. Corrected refractive state maps
were subdivided into geometric zones that matched the measured
geometry of the dual-focus contact lens allowing a zone-specific as-
sessment of the refractive impact of the dual-focus lenses. Data sets
corrupted because of blinks, eye lashes, tear breakup, and momen-
tary lapses of gaze and/or accommodation were manually excluded.
Data cleaning used thresholding (exclude values <5% of the mode)
and removal of local samples corrupted at pupil margins. Refractive
states from cleaned data repeats were used to plot pooled refrac-
tive state histograms with bin width of 0.25 D for both dual-focus
and single-vision lenses. In Fig. 2, the “repeat 1” data contain
29,422 measures of refractive states in the pupil (center zone,
5660; R1, 5623; R2, 11,213; and R3, 6926). Therefore, when
www.optvissci.com Optom Vis Sci 202
three repeat measurements are pooled, the histograms reveal the
distribution of approximately 88,266 refractive states (center zone,
16,980; R1, 16,869; R2, 33,639; and R3, 20,778) sampled across
the pupil. The data processing sequence is shown with examples
in Fig. 2.

From the pooled refractive state histograms, corresponding tar-
get vergence (−1/target distance in meters) was subtracted to yield
pooled defocus histograms. Defocus (refractive state − target
vergence) histograms across the full pupil were weighted by the
Stiles-Crawford effect (σ = 0.115)45 and were used to quantify
the proportion of hyperopic (positive) and myopic (negative)
defocus and focused light present at the retina. Pooled defocus
values from each histogram were used to compute the mean and
SD defocus contributed by each zone.

Stiles-Crawford effect weighted area of full pupil that produced
myopically and hyperopically defocused light was used to quantify
the proportion of myopically and hyperopically defocused light
within the retinal image. Two sets of criteria were used to define
myopic, hyperopic, and focused light. The first analysis used the
common clinical thresholds46,47 for definingmyopia and hyperopia
(refractive state values beyond −0.50 and +0.75 D), and a second
pair of refractive criteria was based on the familiar depth of focus
(±0.25 D) to define focused light (Fig. 3A). The resulting three
3; Vol 100(6) 378



FIGURE 2.Data processing sequence with sample data starting at top left and finishing bottom right. (1) A sample anterior eye image collected from the
aberrometer of an eye fit with a dual-focus CL, measured three times with the clinical Osiris aberrometer, which output three wavefront error maps. (2)
Custom software implemented in MATLAB,13 calculated the local refractive state for each sample in the wavefront revealing the expected four-annular-
zone structure of theMiSight CL.11 (3) Raw refractive state data were corrected for prism and lens centration errors, and (4) themeasured zone geometry
of this lens was used to locate zone boundaries in themaps. (5) In a few cases (3 of 17), it was observed that children would accommodate accurately on
two of the three trials but fail to accommodate on the third. Mean data excluded the outlier data set. Also, data corrupted by blinks, lashes, and tear
disruptions were excluded. (6) Refractive data from each zone (center zone and three surrounding rings, R1, R2, and R3) were isolated and (7) used
to plot refractive state distributions for each individual zone. (8) Refractive state distributions were converted to defocus distributions by subtracting
the target vergence (in diopters). CL = contact lens.
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proportions (myopically and hyperopically defocused light and focused
light) were plotted using three-axes ternary plots,48 which revealed the
proportion of each type of defocus by the position of a datum along all
three axes of this triangular space. The defocus proportions are revealed
by tracing each of the three colored lines that pass through a data point
to the matched colored scale. The example in Fig. 3B shows a data
point representing proportions of 0.3 myopic (red), 0.4 hyperopic
(blue), and 0.3 focused (black) light.

RESULTS

To quantify the retinal defocus generated by each contact lens
zone, the target vergence was subtracted from the measured refrac-
tive state, revealing the presence of myopically (negative valued)
and hyperopically (positive valued) defocused light. On-eye defocus
www.optvissci.com Optom Vis Sci 202
distributions are plotted for the full pupil (Fig. 4) and for each zone
(Fig. 5, center zone, R1, R2, and R3) of a sample eye (18-year-old
with a refractive error of−4.50D in the right eye) fit with either a sin-
gle-vision (top panels) or a dual-focus (bottom panels) lens for all
five viewing distances (target vergences [D] of −0.25, −1.02,
−2.08, −3.23, and −4.35D). The height of each distribution at zero
on the x axis indicated the percentage of focused light.

Center zone defocus distributions (Fig. 5) provided an indica-
tion of the accommodation accuracy, revealing low levels ofmyopic
defocus when viewing a distant target (accommodative lead) and a
gradual drift to hyperopic defocus as the target approached the eye
(accommodative lag). With the single-vision lens, hyperopic defocus
dominated the image generated by the two outer zones being greatest
inR3, especially when the eyewas accommodating (e.g.,mode for R3
with −4.35 D target = +2 D). Similar trends were seen in the distance
correction zone data from the same eye fit with the dual-focus lens
3; Vol 100(6) 379



FIGURE 3.Methods used to classify the focused and defocused light in the retinal image. (A) Criteria for classifying myopically (red) and hyperopically
(blue) defocused light and focused (black) light from the continuous distributions of measured retinal defocus. (B) Example ternary plot of the three di-
mensions of proportions of myopic, hyperopic, and focused light (red, blue, and black). Colored arrows show how proportions are determined for a given
data point. Defocus = Refractive state (RS) – Target vergence (TV).

FIGURE 4. Full pupil defocus distributions from a sample eye. Defocus distributions (0.25 D bins) from the sample eye fit with the single-vision (top
panel) and dual-focus (bottom panel) lenses for the full pupil. The measured refractive states were converted to defocus distributions (difference be-
tween the measured refractive state and the target vergence: defocus (diopters) = refractive state − target vergence) with positive values indicating
hyperopically defocused light and negative for myopic defocus. Black dashed lines plot the position of the eye's retina where defocus is zero.
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FIGURE 5. Zone-wise defocus distributions with single-vision and dual-focus lenses. Defocus distributions (0.25 D bins) for the same eye as Fig. 4, for
four individual zones (two correction zones [center zone and R2] and two treatment zones [R1 and R3] for all five viewing distances). Defocus = Refractive
state (RS) – Target vergence (TV).

Myopia Control Dose with a Dual-focus Contact Lens –– Ramasubramanian et al.

D
ow

nloaded from
 http://journals.lw

w
.com

/optvissci by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 07/25/2023
 (lower panels, center zone and R2), but the treatment zones (R1 and
R3) revealed an obvious shift towardmyopic defocus at all viewing dis-
tances, with defocus in R1 being almost exclusively myopic. The my-
opic shift observed in treatment R3 when viewing the 3.98 m target
gradually shifted toward zero and included some hyperopic defocus
at the nearest viewing distances (31 and 23 cm), reflecting the com-
bined effects of accommodative lag and increased negative spherical
aberration present in this young eye viewing near targets. The clear
double-peaked defocus distributions created by the dual-focus lens
seen in the full pupil data (Fig. 4) at the farther viewing distances
(3.98 m and 98 cm) disappeared as spherical aberration levels in-
crease with accommodation. For each lens and zone, as the target
approached, the eye accommodated and the defocus distributions wid-
ened, revealing increased aberrations in this young accommodating
eye. For example, the SD of the distributions for the full pupil increased
from 0.81 to 1.56 D for the single-vision lens and from 1.23 to 1.54 D
for the dual-focus lens, as the target approached from3.98m to23cm.

The mean defocus values from each of the four zones are plot-
ted in Fig. 6 for each child (gray lines) and the sample mean (bold
lines and symbols). Although the retinal images of individual chil-
dren included slightly different levels of defocus, the central trends
dominated, resulting in standard error of the mean (shown as error
bars) values on the scale of the plotted symbols (average standard
error of the mean, 0.20 D). The accommodative behavior of these
children can be seen by examining the center zone data (Figs. 6A, B).
With both single-vision and dual-focus lenses, children generally ex-
perienced small accommodative leads at distance (mean, −0.86 D
www.optvissci.com Optom Vis Sci 202
for single-vision and −0.94 D for dual-focus), which transitioned
to accommodative lag at near (mean, +0.59 D for single-vision
and +0.98 D for dual-focus). Notably, these center zone data were
almost identical for the single-vision and dual-focus lenses (mean
difference, 0.14 D across all viewing distances), revealing that in-
troduction of treatment optic zones (R1 and R3) in the dual-focus
lenses did not affect the accommodative behavior. When comparing
the pupil regions covered by the treatment zones (R1 and R3),
defocus was consistently more myopic (R1 [dual-focus − single-
vision] = −2.05 D, R3 [dual-focus − single-vision] = −2.40 D) when
eyes were fit the dual-focus lens (Figs. 6C, D, G, H). The accommo-
dative lag observed at near in the center zone data (Figs. 6A, B)
steadily increased as measured farther from pupil center (R3 > R2
and R1), resulting in hyperopic defocus in eyes fit with single-vision
lenses at nearest distances (mean defocus for targets 0.33 m and
nearer; R1, 0.88D; R2, 1.27D; and R3, 1.70 D). This larger hyper-
opic shift at the pupil margins was caused by the well-documented
increase in negative spherical aberration as the eye accommo-
dates.27,30 The combined accommodative lag and negative spheri-
cal aberration reduce the level of myopic defocus introduced by the
treatment optics of the dual-focus lens. For example, R1 and R3 in-
troduced −2.92 and −2.87 D of myopic defocus, respectively, at
4 m, which reduced to −0.63 and −0.27 D at 0.23 m. For stimuli
beyond 0.4 m, all children experiencedmyopic defocus. For stimuli
0.31 m and nearer, 12 (71%) and 10 children (59%) experienced
average myopic defocus in the pupil covered by R1 and R3 treat-
ment zones, respectively.
3; Vol 100(6) 381



FIGURE 6.Mean defocus (defocus = refractive state – target vergence) as a function of target vergence from all children. Mean defocus values (y axis)
observed at each target vergence (x axis) were plotted for each zone (center zone, R1, R2, and R3) for eyes fit with the single-vision (A, C, E, G) or the
dual-focus (B, D, F, H) contact lenses. Data for each of the 17 tested eyes were plotted as gray lines, and the mean of the 17 was plotted as a bold line
and symbol. Error bars were ±1 SEM. SEM = standard error of the mean.
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FIGURE 7. Zone-wise impact of dual-focus lens on the defocus of eyes comparedwith the single-vision control lens.Mean difference in defocus between
the dual-focus and single-vision lens for four individual zones (two correction zones [center zone and R2] and two treatment zones [R1 and R3]) as a
function of target vergence in diopters.
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The impact of the treatment zones can be quantified by compar-
ing the defocus generated by those regions of the pupil when fit
with the dual-focus with the same regions of the pupil when the
eye was fit with the single-vision lens. The difference in defocus be-
tween the dual-focus and single-vision lens for each zone is plotted
in Fig. 7. The center correction zone generated the same levels of
defocus (mean, 0.01 D), whereas, in the second correction zone (R2),
on average, there was myopic defocus (mean, −0.66 D). However,
when comparing regions of the pupil covered by the treatment optics
(R1 andR3), the dual-focus lens created, on average, a−2.05-Dmy-
opic shift in defocus for R1 and a −2.40-D shift for R3, which varied
little with viewing distance. The data in Figs. 6 and 7 show the ability
of the dual-focus lens to achieve two goals, generating significant
myopic defocus across the full pupil at the greater viewing distances
(mean, −2.25 D between 3.98 and 0.48 m) and a combined intro-
duction of myopic defocus (−0.91 D for distances ≤0.31 m) and re-
moval of the significant hyperopic defocus observed in eyes fit with
the single-vision lens when viewing near stimuli (mean, 1.29 D for
distances ≤0.31 m).

The aforementioned analysis of the data in Figs. 6 and7 charac-
terizes themyopia control dose delivered by each treatment optic in
units of diopters. However, it has been shown in model work20 that
the amount of myopically defocused light on the retina plays a sig-
nificant role in influencing eye growth. Therefore, the next section
focuses on the proportion of the light forming the retinal image,
which can be considered to contribute to myopia control (increase
in the proportion of myopically defocused light and reduction in the
proportions of hyperopically defocused light). Central to this analy-
sis is the underlying geometry of the dual-focus lens (Fig. 2) and
the proportion of the pupil covered by each of its zones. The aver-
age percentages of the full pupil covered by each of the four zones
remained relatively stable across all viewing distances because pu-
pil size varied little with viewing distance (e.g., mean diameter was
6.57mmwhen viewing a distance target and 6.34mmwhen view-
ing a near target at 0.23 m).
www.optvissci.com Optom Vis Sci 202
Using the refractive criteria shown in Fig. 3A, the three propor-
tions of focused and myopically and hyperopically defocused light
extracted from the full pupil defocus distributions of each eye and
each lens were depicted graphically in ternary plots for eyes fit with
both the single-vision (Figs. 8A, C) and dual-focus (Figs. 8B, D)
lenses for all viewing distances tested: 3.98 m (filled circles),
0.98 m (open circles), 0.48 m (open squares), 0.31 m (open dia-
monds), and 0.23 m (filled triangles). Predictably, the criterion
set with the wider range for defining “focused” (−0.50 to +0.75 D)
generated larger proportions of focused light (Figs. 8A, B) than the
data using the narrow range (±0.25 D) plotted in Figs. 8C and D.
In every case, there was a consistent drift in the data from the upper
regions (red shaded) indicating retinal images dominated by myopic
defocus to the lower left blue region where images were dominated
by hyperopic defocus. For example, while viewing the farthest target,
approximately 62 (single-vision) and 87% (dual-focus) of the full pu-
pil was dominated by myopic defocus, which reduced to 18 (single-
vision) and 27% (dual-focus) for the nearest target. Conversely, the
proportion of hyperopic defocus in the retinal image increased from
10 (single-vision) and 3 (dual-focus) to 69 (single-vision) and 50%
(dual-focus) for the farthest and nearest viewing distances, respec-
tively. The bias toward myopic defocus and away from hyperopic
defocus created by the dual-focus lens can be observed by compar-
ing the locations of corresponding data in the right and left panels of
Fig. 8. Although it is convenient to quantify the proportions (or per-
centage) of the pupil generating each type of defocus, these percent
values will vary with pupil size, as shown for other lens designs with
radially varying power.49

The treatment dose introduced by the R1 and R3 zones of the
dual-focus lens can be quantified as the increase in proportion of
myopically defocused light and the decrease in proportion of
hyperopically defocused light in the retinal image created by the
dual-focus optic; each occurs simultaneously at each viewing dis-
tance. These shifts in the proportion of myopically defocused and
hyperopically defocused light were quantified and are shown in
3; Vol 100(6) 383



FIGURE 8. Ternary plots of focused and defocused light in the retinal image. The three proportions of focused and myopically and hyperopically
defocused light forming the foveal images were extracted from the full pupil defocus distributions (Fig. 4) and plotted for each eye and each lens using
three axes ternary plots. Data for eyes fit with the single-vision (A, C) and dual-focus (B, D) lenses for each viewing distance: 3.98 (filled circles), 0.98
(open circles), 0.48 (open squares), 0.31 (open diamonds), and 0.23 m (filled triangles) are plotted for the sample means (bold symbols and lines) and
for each eye (low contrast gray symbols).
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Table 1. Introduction of additional myopically defocused light (be-
tween 30 and 40%) dominated at the larger viewing distances,
whereas reduction in the proportion of hyperopically defocused
light dominated at the nearest distances. Despite the added plus
power in the treatment rings, the dual-focus lens design was able
to maintain similar proportion of focused light in the retinal image
as the single-vision lens at each viewing distance (average, 20%).

DISCUSSION

The main purpose of this study was to quantify the myopia treat-
ment dose delivered by a myopia control dual-focus contact lens con-
taining two annular treatment zones, which include approximately
www.optvissci.com Optom Vis Sci 202
2.00 D of added plus power (Fig. 1). Dose was assessed along two di-
mensions: the diopters of defocus created in the retinal image (Figs. 4
to 7) and the proportion of myopically and hyperopically defocused
light within these retinal images (Figs. 3, 8). The data summarized
in this article show that, on both scales (diopters and proportion of
light in the image), the dual-focus contact lens treatment optics
successfully introduced an average myopia control dose of 2.00 D
into the retinal image at all viewing distances. These results are
consistent with the proposed closed-loop optical mechanisms by
which dual-focus myopia-control contact40 and spectacle15 lenses
achieve treatment success.

The similar defocus levels observed in pupil regions covered by
the center zones (Figs. 6A, B) of both single-vision and dual-focus
lenses reveal that the dual-focus optics did not disrupt normal
3; Vol 100(6) 384



TABLE 1. Optical impact of dual-focus lens on the proportion of focused and defocused light in the retinal image relative to the single-vision control lens

Defocus criterion 1

Target vergence (D)

Δ Proportion (%) of hyperopic defocus

(DF-SV)

Δ Proportion (%) of myopic defocus

(DF-SV)

Δ Proportion (%) of focused light

(DF-SV)

−0.25 −0.04 (−4%) 0.28 (+28%) −0.24 (−24%)

−1.02 −0.11 (−11%) 0.38 (+38%) −0.27 (−27%)

−2.08 −0.25 (−25%) 0.35 (+35%) −0.10 (−10%)

−3.23 −0.35 (−35%) 0.30 (+30%) 0.06 (+6%)

−4.35 −0.20 (−20%) 0.09 (+9%) 0.11 (+11%)

Defocus criterion 2

Target vergence (D)

Δ Proportion (%) of hyperopic defocus

(DF-SV)

Δ Proportion (%) of myopic defocus

(DF-SV)

Δ Proportion (%) of focused light

(DF-SV)

−0.25 −0.11 (−11%) 0.22 (+22%) −0.11 (−11%)

−1.02 −0.22 (−22%) 0.35 (+35%) −0.13 (−13%)

−2.08 −0.33 (−33%) 0.35 (+35%) −0.03 (−3%)

−3.23 −0.35 (−35%) 0.33 (+33%) 0.03 (−3%)

−4.35 −0.17 (−17%) 0.12 (+12%) 0.05 (−5%)

Proportional changes in hyperopically defocused,myopically defocused, and focused light created by the dual-focus and the single-vision contact lenses
for each target vergence and for the two refractive criteria used to segregate the defocus scale into three dimensions (proportions of focused and of my-
opically and hyperopically defocused light in the retinal image, see Fig. 3A). DF-SV = dual-focus–single-vision.
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accommodation.50 The leads and lags similarly contribute to the
defocus levels created by the noncentral annular correction zone,
but at the increased distance from the lens and pupil center of this
annular zone, spherical aberrations of the contact lens and that of
the eye also contribute to the resulting defocus patterns. The es-
sentially normal accommodative behavior seen in eyes fit with the
dual-focus lenses reveals that the correction zones (center zone
and R2) remain the focus target for these eyes, with no evidence
that children use the added plus power in the treatment zones to fo-
cus near targets. This result is crucial for such lenses to be able to
deliver myopic defocus with the treatment optics.

As reported previously for adult eyes,27,28 spherical aberration
of the adolescent eyes in this study (mean age, 16.61 years) drifted
negatively as the eye's lens changes shape during accommodation.
Changes in spherical aberration of eyes fit with single-vision lenses
were quantified with the Zernike coefficient C40 for wavefronts
measured across the full pupil at each viewing distance. Average
pupil diameters were 6.60, 7.05, 7.04, 6.85, and 6.34 mm for
viewing distances of 3.98, 0.98, 0.48, 0.31, and 0.23 m, respec-
tively. Although there were individual differences in absolute levels
of spherical aberration, accommodation induced a negative shift
in all eyes, resulting in a mean spherical aberration (eye + single-
vision lens) that increased from −0.07 to −0.50 μm as the viewing
distance was reduced from 3.98 to 0.23 m with a best fit slope of
−0.105 μm per diopter of target vergence. Spherical aberration of
eyes with dual-focus contact lens was not determined, as the
Zernike polynomials cannot accurately fit the zonal power profile
of this lens (Figs. 1B, D).

Because accommodation was unaffected by the dual-focus op-
tics of the MiSight 1 Day lenses relative to single-vision lenses, oc-
ular spherical aberration changes resulting from changing eye lens
shape are matched for eyes fit with single-vision and dual-focus
lenses. For this reason, the differences in average defocus of each
zonebetween the single-vision anddual-focus lenses (Fig. 7) generally
www.optvissci.com Optom Vis Sci 202
remained unchanged with target vergence. The resulting defocus
differences, however, reflect radial differences in power of the two
lenses. The added plus power in the dual-focus treatment zones cre-
ated between −2.00 and −2.50 D of added myopic defocus and the
negative spherical aberration of the single-vision lens resulted in the
outer correction zone of eyes fit with the dual-focus lens (R2) being
approximately −0.50 D more myopic. The increasing levels of nega-
tive spherical aberration observed in accommodating eyes resulted
in increased hyperopic shifts that increased with radial distance
from the pupil center (Fig. 6). The hyperopic shifts were small for
distance viewing; for example, the mean shift in the outer correction
ring R2 of the single-vision lens is less than 0.25 D for viewing dis-
tance of ≥1 m. However, at the closest distances, the hyperopic
shifts can exceed 1.00 D at the edge of the pupils. These high levels
of negative spherical aberration impact the defocus values associ-
atedwith each zone.49,51 For example, the hyperopic drift in defocus
values (Fig. 6) associated with closer viewing distances (≤31 cm) is
0.49 D in the center zone of the single-vision, and this increases to
0.88 D for R1, 1.27 D for R2, and 1.70 D for R3. The extra 1.20 D
of hyperopic shift observed in R3 compared with center zone is di-
rectly attributable to the changes in spherical aberration levels of
the accommodating eyes.

The current study evaluated the real-world situation where con-
tact lenses are nominally decentered on eye. The impact of contact
lens movement during the interblink interval, however, was mini-
mized with our blink-blink-capture protocol described in the
methods, which, in most cases, resulted in three consistent repeat
measures. Contact lens decentrations were small (0.37 mm tem-
porally and 0.36 mm inferiorly) and had little or no effect on the
proportion of light being imaged through the zones. For an average
pupil size of 6.80 mm and average inferotemporal decentration of
0.37 mm, the changes in proportion of light imaged through the
zones were as follows: center zone and R1, 0%; R2, −3.47%;
and R3, +3.47%.
3; Vol 100(6) 385
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Quantifying the dose experienced in human children undergo-
ing myopia control treatment is complicated because of the influ-
ence of accommodative responses, variability in pupil size (mean
SD, 0.80mm), and levels of negative spherical aberration. All three
factors are expected to vary between individuals and to be signifi-
cantly influenced by lifestyle and educational experiences, both
of which have been implicated in the generation of myopia.52,53

Increased outside playtime (with presumed longer viewing distances
and smaller pupils) successfully lowered the incidence ofmyopia on-
set in a group of Asian children.54 Restricting myopic defocus to pe-
ripheral lens locations, as will happen with a positive spherical aber-
ration multifocal design (e.g., +0.175 μm of C40 over a 5-mm pupil
diameter),16 may fail to slow myopia progression either because pu-
pil sizes are too small to include the required added plus power or be-
cause the significant negative spherical aberration of the children's
eyes will inevitably reduce or even cancel the positive spherical aber-
ration of a multifocal lens during near viewing.

As with all laboratory studies, this study captures a moment in
time. However, by inference, the data provide information about
the extended myopic control dosages experienced by young eyes
as they are treated throughout the day and over multiple years. By
www.optvissci.com Optom Vis Sci 202
using typical small text displayed on a high-resolution smartphone
viewed binocularly, the goal was to capture data that are at some
level reasonably representative of a good portion of a child's life.
The singular defocus values captured from aberrometry measure-
ments embrace monochromatic aberrations of the eye plus lens
combination but, of course, fail to include the spread of defocus
contributed by spectral changes in power of the human eye55

and the effect of soft contact lens decentration on the anterior
eye surface.

In conclusion, the data presented in this study reveal a consis-
tent and universal increase in the nominal “stop” signal (more my-
opic defocus) and a simultaneous reduction in the hypothesized
hyperopic defocus “grow” signal56 in the central retina of children
who were being treated with the dual-focus contact lenses. Al-
though studies of infant monkeys have shown that hyperopic
defocus outside of the central retina is sufficient to stimulate
eye growth,57 near viewing of small targets such as cell phones
or books may only generate hyperopic defocus in and around
the central retina, with the noncentral retina being more myopi-
cally defocused by virtue of being farther than the near target be-
ing viewed.58
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