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Purposk. To characterize the effects on refractive error devel-
opment and eye growth in young chicks of two-zone concen-
tric lens designs, which differentially affect the defocus expe-
riences of central and peripheral retinal regions.

MEeTHODS. Monocular defocusing lenses were worn for 5 days
from 17 days of age. Four two-zone concentric lens designs
(overall optical zone diameter, 10 mm) combining plano with
either —5- or +5-D power were used. Lens designs were as
follows: (1) +5 D center (+5C), (2) +5 D periphery (+5P), (3)
—5 D center (—5C), and (4) —5 D peripheral (—5P), with
plano in periphery for all C-designs and in the center for
P-designs. Five central zone diameters (CZDs) were tested,
ranging from 2.5 to 6.5 mm in 1-mm increments. Plano, +5-
and —5-D single-vision (SV) lenses were used as the control. A
minimum of six birds were included in each lens group.

ResuLts. For the two-zone lenses, the P designs (i.e., peripheral
defocus) had greater effects than the C designs (i.e., central
defocus) on both on-axis eye growth and refractions. All but
the 6.5-mm CZD +5P lens induced larger changes than the
+5SV lens. The +5C lenses with CZD less than 5.5 mm had
little effect. The two-zone —5-D lenses had less effect than the
—58SV lens, and only the 6.5-mm CZD lens of the —5C series
had a significant effect.

Concrusions. The results demonstrate that peripheral defocus
can influence both peripheral and central refractive devel-
opment. The inhibitory effect on axial eye growth of the
+5P lenses opens the possibility that appropriately designed
concentric lenses may control the progression of human
myopia. (Invest Ophthalmol Vis Sci. 2011;52:1078-1086)
DOI:10.1167/i0vs.10-5716

yopia, once considered a serious public health condition

limited to East Asia,'™ is reaching epidemic levels in
North America.* High myopia is one of the leading causes of
vision loss worldwide.>”” The management of myopia remains
largely limited to optical devices such as spectacles and contact
lenses prescribed to correct the refractive errors, and ophthal-
mic surgical procedures for the same purpose. Nonetheless,
novel applications of existing contact lens designs for the
control of myopia progression have recently been explored,
with promising early results.®~'°
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While the success of optical treatments for myopia rests on
the assumption that there are environmental as well as genetic
influences on its development and progression, their relative
contributions remain the subject of ongoing debate. Results of
twin and family studies suggest a strong genetic contribution to
myopia,''~'? yet the dramatic increase in myopia’s prevalence
and severity, reported in recent large-scale population studies,
strongly suggests a significant environmental influence, in that
the increase is too rapid to be explained by genetic variation
alone.3’14’15

Altered emmetropization in response to specific visual manip-
ulations is a consistent finding in a diverse range of animals,
including chicken,'®'” tree shrew (Siegwart JT, et al. IOVS 1993;
34:ARVO Abstract 2482),'® guinea pig,'”?° and monkey,>"*?
with myopia being the product of both spatial form deprivation
and imposed hyperopic defocus. The early finding that the eyes of
young chicks adjust their growth to compensate for imposed
optical defocus has since been generalized to other animal mod-
els. With imposed hyperopic defocus (negative lenses), eyes in-
crease in axial length, and with myopia defocus (positive lenses),
the elongation slows (Siegwart JT, et al. IOVS 1993;34:ARVO
Abstract 2482).'7*%%? Evidence of a role of the peripheral retina
in eye growth regulation also comes from early studies in the
chick, followed by recent studies in the monkey. In chicks, form
deprivation treatments restricted to one half of the visual field
cause excessive eye growth only in the affected field,*® and
similar field-dependent changes occur when optical defocus is
limited in its extent.?* In monkeys, isolated central (foveal)
laser lesioning has shown that eyes can recover from in-
duced myopia,?® implying that the peripheral retina alone is
capable of guiding emmetropization. In more recent studies,
limiting either form deprivation or optical defocus to a
hemifield was reported to induce asymmetric eye growth,
consistent with appropriately localized responses.?*?” How-
ever, despite the emerging evidence of a role for the periph-
eral retina in guiding eye growth, the nature of the interac-
tions between peripheral and central retinal regions as
determinants of eye shape and their respective influences on
central (on-axis) refractive errors remains inconclusive.

In human myopia, two examples of hyperopic defocus offer
plausible links to the finding of defocus-induced myopia in
animals: (1) Relatively prolate eye shapes, which have been
linked to myopia, introduce relative hyperopic defocus at pe-
ripheral retinal locations®®*~3°; and (2) lags in accommodation
introduce hyperopic defocus centrally and are reported to be
increased in some studies of myopia.>’ ™3> In the context of
myopia control, previously explored bifocal and spectacle lens
treatments are based on the premise that lags of accommoda-
tion underlie myopia progression. Although clinical trials of
these lenses report disappointing efficacy,* =3¢ it is perhaps
noteworthy that their effect on peripheral (off-axis) refractive
errors is also likely to be variable, between lens designs and as
a function of eye position. On the other hand, two of the
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contact lens treatments showing promise as myopia control
therapies (i.e., corneal reshaping therapy and concentric, dis-
tance center multifocal soft contact lenses) are predicted to
reduce peripheral hyperopic refractive errors,®> ' as well as
accommodative lags.

Animal studies of multifocal lenses have been limited so far
to two studies in chicks. Both involved Fresnel lens designs,
each incorporating two defocusing powers in alternative nar-
row rings (zones) (Diether S, et al. JOVS 2003;44:ARVO Ab-
stract B879).>” These studies reported similar outcomes for
otherwise normal eyes. When positive lens power was incor-
porated into the lens design, its effect dominated, whether or
not the alternate rings included plano (0 D) or negative lens
power. Similar domination of myopic defocus over hyperopic
defocus has been reported in other types of experiments. For
example, when myopic and hyperopic defocuses were set in
competition in a cone-imaging system that also restricted the
visual experience to two planes of defocus, the eyes showed
reduced elongation, as expected with imposed myopic defo-
cus (Diether S, et al. IOVS 2002;43:ARVO E-Abstract 188). In
other studies in which appropriate single-vision lenses with
powers in opposite signs were interchanged, myopic defocus
was shown to be about five times more effective than hyper-
opic defocus in inducing axial growth changes.*® Moreover,
interrupting hyperopic defocus with several brief periods of
myopic defocus, spaced across the day, completely negated
the ocular response to hyperopic defocus but not myopic
defocus.”®

In the present study, we sought to better characterize the
effects of manipulating peripheral retinal defocus on ocular
growth in the chick model, using a series of two-zone lens
designs that varied in both defocusing power and diameter of
respective zones. Our intention was to simulate the bifocal soft
contact lenses trialed for myopia control in humans, to prom-
ising effect.

METHODS

Animals

White-Leghorn day-old chicks, obtained from a commercial hatchery
(Privett Hatchery, Portales, NM), were used in this study. They were
reared in a normal diurnal lighting environment (12 hours on/12 hours
off), with food and water freely available. Spectacle lenses were fitted
monocularly on 17-day-old chicks and worn for 5 days. A total of 185
birds were used. All animal care and treatments conformed to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision

Research. Experimental protocols were approved by the Animal Care
and Use Committee of the University of California Berkeley.

Lens Treatments

All lenses had a total optical zone diameter of 10 mm and overall lens
diameter of 12.2 mm. Four two-zone concentric lens designs combin-

Concentric Lenses in Refractive Development and Eye Growth

1079

ing plano with either —5 or +5 D were used to differentially expose
the central and peripheral retina to defocus. Lens designs were as
follows: (1) +5 D center (+5C), (2) +5 D periphery (+5P), (3) —5 D
center (—5C), and (4) —5 D periphery (—5P), with plano in periphery
for all C-designs and in the center for P-designs. Five central zone
diameters (CZDs) were tested, ranging from 2.5 to 6.5 mm in 1-mm
increments. Because of eye movements, only limited regions of the
central and peripheral visual fields experience unifocal (single vision)
effects with the two-zone lenses; the remaining, paracentral visual field
receive optical input from both the central and peripheral lens zones.
The dimensions of the multifocal central field and the unifocal periph-
eral field also depend on the interactions between the CZDs of the
lenses, the entrance pupil of the eye, and the vertex distance (VD) of
the lenses. As the CZD is increased, the multifocal central field ex-
pands, while the unifocal peripheral field narrows. Table 1 summarizes
the estimated dimensions of these visual field zones for the various
two-zone lens designs, based on a VD of 3.3 mm.“*4! The latter was
measured with high frequency A-scan ultrasonography, after filling the
space between the lens and the cornea with ultrasound gel; VD was
defined as the distance between the peaks corresponding to the back
surface of the lens and the front surface of the cornea. Three single
vision (SV) lenses (plano, +5 and —5 D) were used as control treat-
ments. These lenses also had optical zone diameters of 10 mm. The
chickens were randomly assigned to 1 of 16 treatment groups, with
repeated runs of experiments achieving final group sizes of between 6
and 11 chickens. Lenses were cleaned and inspected at least three
times daily to ensure that their optical centers remained approximately
aligned with the pupil centers of the eyes of the chickens, thereby
minimizing the potential confounding effect of lens decentration.

Measurements

Baseline refractive errors and axial ocular dimensions were measured
immediately before the start of lens treatments by using static retinos-
copy and high-frequency A-scan ultrasonography respectively, with the
chickens under gaseous anesthesia (1.5% isoflurane in oxygen). Ultra-
sonography measurements were repeated every other day, around the
same time of day (early afternoon), and retinoscopy was repeated
once, after 5 days of lens treatment. Refractive error measurements
were made on-axis (centrally) as well as 30° nasally and temporally.
Angular estimations were made with reference to a protractor, fitted to
a custom-built head holder used to deliver isoflurane.

Statistical Analyses

Both central (C) and peripheral (P) refractive errors are represented as
spherical equivalent refraction (SER; averages between the refractions
of two principal meridians), as there was no significant increase in
astigmatism with increased eccentricity, either before or after the lens
treatments. Off-axis refractive errors were normalized with respect to
the on-axis values (i.e., P-C), by way of identifying differential effects
on these regions induced by the lenses. This parameter is referred to as
the relative peripheral refraction (RPR). Although A-scan ultrasonogra-
phy allowed measurements of all ocular components, including the

TAaBLE 1. Dimensions of Center and Peripheral Optical Zones (CZD, PZD) of the Five Two-zone Lens
Designs Used and Corresponding Dimensions of the Unifocal Central Visual Field and Annular
Multifocal Paracentral and Unifocal Peripheral Visual Fields

CZD PZD Unifocal Central Multifocal Paracentral Unifocal Peripheral
(mm) (mm) Field (deg) Hemifield (deg) Hemifield (deg)
25 3.75 — 34 20
3.5 3.25 — 38 16
4.5 2.75 12 35 13
5.5 2.25 34 27 10
6.5 1.75 54 19 8

Calculations based on an anterior chamber depth (ACD) of 1.56 mm and a VD of 3.3 mm (the means
for 185 chickens tested) and an estimated entrance pupil diameter of 4 mm, which is 0.2 mm in front of
the iris based on an assumed total corneal power of 96 D.*2
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layers making up the posterior wall of the eye (retina, choroid, and
sclera), changes in axial length, calculated as the sum of anterior
chamber depth, lens thickness, and vitreous chamber depth, largely
accounted for the changes in central refractive error, and thus only
these data are presented. Initial analyses found no group-related differ-
ences in untreated contralateral (fellow) eyes, in refractive errors or
axial lengths. Thus, only changes over the treatment period in both
refractive errors and axial dimensions for treated eyes are reported as
the primary outcome measures of the treatment effects.

Descriptive analyses were performed, and the normality of the
distributions of the changes in refractive error and axial dimensions
were verified before statistical modeling. Factorial ANOVAs were per-
formed (Stata; Stata Corp., College Station, TX), with the primary
outcome measures of interest being changes in the on-axis refractive
error and axial length over the treatment period, as well as the end
point RPR, with adjustment for baseline interocular difference. These
outcome measures were modeled as a function of lens type and CZD,
as well as the interaction between these two factors. Differences
between groups were assessed with two-sample #tests. To keep the
family-wise error rate for the entire set of tests equal to 0.05, the
Hochberg step-up procedure was used. Thus, P values were adjusted
to take into account the number of tests undertaken. This procedure
has more power to detect differences than the simpler Bonferroni
adjustment. Results are illustrated in the figures as box plots, which
show medians and the distribution of the data; whisker lengths repre-
sent either 1.5 times the interquartile range or the distance to the
extreme, whichever is shorter.

RESULTS

Effects of Lens Design on Central (On-Axis)
Refractive Errors

On-axis refractive error changes over the treatment period
were generally consistent with the sign of the lens power
incorporated in all or part of the lens—that is, eyes wearing
positive lenses exhibited hyperopic shifts in refractive error
and eyes wearing negative lenses exhibited myopic shifts.
These data are summarized by lens type and CZD in Table 2.
The effect of lens type was highly significant (F,, = 87.83,
P < 0.0001), but not the effect of CZD alone (F; ,, = 2.03, P =
0.09), although there was a significant interaction between
CZD and lens type (F,,,, = 5.64, P < 0.0001).

Hyperopic Changes Induced by Two-Zone and SV Pos-
itive Lenses (Figs. 1a, 1b, top). As expected, the +5SV lens
induced a significant hyperopic shift in refractive error
(+3.36 = 0.43 D) by the end of the treatment period. Although
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the endpoint refractive errors (+4.73 * 1.10 D) closely
matched the imposed defocus (+5 D), the mean hyperopic
change was less than the imposed defocus, this discrepancy
reflecting the low hyperopia at baseline. In contrast, the plano
lens-wearing eyes showed minimal change and thus the differ-
ence between the two groups was highly significant (P <
0.0001). For the two-zone lenses with positive power in their
centers (+5C lenses), those with CZD of less than 4.5 mm had
little effect, whereas those with CZDs above this threshold
induced increasing hyperopia. Thus, while the lens with a 4.5
mm CZD induced only a small hyperopic shift (+1.77 £ 1.91
D, P = 0.09), the lenses with CZDs of 5.5 mm or larger induced
much larger shifts (P = 0.02), with the change induced by the
6.5-mm CZD being slightly greater than that with the +5SV
lenses (+4.54 = 1.11 D; P = 0.06, Fig. 1a, top). The latter
trend was also observed with the +5P lenses (Fig. 1b, top).
Specifically, all the latter lens designs induced larger hyperopic
shifts than the +5SV lens (P < 0.05 for CZD of 2.5, 3.5, and
5.5, P = 0.06 for CZD of 4.5), except for the 6.5-mm CZD, for
which the hyperopic shift in refractive error dropped to less
than half that with the 5.5-mm CZD (P < 0.01 for both the
5.5-mm CZD +5P and the +5SV lenses).

Myopic Changes Induced by Two-Zone and SV Nega-
tive Lenses (Figs. 2a, 2b, top). The —5SV lens induced nearly
complete compensation over the treatment period, with the
observed myopic shift in refractive error being comparable to
the imposed defocus and significantly different from the
change in the control (plano lens-wearing) eyes (—5.84 = 0.50
D, P < 0.0001). The myopic shifts in refractive errors induced
by the two-zone negative lenses were all much smaller than
that recorded with the SV lens, contrasting with the exagger-
ated responses with some of the two-zone positive lenses.
Nonetheless, increasing the CZD for the —5C designs tended
to increase the myopic shift in refractive error, with the change
reaching statistical significance for the 6.5 mm CZD lens (P =
0.01 for the plano lens, Fig. 2a, top). For the —5P designs,
significant myopic changes were seen with all CZDs compared
with the plano lens-wearing control (P < 0.05 for all, Fig. 2b,
top).

Effect of Lens Design on Ocular Axial Growth

Choroid thickening was significantly associated with the devel-
opment of hyperopia (B> = 0.17, P < 0.0001); however,
changes in choroidal thickness did not fully account for
changes in either the refractive error or the axial length.

TABLE 2. Central (On-Axis) Refractive Changes over the Treatment Period

Lens Type
CZD (mm) +5C +5P -5C —5P

2.5 +0.58 + 0.88 +4.25 + 0.35 +0.11 = 1.98 -3.71 = 3.35
© © () ©

3.5 +0.68 = 1.09 +5.35 = 0.93 —0.53 = 1.63 —2.86 *+ 2.24
a0y a0y ® D

4.5 +1.77 = 1.91 +4.48 + 1.79 +0.68 + 1.14 —2.05 + 2.28
a0y an a0y a0y

5.5 +2.75 + 1.97 +4.43 + 1.25 —0.25 + 1.36 —1.89 + 1.37
© an ©) an

6.5 +4.54 + 1.11 +1.71 = 1.23 —1.79 = 1.41 —0.83 = 0.92
© © © ©

10 +3.36 + 0.43 —5.84 = 0.50

V) (@) ®

Equivalent values for the plano lens are +0.19 = 1.14 D (z = 9). Data are the mean * SD in diopters
with the sample size in parentheses, organized by lens type and CZD.
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terquartile range and the distance to
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The axial length changes in lens-wearing eyes over the
treatment period were consistent with observed changes in
on-axis refractive errors (R* = 0.61, P < 0.0001), with the
largest changes in negative lens-wearing eyes showing the
largest myopic shifts in refractive error and the smallest
changes in positive lens-wearing eyes showing the largest
hyperopic shifts. These data are summarized by lens type
and CZD in Table 3. As with the changes in refractive error,
axial length changes were influenced significantly by lens
type (Fs,, = 49.60, P < 0.0001) and the interaction be-
tween lens type and CZD (F,,,, = 6.47, P < 0.0001). The
effect of CZD alone was of borderline significance (F; ,, =
3.22, P = 0.0D).

Center zone diameter (mm)

Axial Length Changes Induced by Two-Zone Positive
Lenses (Figs. 1a, 1b, bottom). Compared with eyes wearing
plano lenses, those wearing +5SV lenses showed significantly
less axial elongation over the treatment period (0.16 * 0.074
mm, P = 0.0001), consistent with their increased hyperopia.
With the +5C lenses, axial length changes were similar to
those of plano lens-wearing eyes for CZDs of less than 5.5 mm,
but significantly smaller for both 5.5- and 6.5-mm CZDs (P =
0.009 and P = 0.0001, respectively), these trends being con-
sistent with described CZD-dependent changes in refractive
error. Furthermore, the mean change in axial length with the
6.5-mm CZD lens design was similar to and not significantly
different from that with the +5 SV lens (P = 0.41). With the
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FIGURE 2. Boxplots of central re-
fractive error changes (a and b, top)
L] and axial length changes (a and b,
bottom) over the treatment period
for (a) the —5C two-zone lens de-
signs and (b) the —5P two-zone lens
designs. CZDs ranged from 2.5 to 6.5
mm. Dashed reference line: mean
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+5P lenses, changes in axial length were significantly smaller
than that with the plano lens (P < 0.0001 for 2.5 to 5.5 mm
CZD), and the change with the 4.5-mm CZD design was also
significantly smaller than that with the +5SV lens (P = 0.01,
Fig. 1). These results are consistent with the large hyperopic
shifts in all but the largest (6.5 mm) CZDs for the +5P design.

Axial Length Changes Induced by Two-Zone Negative
Lenses (Figs. 2a, 2b, bottom). As expected, the myopic shift
in refractive error observed with the —5SV lens was linked to
a significant increase in axial elongation compared with that
seen with the plano lens (0.69 £ 0.061 mm, P < 0.0001).
Among the —5C lenses, only the lens with a CZD of 6.5 mm
induced greater elongation than the plano lens, and the change
was of borderline significance (P = 0.04). In contrast, with the

change induced by the —5SV lens;
solid lines: mean change induced by
the plano lens.

—5P series of lenses, there was a consistent trend of increased
axial elongation with all CZDs, with the difference from the
plano lens effect reaching statistical significance for the 2.5-,
3.5-, and 4.5-mm CZDs (P < 0.05 for all).

Effect of Lens Design on RPR Errors

Because there was no evidence of nasal-temporal asymmetry
in the peripheral refractive errors in either the treatment or
control groups, the relative peripheral refractive errors derived
for the nasal and temporal fields were averaged for use in the
analyses of the influences of lens design and CZD. These data
are summarized in Table 4.

The RPR data were subjected to a factorial ANOVA, with
on-axis refractive error change, lens type, and CZD as factors.
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TABLE 3. Changes in Axial Length over the Treatment Period

Lens Type
CZD (mm) +5C +5P —5C —-5P

2.5 0.40 = 0.056 0.035 + 0.14 0.35 = 0.19 0.52 * 0.086
3.5 0.38 = 0.095 0.027 * 0.062 0.40 = 0.12 0.55 * 0.14
4.5 0.45 + 0.19 0.053 = 0.091 0.24 £ 0.18 0.56 = 0.14
5.5 0.23 + 0.096 0.071 = 0.095 0.30 £ 0.11 0.44 = 0.12
6.5 0.16 = 0.036 0.32 = 0.13 0.56 = 0.18 0.46 = 0.071
10 (SV) 0.16 = 0.074 0.69 = 0.061

Equivalent values for the plano lens are 0.39 = 0.10 mm. Data are the mean * SD in millimeters,

organized by lens type and CZD.

The main effect of on-axis refractive error change was signifi-
cant (F, ,; = 50.78, P < 0.0001). The origin of this effect is
revealed in Figure 3 in which RPRs are plotted against changes
in on-axis refractive error for all four two-zone lens designs; in
all cases, increasing on-axis hyperopic changes are associated
with increasing relative peripheral myopia and vice versa. Lens
design was also found to significantly influence RPR (Fg .5 =
5.71, P < 0.0001), with the effect being greater for the positive
lens designs, as reflected in the steeper slopes for the +5C and
+5P data compared with the —5C and —5P data, after adjust-
ment for all other variables in the model (Fig. 3). Note that
despite a moderate level of overlap in the data representing
each group, the RPR distributions show design-dependent dif-
ferences, resulting in similar on-axis refractive error changes
being coupled to different RPRs, and implying differences in
eye shape. Although the CZD itself had no significant effect on
RPR (F; ,; = 0.82, P = 0.51), its interaction with lens design
was significant, albeit borderline (F4 55 = 1.76, P = 0.041).

DISCUSSION

We used two-zone lenses to differentially titrate the optical
defocus experience of central and peripheral retinal regions.
Both our center power (C) and peripheral power (P) designs
induced changes in the central (on-axis) refractive errors and
axial length of the growing eyes of young chicks. The periph-
eral power design tended to have greater effects than the
central power design, for both positive and negative lenses;
and, for the former design, the effect sometimes exceeded that
observed with an SV lens of the same power. While we also
observed changes in peripheral refractive errors, they cannot
be fully explained in terms of local retinal responses to im-
posed defocus. In this discussion, we consider possible expla-
nations for our results and compare them with a closely related
study that involved lenses with central apertures*? instead of
plano zones.

TABLE 4. RPR Error

Any explanation of our results must take into account the
eye movements of our animal subjects. For lenses in which
defocusing power was restricted to the lens periphery, even
the central retinal region would have experienced defocus, at
least intermittently. The defocus experience of midperipheral
retinal regions would also have varied over time. Thus, one
would expect the peripheral retina and adjacent sclera to be
most affected, and the central (axial) regions least affected,
with the accumulated dose of defocus experienced by the
central region decreasing as the size of the central plano zone
increased. The opposite would be true of lenses with power
limited to the central zone. However, the effect of CZD did not
show a clear dose effect for any of the lens series used in the
present study. Except for the largest CZD of 6.5 mm, which
reduced the width of the unifocal peripheral field of view to 8°,
the P series of lenses induced significant changes in on-axis
refractive errors that reflected changes in axial elongation,
with these effects being more robust with the +5 than with
the —5 series of lenses.

Our finding that the changes induced by the —5C lenses
were generally weak, irrespective of the size of the CZD, is
consistent with the results of previous studies exploring the
temporal integration of defocus-induced signals in the chick,
assuming that it is a major determinant of the on-axis response
for these lenses. For example, interruption of lens wear with 3
hours of normal vision is sufficient to prevent the development
of myopia in response to —10 D lenses in chicks.** The equiv-
alent experiment with +10-D lenses showed the response to
imposed myopic defocus to be more robust. In another study,
it was noted that the choroidal thinning induced by short-term
exposure to negative lenses was less enduring than the thick-
ening induced by positive lenses.** With the C series of lenses
in the present study, we also found the responses to imposed
myopia (+5 D) to be more robust than the responses to
imposed hyperopia (—5 D). Lateral interactions between adja-
cent retinal regions are also likely to influence the response of

Lens Type
CZD (mm) +5C +5P -5C —-5P

2.5 —0.40 = 0.83 —1.15 £ 0.85 —0.39 £ 0.90 +0.79 £ 0.98
3.5 —0.45 = 1.08 —0.96 * 0.69 —-0.17 £ 0.25 0.00 £ 2.03
4.5 —1.08 = 1.04 +0.32 £ 1.77 +0.38 = 1.36 —0.80 = 1.64
5.5 —0.85 = 1.19 —0.58 = 1.22 —0.042 * 0.30 +0.32 = 1.63
6.5 —1.98 = 1.50 +0.29 £ 1.15 —0.008 * 1.46 +0.083 + 0.63
10 (SV) +0.14 = 1.12 +0.83 + 1.24

Equivalent values for the plano lens are —0.083 * 0.63 D. Data are the mean * SD in diopters,

organized by lens type and CZD.
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local retinal regions, either dampening or enhancing the signal
generated by the local defocus experience.

The response pattern recorded with the +5P series of
lenses is striking in that the induced on-axis refractive error
changes are greater than that induced by the +5-D SV lens,
with one exception, even though the central retina would have
had a more consistent defocus experience with the latter lens.
This model cannot fully explain the outcome. A potential
alternative explanation relates to interactions between the
higher order aberrations (HOAs) introduced by the two-zone
lenses and those of the eye, which may alter the target plane of
best focus for emmetropization. In studies involving concen-
tric bifocal contact lenses in humans, it has been shown that
interactions between lens and ocular aberrations, especially
spherical aberration (SA), may alter the position of plane of
best focus with respect to the retina.*> SA would also have
been most affected by our two-zone lens design. Although we
did not measure the optical aberrations of the chicks in the
present study, a transition from negative SA at week 2 to
positive SA at week 5 was observed in a previous study of the
same strain of chicks.* It is also known from in vivo studies in
humans*> and in vitro studies in chicks*” that spherical aber-
ration becomes increasingly negative with accommodation.
However, while this explanation seems plausible for the results
with the +5P lenses, a similarly exaggerated response was
recorded with the largest CZD +5C lens, which would impose
the opposite type of SA, implying that other factors are at play.

The inherent complexity of ocular growth regulation is
further evidenced by the refractive error profiles of lens-treated
eyes. In the chick eye, which has a rigid bi-layered sclera, it is
generally assumed that eye shape changes reflect the strength
of local retina-derived growth modulatory signals. However,
this model does not fully account for the refractive patterns
observed with our two-zone lenses. For example, while rela-
tive peripheral myopia combined with on-axis hyperopia was
recorded with the +5P lens series, the lenses with the smallest
CZDs resulted in the largest differences and conversely, for the
+5C lenses, those with the largest CZDs induced the largest
differences (Table 4). These influences of lens design on re-
fractive error profiles are illustrated in Figure 3. For the two
+5-D series of lenses, the regression line fitted to the P series

FIGURE 3. RPRs plotted as a func-
tion of changes in on-axis refractive
error for each of the four two-zone
lens types.

data was displaced to the right of the regression line fitted to
the C series data, and was also steeper. Differences in the
ability of peripheral retinal regions to decode defocus and/or
differences in signal gain for peripheral versus central regions
may contribute to, but alone cannot explain, these response
patterns. The significant negative correlation between changes
in central refractive errors and relative peripheral refractive
errors in our data has an intriguing parallel with human refrac-
tive error data, where the coupling of relative hyperopic pe-
ripheral refractive error with on-axis myopia has led to specu-
lation of a causal link between the two. Follow-up studies are
needed to establish whether the response patterns reported
here translate to mammals, before any conclusion can be
drawn concerning the stimulus for myopic growth in humans.

In the present study, changes in relative peripheral refrac-
tive errors were used as a surrogate for eye shape. However,
we cannot eliminate the potential confounding influences re-
lated to the unique properties of the peripheral optics of the
eye, which have not been characterized in the chick in any
study to date. Off-axis measurements of axial length with an
ocular biometer (IOLMaster; Carl Zeiss Meditec, Inc., Dublin,
CA), as recently has been popularized human studies, would be
an appropriate follow-up study. Nonetheless, our study dem-
onstrates that concentric two-zone spectacle lenses can be
used to modify both on- and off-axis refractive development.
Note that although there has been no comparable study in
primates or humans, the possible causal relationship between
myopia progression and relative peripheral hyperopia, evident
when myopes are corrected with standard single-vision spec-
tacle lenses, has led to the recent development of a radial
refractive gradient spectacle lens, which is reported to reduce
such peripheral errors.*®

Our observation of a significant influence of peripheral
defocus on central refractive development contrasts with the
previously reported lack of effect on the latter of spectacle
defocusing lenses with central apertures.®? In this study, the
chicks wore lenses with central apertures of various diameters,
limiting defocus to peripheral retinal regions. Several factors
may have contributed to the discrepancy in the results of our
two studies. First, when lenses with central apertures were
used, as in the earlier study, the chicks may have artificially
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restricted their eye movements, as in a similarly designed study
involving young monkeys, which were observed to limit their
eye movements, to allow viewing through the central aper-
tures of attached lenses.*' Modified eye movements are likely
with such lenses if not regularly cleaned, as the presence of a
central aperture will allow dust to accumulate on the inside of
the lenses, turning them into light diffusers. This potential
problem was avoided with our two-zone lens design. Second,
the previous study used younger chicks than in the present
study although one might expect an exaggerated response in
the younger animals (i.e., larger changes in on-axis refractive
errors), rather than the converse, based on previously reported
age-dependent differences in the rates of response to imposed
defocus.*® On the other hand, due to the smaller eyes of
younger chicks combined with possible shorter lens VDs
(range given as 2 to 3 mm), the unifocal peripheral visual field
introduced with the central aperture lenses are likely to have
been much smaller than those imposed with the two-zone P
lenses with corresponding CZDs in the present study, offering
a partial explanation for this discrepancy in study outcomes.
Finally, it is possible that estimates of the visual angular sub-
tense of the peripheral optical zone of the lenses were inaccu-
rate in the earlier study. Such estimates are directly dependent
on the lens VD and axial parameters of the experimental
subjects and are prone to error, due to the small distances
involved. Our estimates are based on highly accurate measure-
ments made with high-frequency ultrasonography in both
cases, whereas approximated parameters from model eyes
were used in the earlier study.

In summary, in chicks wearing two-zone concentric spec-
tacle lenses, responses varied according to the sign of the
defocusing power and whether it was limited to either the
central or peripheral zone. Lens designs with optical power
limited to the periphery elicited greater responses than the
opposite design, and the responses to lenses incorporating
positive powers were more robust than the responses to lenses
incorporating negative power. The observed inhibitory effect
on axial eye growth of the +5P designs has particular salience
for human myopia and is consistent with isolated reports of
effective control of myopia progression with some concentric
multifocal contact lens designs.'®>° Contact lenses, being in
contact with the cornea, are likely to afford better control over
the imposed optical conditions and as a consequence, may
offer better control of myopia progression than novel spectacle
lens designs that introduce centration and eye movement-
related confounders. Nonetheless, further animal-based studies
of multifocal contact lenses may provide additional insights
into how to best optimize inhibitory effects on eye growth.
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