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Abstract
Purpose—The Study of Theories about Myopia Progression (STAMP) is a two-year, double-
masked, randomized clinical trial of myopic children 6 to 11 years old. STAMP will evaluate the
one-year effect of progressive addition lenses (PALs) compared to single vision lenses (SVLs) on
central refraction, peripheral refraction in four quadrants, and accommodative response and
convergence. STAMP will also evaluate any changes one year after discontinuing PALs. Baseline
characteristics of enrolled children are reported.

Methods—Eligible children had a high accommodative lag and either: (1) low myopia (less
myopic than −2.25 D spherical equivalent) or (2) high myopia (more myopic that −2.25 D
spherical equivalent) and esophoria at near. Children were randomly assigned to wear either PALs
or SVLs for one year to determine the difference in myopia progression in the PAL group relative
to the SVL group. All children will then wear SVLs for the second year to evaluate the
permanence of any treatment effect. Complete ocular biometric data are collected at six-month
intervals.

Results—Over 17 months, 192 children were screened, and 85 (44%) were eligible and enrolled.
Of these 85 children, 44 (52%) were female, and 54 (64%) were esophoric at near. The mean age
(± SD) was 9.8 ± 1.3 years. The right eye mean cycloplegic spherical equivalent refractive error
was −1.95 ± 0.78 D. Horizontal relative peripheral hyperopia (30° nasal retina +0.56 ± 0.59 D;
30° temporal retina +0.61 ± 0.77 D) and vertical relative peripheral myopia (30° superior retina
−0.36 ± 0.92 D; 20° inferior retina −0.48 ± 0.83 D) were found.

Conclusions—The baseline data for STAMP are reported. Asymmetry between vertical and
horizontal meridian relative peripheral refraction was found. STAMP will utilize the ocular
biometric changes associated with the PAL-treatment effect to attempt to elucidate the mechanism
responsible for the treatment effect.
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One in three adults in the United States is myopic,1 and the prevalence of myopia is
increasing.2 A better understanding of the mechanism responsible for myopic progression
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could help develop effective treatments to reduce or prevent the progression of juvenile-
onset myopia. Two current theories of juvenile-onset myopia progression rely on different
mechanisms (Figure 1) with each theory pointing to a different therapeutic approach.

The first theory is based on the hypothesis that hyperopic retinal blur caused by a high lag of
accommodation during near work activities induces abnormal axial growth of the eye.3–5

This theory is supported by observations that myopes have a reduced accommodative
response compared to emmetropes6–9 and thus an insufficient accommodative response to
blur. The Correction of Myopia Evaluation Trial (COMET) finding that progressive addition
lenses (PALs) are more effective at slowing myopia progression in children with a high
accommodative lag supports the accommodative lag rationale;10 however, there has been
only little to moderate success when myopic children with all levels of accommodative lag
were included in interventions attempting to reduce progression using bifocals or
PALs.11–14 Interestingly, COMET also found that the treatment effect produced by reducing
hyperopic retinal blur with PALs occurred mainly during the first year of treatment.13 If
PALs reduce myopic progression by decreasing hyperopic retinal blur during near work,
there should be an accumulating PAL-treatment effect over the three-year study period
because the myopigenic stimulus was decreased in the treatment group throughout the study.

A role for hyperopic defocus is strongly supported by the finding that the eyes of young
animals respond to minus lens wear with faster axial elongation.15–19 On the other hand,
brief periods of clear vision completely negate the “grow” signal produced by otherwise
constant hyperopic retinal blur across animal models.20–22 Because children would have to
do constant near work to prevent exposure to the potent “stop” signal provided by brief
periods of clear vision when viewing an object at distance, these results in animals question
the importance of transient hyperopic retinal defocus due to accommodative lag during near
work. There are also controversies over whether accommodative lag in children is elevated
prior to the onset of myopia23, 24 and whether accommodative lag is associated with myopic
progression.25–27

A second theory has been proposed based on longitudinal ocular growth data from
emmetropic and myopic children. This theory asserts that mechanical tension created by the
crystalline lens or ciliary body restricts equatorial ocular expansion and causes accelerated
axial elongation.28, 29 The mechanical tension theory proposes that there are factors that
produce a larger than normal eye size in children at risk for myopia (Figure 1). Ciliary-
choroidal tension in the anterior portion of the globe reaches a critical point where
proportional expansion of the globe during eye growth is no longer possible. Once
equatorial growth is restricted, there is accelerated axial growth. Myopia results from excess
elongation that is uncompensated because the crystalline lens can no longer decrease in
power by thinning and stretching.28, 29 A second consequence of reaching this critical point
is that the tension results in an increase in the amount of effort required to accommodate,
thereby producing an increased accommodative lag23 and AC/A ratio.30 In this theory, high
accommodative lag is a by-product of myopia, and so lag is correlated with, but does not
cause, myopic progression. A study in marmosets finding that high accommodative lag
appears to be a consequence of myopia as opposed to being the cause provides additional
support for this hypothesis.31 Ciliary-choroidal tension restricting equatorial growth may be
the trigger for myopia onset and could explain why one longitudinal study found that
increased accommodative lag accompanies, rather than precedes, the onset of myopia.23

The mechanical tension model of equatorial restriction is also consistent with the distortion
in eye shape that takes place in myopia. Peripheral refractive error (i.e., the difference
between the spherical equivalent refractive error of a peripheral retinal location and the
central retina) has been used as a surrogate for characterizing ocular shape.32–35 Although
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asymmetries in peripheral refraction have been reported,32, 36, 37 measurements in adults and
children have consistently shown that myopic eyes are relatively more hyperopic in the
periphery of the horizontal meridian compared to the fovea. This relative peripheral
hyperopia suggests that the myopic retina has a more prolate (less oblate) shape than
emmetropic or hyperopic eyes.32–36, 38, 39 A decrease in the oblate shape of the horizontal
meridian of the globe (or increase in relative prolate shape) as myopia increases has also
been evident in MRI data.40 Thinner crystalline lenses have been associated with more
hyperopic relative peripheral refractions in children,33 providing support for the hypothesis
that ciliary-choroidal tension causes restricted equatorial growth with accelerated axial
growth that leads to the more prolate eye shape of myopes. The finding that accommodation
causes the eye to become more prolate provides evidence that ciliary-choroidal tension is
capable of influencing ocular shape.41 Longitudinal data from children who ultimately
become myopic have also shown a significant increase in relative peripheral hyperopia
(relatively more prolate shape) two years prior to the onset of their myopia,38 which could
be explained by increasing ciliary-choroidal tension that begins to slow equatorial expansion
without impeding axial growth.

Previous clinical trials to evaluate whether bifocal spectacles or PALs reduce myopia
progression included various biometric measurements.11–14 No previous study collected
complete biometric data and optical characteristics of the eye because they were
appropriately designed to evaluate the effectiveness of the intervention; however,
comprehensive measurements that describe fully the changes in all ocular components and
optics of the eye may be needed to explain the treatment’s underlying mechanism.
Measurements of accommodative lag through the bifocal add are needed to determine the
reduction in accommodative lag caused by PALs. Data describing treatment effect
permanence after discontinuing PAL wear in a controlled, randomized sample have not been
reported to date; therefore, prevention versus a simple delay of myopia progression cannot
be distinguished. Work involving peripheral visual manipulation in chicks,42 and more
recent work in infant rhesus monkeys,43 provides convincing evidence for a significant role
of the peripheral visual experience in emmetropization, demonstrating the importance of
also measuring peripheral retinal blur and considering the peripheral image shell induced by
spectacle lenses. Comprehensive ocular measurements, both biometric and optical, will help
determine the most appropriate model of juvenile myopia progression.

The purpose of the Study of Theories about Myopia Progression (STAMP) is to elucidate
the mechanism responsible for the ocular biometric changes associated with the PAL-
treatment effect and to determine whether this effect persists. Determining the most
appropriate model of myopia progression will help guide whether future research should
focus on treatments that alter the environment, such as bifocals or peripheral image
manipulation, or on non-environmental treatments, such as pharmacological and genetic
therapies. The two theories of myopia progression being evaluated may not be mutually
exclusive, and some combination of the theories is a possible finding. This paper presents
the STAMP baseline data.

METHODS
STAMP is a two-year, double-masked, randomized clinical trial. All children were
randomly assigned to wear either single vision lenses (SVLs) or PALs with a +2.00-D add
(Varilux Ellipse, Essilor of America) during the first year of the study, and all children will
wear SVLs for the second year of the study. By randomizing children to either SVLs or
PALs during the first year, it will be possible to detect the presence of the PAL treatment
effect during the first year of the study. By then having all children wear SVLs in the second
year, any significant rebound of the PAL treatment effect can be detected.
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Eligible children were enrolled, randomized, and are being followed at six-month intervals
for two years. Refractive error, axial length, peripheral ocular shape, central and peripheral
aberrations, accommodation, corneal shape, anterior chamber depth, crystalline lens
thickness and curvatures, and distance and near phoria are measured at six-month intervals.
A survey of near work and outdoor activity is also administered at each visit (see Survey,
Supplemental Digital Content 1, which shows the survey). At visits after randomization,
regional spectacle lens measurements are made with an aberrometer at points that
correspond with the peripheral ocular shape and aberration measurements to determine the
defocus experienced at each retinal location.

Enrollment Criteria
The STAMP enrollment criteria are listed in Table 1. Age at the time of enrollment was
restricted to ensure that the children would be younger when they completed the study than
the average age at which myopia progression has been reported to cease.44 The upper limit
of myopia was set at −4.50 D in each meridian to prevent inclusion of children with high,
progressive myopia, which often has different genetic markers than common myopia.45 The
lower limit of myopia was set at −0.75 D in each meridian to ensure that the child’s
uncorrected visual acuity was reduced enough to promote full-time spectacle wear.

Children were enrolled with high accommodative lag and either: (1) low myopia (−2.25 D
spherical equivalent or less) or (2) high myopia (more myopic than −2.25 D spherical
equivalent) and esophoria at near. High accommodative lag was defined as greater than a
median split of data, the same criterion used to define high accommodative lag in COMET.
The median level of 1.30 D for a 4-D Badal stimulus was chosen from myopic children in
the Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE)
Study because the CLEERE protocol is the one used to measure lag in STAMP.23 Myopic
children with a high accommodative lag and near esophoria had the greatest one and three-
year treatment effect in COMET (0.39 and 0.64 D), and children with high accommodative
lag and low myopia (−2.25 D or less spherical equivalent myopia) had significant one and
three-year treatment effects in COMET of 0.28 and 0.48 D, respectively.10 These two
subgroups of myopic children were chosen to increase the likelihood of replicating a
significant treatment effect after one year of wearing PALs while maximizing the
generalizability of the results to myopic children.

Prior to assessing eligibility, parents provided informed consent and children provided
verbal assent. The protocol was approved by the Biomedical Sciences Institutional Review
Board at The Ohio State University. All children who met the eligibility criteria were
enrolled in the study and were randomized to a treatment group after the baseline
examination was completed. A web portal was used to confirm eligibility and administer the
randomization, and the group assignment could only be accessed after entering all outcome
data. Block randomization using random, even block sizes ensured that an equal number of
children were randomized to each group while preventing the examiner from predicting the
next assignment. Randomization was stratified by esophoria at near measured with full
spectacle correction. After randomization, all outcome data were collected by an examiner
masked to the treatment assignment.

Sample Size
The mean one-year progression rate calculated for the subgroups of children in COMET
who wore SVLs and had a high accommodative lag with either low myopia or high myopia
with esophoria at near was −0.69 D.10 A sample size of 36 children per group is sufficient to
detect both a clinically significant PAL treatment effect in year one and a rebound effect in
year two of 0.25 D with 80% power and α = 0.05 based on an average progression rate of
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−0.69 D ± 0.37 D per year. A rebound effect in year two is defined as a loss of the year-one
treatment effect in the PAL group after being switched to SVLs in year two because of an
increased rate of myopia progression compared to the SVL-only control group. The standard
deviation of the rate of myopia progression used in the sample size calculation was
estimated using reported annual rates of myopia progression in children (−0.50 D per
year12, 13, 44 with a standard deviation of ±0.25 D44, 46, 47) and data from the Contact Lens
and Myopia Progression (CLAMP) Study (J. Walline and L. Jones-Jordan, personal
communication). After adjusting for an estimated loss to follow-up of 15%, it was necessary
to enroll at least 84 children (42 in each of the two groups).

Variables Measured
Central Refractive Error (Primary Outcome)—Central spherical equivalent refractive
error was measured with autorefraction under cycloplegia using the Grand Seiko WV-500
autorefractor (Grand Seiko Co., Hiroshima, Japan) 30 minutes after instilling 0.5%
proparacaine and the first of two drops of 1% tropicamide, separated by 5 minutes. To
ensure that accommodation was not stimulated, a Badal lens was used to simulate distance
viewing. A reduced Snellen chart was moved inward from beyond the far point until the
letters were clear and then moved to a slightly blurred position to ensure relaxation of
accommodation. Ten valid autorefractor readings were obtained and averaged using the
Thibos power vector method.48 Spherical equivalent refractive error measured under
cycloplegic conditions with the Grand Seiko autorefractor has been reported to agree with
cycloplegic subjective refraction in children.49 When measuring spherical equivalent
refractive error under cycloplegic conditions, the between-session 95% limits of agreement
for the Grand Seiko is reported to be ±0.24 D.50

Phoria—The modified Thorington method was used to assess phoria in this study.51 To
check for a strabismus, unilateral cover test was performed at distance with best-correction
in place and at near with best correction, with and without a +2.00-D add.

Accommodative Lag and Response AC/A—Measurements of accommodative
response (lag of accommodation) were made monocularly using the Grand Seiko WV-500
autorefractor. At each visit, accommodative response of the right eye through the habitual
correction was measured at three stimulus levels: 0.00 D, 2.00 D and 4.00 D. The child
fixated a letter target (4 by 4 letter grid; 20/155 Snellen equivalent) viewed through a Badal
lens with the right eye while the left eye was occluded with an infrared patch. The letter
target was moved to the appropriate location on the Badal track for each demand level, and
five readings were made at each accommodative demand. The position of the left eye was
measured simultaneously through an accessory camera mounted on the Grand Seiko. This
camera photographed the positions of Purkinje images I and IV as a measure of eye position
at the three levels of accommodation. The change in eye position per unit change in
accommodative response yielded the AC/A ratio. Each subject was calibrated by measuring
the change in the positions of these images for a 10° eye movement prior to measurement.

Additional measurements of accommodative response to a 4.00-D stimulus were also made
at each visit using the same experimental setup. At the baseline visit, in addition to
measuring accommodation through the habitual correction, measurements of
accommodative response were made through the manifest refraction determined at that visit
and through the manifest refraction with a +2.00-D add. At the 6-month and 12-month visits,
accommodative response measurements were made through the child’s habitual correction
with and without a +2.00-D add as well as the manifest refraction with and without a +2.00-
D add. At the 18-month and 24-month visits, accommodative response was measured
through the habitual and manifest corrections only.
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Corneal Curvature and Thickness—The Humphrey Atlas Corneal Topography System
Model 993 (Carl Zeiss Meditec, Dublin, CA) was used to measure corneal topographical
data. 52, 53 The Visante anterior segment Optical Coherence Tomographer (Carl Zeiss
Meditec, Dublin, CA) measured full corneal pachymetry.54

Intraocular Pressure (IOP)—IOP was measured using a hand-held Tonopen applanation
tonometer (Reichert, Depew, NY) after instillation of 0.5% proparacaine.

Ocular Shape and Relative Peripheral Defocus—The Complete Ophthalmic
Analysis System for Vision Research (COAS-VR; AMO WaveFront Sciences,
Albuquerque, NM), an open field aberrometer, was used to measure central and peripheral
aberrations after cycloplegia.55 Nine central measurements of the right eye were made while
the child viewed a fixation target. The child then turned his or her head to view fixation
targets located 30°nasally and 30° temporally. The child turned his or her eye to view targets
located 30° superiorly and 20°inferiorly.

For the purpose of calculating relative peripheral refraction, central and peripheral refractive
error values were obtained from each child’s cycloplegic aberrometry measurements.
Relative peripheral refraction was determined by calculating the difference in spherical
equivalent refractive error between the peripheral and central spherical equivalent.37 At all
visits after enrollment, regional aberrometry measurements of each child’s right spectacle
lens were made while mounted in front of a model eye. These spectacle-only measurements
were combined with the child’s corresponding central and peripheral cycloplegic refractive
error measurements to determine the relative peripheral refraction experienced by the child
when wearing his or her STAMP glasses.

Crystalline Lens Radii of Curvature—Video phakometry was performed using a
custom system56 to calculate the radii of curvature of the crystalline lens. The calculations
also yield an individual equivalent index of refraction for the crystalline lens. This
measurement was made after cycloplegia with 1% tropicamide.57 One eye was occluded
while the other fixated a red LED. Video recordings of Purkinje images I, III, and IV are
digitized by frame-grabbing software and image processing software determines the distance
between each of the Purkinje images.

Axial Dimensions—Anterior chamber depth and crystalline lens thickness were measured
using A-scan ultrasonography (Humphrey Model 820, Humphrey Instruments).58 This
procedure requires corneal anesthesia, cycloplegia, and mydriasis for accurate measurement.
The between-session 95% limits of agreement for ultrasound measurements of crystalline
lens thickness is reported to be ±0.20 mm.58 Axial length was measured using the Zeiss
IOLMaster (Carl Zeiss Meditec, Dublin, CA), which is more repeatable than A-scan
ultrasonography.59, 60 Five measurements were made and averaged using each instrument.
The repeatability of axial length measured by the IOLMaster (i.e., between-session 95%
limits of agreement) is reported to be between ±0.04 mm and ±0.06 mm.59–61

Near Work and Outdoor Activity Assessment—A determination of the amount of
near work and outdoor activity that each child typically does outside of school was assessed
at each visit using a survey completed by the parent or guardian accompanying the child to
the visit (see Survey, Supplemental Digital Content 1). Diopter hours is a composite variable
that weights near activities by the assumed accommodative demand for the task. Diopter
hours is calculated as follows: 3 × (hours studying + hours reading for pleasure + hours
playing handheld electronic games) + 2 × (hours playing video games + computer hours) +
(hours watching television). The survey data for a child are not reported if the total number
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of hours per week reported across all questions totaled more than 82 hours because this was
deemed to be unlikely given the number of hours available per week outside of school.

Data Management
All data were dual-entered by the Optometry Coordinating Center at The Ohio State
University. The baseline summary statistics were performed using STATA 9.2 (StataCorp;
College Station, TX) and SPSS 16.0 (SPSS, Inc.; Chicago, IL). A chi-square test was used to
determine whether there was balance between treatment groups in the number of children
who were and were not esophoric at near. Comparisons of relative peripheral refraction by
retinal location were performed using a repeated measures ANOVA. When appropriate,
post-hoc t-test comparisons were performed using the method described by Tukey and the
appropriate mean square error from the ANOVA.

RESULTS
Enrollment began in December 2006 and was completed in May 2008. In total, 192 children
were screened, and 85 (44%) were eligible and enrolled (Figure 2). Of the children enrolled,
42 were randomly assigned to wear PALs, and 43 were assigned to wear SVLs.

The age of children at the enrollment visit ranged from 6 to 11 years with a mean (± SD) of
9.8 ± 1.3 years, and 44 (52%) were female. The mean cycloplegic spherical equivalent
refractive error as determine by autorefraction using the Grand Seiko for the right eye was
−1.95 ± 0.78 D, and the mean axial length was 24.17 ± 0.80 mm. The mean (± SD)
accommodative lag after correcting for lens effectivity for a 4-D Badal stimulus measured
with full manifest correction was 1.71 ± 0.37 D and ranged from 1.18 D to 2.85 D.
Accommodative lag values were not corrected for lens effectivity when determining
eligibility; therefore, the minimum effectivity-corrected lag value is less than 1.30 D. Of the
85 children enrolled, 10 (11.8 %) children had an accommodative lag value less than 1.30 D
after correcting for lens effectivity, and the ten children were split equally between the
treatment groups (i.e., five in the PAL group and five in the SVL group).

Of the children enrolled, 54 (64%) were esophoric at near at the baseline visit.
Randomization was stratified by whether the child was esophoric at near. Of the 54 children
with esophoria at near, 28 were assigned to SVLs, and 26 were assigned to PALs. Of the 31
children who were not esophoric at near, 15 were assigned to SVLs, and 16 were assigned to
PALs. There was no imbalance between treatment groups in the number of children with
and without esophoria at near (p = 0.76; chi-square test).

The race and ethnicity distribution of the children is shown in Table 2. Overall, 68.2% of the
children were white, and 20.0% were African-American. Only 5.9% were Hispanic.

With the exception of survey outcomes, baseline summary statistics for the primary and
secondary outcomes are shown in Table 3. Summary statistics for the near work and outdoor
activity survey are shown in Table 4.

Differences in relative peripheral refraction were found that depended on the retinal location
(Figure 3; repeated-measures ANOVA; p < 0.001). There were no asymmetries in relative
peripheral refraction in the vertical meridian (superior and inferior retina) or in the
horizontal meridian (nasal and temporal retina) (all p > 0.05; Tukey’s HSD); however,
relative peripheral refraction values in the horizontal meridian were more hyperopic than in
the vertical meridian (all p < 0.05; Tukey’s HSD). In the horizontal meridian, eyes of
myopic children on average had relative peripheral hyperopia (i.e., a relatively more prolate
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shape). In the vertical meridian, myopic eyes on average had relative peripheral myopia (i.e.,
a relatively more oblate shape).

DISCUSSION
Baseline Data

The mean age (9.8 years), spherical equivalent amount of myopia (−1.95 D), and axial
length (24.17 mm) reflect the enrollment criteria for STAMP. The elevated mean lag of
accommodation for a 4-D stimulus (1.71 D) reflects the eligibility criterion that children had
to have a high lag of accommodation. The baseline characteristics of children in STAMP are
similar to the baseline characteristics of children who participated in COMET, the most
recent clinical trial using PALs in the United States. In COMET, at study entry, the mean (±
SD) age was 9.3 ± 1.3 years,13 spherical equivalent refractive error was −2.38 ± 0.81 D, and
axial length was 24.1 ± 0.7 mm.62 The baseline refractive error in STAMP was slightly less
myopic than in COMET (p < 0.0001; t-test), which likely reflects the requirement that
children with higher myopia in STAMP also be esophoric at near.

Primary Expected Outcomes
A reduction in myopia progression is expected in the PAL group after the first year based on
both theories of myopia progression (Figure 4). During the second year when both groups
wear SVLs, the accommodative lag theory predicts equal rates of myopia progression (i.e.,
no loss of the treatment effect) for both the PAL and SVL groups. The mechanical tension
theory predicts a loss of the treatment effect in the PAL group after being switched to SVLs
(i.e., a greater progression rate in the PAL group than in the SVL group during the second
year). A loss of treatment effect would suggest that an increase in ciliary-choroidal tension
was present once accommodative effort was restored to its normal state when the PALs were
removed; however, refractive error alone is not sufficient to determine the mechanism
behind the PAL treatment effect and myopia progression. Accommodative lag
measurements made through the child’s actual near correction will assess whether
accommodative lag returned to its pretreatment level after discontinuing PALs and whether
the amount of hyperopic retinal blur during near work (i.e., accommodative lag) is related to
the observed myopic progression.

Secondary Expected Outcomes
In addition to accommodative lag, to understand fully whether mechanical tension or
hyperopic defocus due to accommodative lag contributes to myopia progression, the
complete ocular component measurements must be considered. Both models of myopia
etiology predict that axial length will increase less in the PAL group compared to the SVL
group after one year, consistent with previous studies.13 Under the accommodative lag
theory, the reduction in axial elongation is due to decreased hyperopic retinal blur on the
retina during near work, which results in a decreased stimulus to grow. The mechanical
tension theory predicts a reduction in axial elongation due to decreased ciliary-choroidal
tension because less effort is needed to accommodate when wearing PALs. With this tension
reduced, more proportional expansion of the globe is possible, which yields less rapid axial
elongation. Recall that the mechanical tension theory hypothesizes that the accelerated axial
elongation observed in myopia is due to ciliary-choroidal tension preventing proportional
expansion of the globe in children with factors that produce a larger than normal eye size.

During the second year when both groups wear SVLs, the accommodative lag theory
predicts equal amounts of axial length growth (i.e., no loss of the treatment effect) for both
the PAL and SVL groups. Equal axial elongation is expected between the two groups
because hyperopic retinal blur during near work is expected to be equal between the two
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groups once children wearing PALs are returned to SVLs. Measurements of accommodative
lag at each visit will be used to verify whether lag returned to an equal level between groups
after discontinuing PAL wear. The mechanical tension theory predicts a loss of the treatment
effect in the PAL group after being switched to SVLs (i.e., greater axial length growth in the
PAL group during the second year) because of an increased amount of ciliary-choroidal
tension. Once PALs are removed, the additional equatorial expansion that occurred during
PAL wear is expected to result in more accommodative effort being necessary to achieve the
same accommodative response when compared to the SVL control group. The increased
accommodative effort in turn increases ciliary-choroidal tension in the PAL group relative to
the SVL group and causes accelerated axial elongation due to the greater amount of
equatorial restriction in the PAL group. This more rapid axial elongation in the PAL group
after being switched to SVLs results in a loss of the PAL treatment effect.

Retinal shape measurements combined with phakometry, and lens thickness measurements
will determine if there is a decrease in mechanical tension when PALs are worn and if
mechanical tension increases after the PAL group is switched to SVLs during year two of
the study. In the mechanical tension theory, because PALs decrease accommodative effort,
ciliary-choroidal tension created by accommodative effort will decrease. If the source of
equatorial restriction is primarily from ciliary-choroidal tension, the crystalline lens should
be able to stretch as the equator expands, causing flattening and thinning of the lens at the
end of year one in the PAL group. In this case, the crystalline lens would remain thinner and
flatter at the end of year two in the PAL group after being switched to SVLs because of the
additional equatorial expansion during the first year of the study. The possible changes in
the crystalline lens are based on the assumption that the source of tension is primarily the
ciliary muscle; however, because COMET did not find a significant change in crystalline
lens thickness during myopia progression in either SVLs or PALs,13 it is possible that either
the mechanical tension theory is wrong, or that lens thickness changes, if they exist, are too
small to be reliably measured by A-scan ultrasonography. Therefore, it will be important to
also evaluate other biometric measurements, such as retinal shape and the peripheral image
shell, which can aid in the determination of whether mechanical tension or retinal blur cause
the PAL treatment effect.

Expected retinal shape changes differ between the two theories. In the accommodative lag
theory, either no change in retinal shape will be found in the PAL group compared to the
SVL group, or else there will be a superior/inferior refraction asymmetry. Both chicks and
monkeys reared with different regional retinal defocus have been shown to have asymmetric
retinal growth.63, 64 Therefore, if hyperopic retinal blur induces elongation as proposed in
the lag theory, it may be possible to detect less relative myopia in the superior retina
compared to the inferior retina in the PAL group because the bifocal add reduces hyperopic
defocus on the superior retina. This type of asymmetry would support theories involving
retinal defocus. In the mechanical tension theory, relieving accommodative effort with a
PAL is expected to result in less restriction to equatorial growth and to create a relatively
more oblate shape when compared to the control group after the first year of PAL wear.
Once the PAL group is switched to SVLs, this theory predicts a relative increase in the
prolate shape of the retina because restoring accommodative effort will again result in
equatorial restriction to growth.

Baseline Relative Peripheral Refraction Asymmetry
The STAMP baseline relative peripheral refraction findings are of particular interest. The
majority of studies that have measured relative peripheral refraction have done so in the
horizontal meridian of the eye and found that myopic eyes of both adults and children have
relative peripheral hyperopia (i.e., a relatively more prolate ocular shape).32–36, 38, 39

Consistent with other reports in the literature, relative peripheral hyperopia in the horizontal
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meridian was found in the myopic children enrolled in STAMP; however, relative peripheral
myopia was found in the vertical meridian. We are aware of three studies that have reported
relative peripheral refraction in the vertical meridian of the eye – two in adults35, 36 and one
in children.39 Our finding of relative peripheral myopia in the vertical meridian of myopic
eyes is consistent with a study of adults that found relative peripheral myopia across all
refractive errors when measuring the superior and inferior retina of 43 hyperopic,
emmetropic, and myopic eyes.36 Another study of 18 myopic adult eyes also reported
relative peripheral myopia in the superior retina; however, relative peripheral hyperopia was
reported in the inferior retina.35 Consistent with our results in children, relative peripheral
myopia was reported in the superior and inferior retina of all eyes in a study that included 18
hyperopic, 21 emmetropic, and 10 myopic children. The myopic children had relatively less
peripheral myopia than emmetropic and hyperopic children.39

The finding of relative peripheral myopic defocus in the vertical meridian of myopic eyes is
intriguing. It was recently reported that local retinal regions respond to local defocus in
emmetropizing infant monkeys,64 and it is well established across animal models that brief
periods of exposure to either plus lenses or unrestricted vision prevent axial elongation in
response to an otherwise constant stimulus to grow from a minus lens.17, 20–22 Given these
results, theories proposing that peripheral retinal defocus causes the onset of myopia in
children should also be able to account for the relative peripheral myopic defocus found in
the vertical meridian of the myopic eye, which should act as a potent “stop” signal to
growth. While the hyperopic defocus found in the horizontal meridian of myopic eyes could
act as a stimulus for axial growth, this “grow” signal in the horizontal meridian of the eye
would have to outweigh the “stop” signal created in the vertical meridian by myopic
defocus. Given the evidence for local retinal control of eye growth across several animal
models,64–67 a differential role for the horizontal and vertical retina seems unlikely.

Because spectacle correction can alter peripheral defocus,68 determining the effect of
myopic correction on peripheral defocus in both the vertical and horizontal meridian of the
eye is warranted. The relative peripheral refraction data collected over time in STAMP will
evaluate the effects of both horizontal and vertical retinal defocus on myopia progression.
Regional lensometry with each child’s spectacle correction is being performed at locations
on the spectacle lens that correspond to the location of each relative peripheral refraction
measurement; therefore, it will be possible to determine the peripheral defocus experienced
by each child when wearing his or her spectacles. These data will be used to determine
whether the peripheral defocus induced by single vision and progressive addition lenses
results in corresponding changes in ocular shape.

CONCLUSIONS
In summary, the complete biometric and optical data collected over the course of this two-
year clinical trial will help differentiate between the mechanisms resulting in the reduction
in myopia progression observed when children wear PALs. While no single measurement
will provide conclusive support for either theory, the combined results will allow us to
determine which model best explains the observed changes in the ocular components. The
baseline and one-year data will be used to determine whether a PAL treatment effect is
present after the first year of the study. STAMP will then determine whether a treatment
effect rebound occurs after the second year when all children wear single vision lenses.
Particular attention will be paid to changes in accommodation, ocular shape, and peripheral
retinal defocus by treatment group. Because peripheral refraction describes retinal shape and
changes in ocular tension, this ocular component variable will allow us to evaluate the
mechanical tension theory. Because accommodative lag describes the amount of hyperopic
retinal blur, this variable will allow us to evaluate the accommodative lag theory. By
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measuring the peripheral image shell produced by the spectacle correction, it will also be
possible to determine whether peripheral blur is associated with myopia progression in this
cohort.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Accommodative lag and mechanical tension theories of myopia progression. (Dashed lines =
Mechanical Tension Theory; Dotted lines = Accommodative Lag Theory; Solid line =
common to both theories)
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Figure 2.
Flowchart of STAMP visits and randomization.
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Figure 3.
Mean (± SD) relative peripheral refraction (RPR) at baseline for all children. (sph equiv =
spherical equivalent)

Berntsen et al. Page 17

Optom Vis Sci. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Hypothesized progression of myopia based on the mechanical tension theory and the
accommodative lag theory.
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Table 1

Study enrollment criteria.

•    6 to 11 years of age

•    ≥ 1.30 D accommodative lag (4D stimulus) without correction for lens effectivity

•    Esophoria at near if more than −2.25 D spherical equivalent

•    At least −0.75 D myopia in each meridian measured with cycloplegic autorefraction but not more than −4.50 D in each meridian in each eye

•    Astigmatism ≤2.00 DC in each eye

•    Anisometropia ≤2.00 D

•    No strabismus

•    No history of contact lens wear

•    No previous bifocal wear

•    Best corrected VA of at least 20/32 logMAR equivalent

•    Birth weight ≥ 1250g by parental report

•    No diabetes mellitus
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Table 2

Race and ethnicity distribution of children enrolled in STAMP.

Hispanic Non-Hispanic Total

African American 1 16 17

White 2 56 58

Asian 0 6 6

Other 2 2 4

Total 5 80 85
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Table 3

Summary statistics at baseline. (n = 85 unless noted otherwise.)

Mean ± SD Minimum Maximum

OD M (Spherical Equivalent; D) −1.95 D ± 0.78 −4.02 −0.83

OD J0 (D) +0.08 D ± 0.21 −0.42 0.89

OD J45 (D) −0.14 D ± 0.16 −0.51 +0.23

OS M (Spherical Equivalent; D) −1.99 D ± 0.78 −4.20 −0.91

OS J0 (D) +0.10 D ± 0.20 −0.40 +0.85

OS J45 (D) −0.17 D ± 0.18 −0.60 +0.19

Accommodative Lag (D)
(4-D Stim w/ full Manifest)

1.71 D ± 0.37 1.18 2.85

Axial Length OD (mm) 24.17 ± 0.80 22.36 27.36

Near Phoria (Δ; + = eso) 0.72 ± 4.23 −16 17

AC/A ratio^ (Δ/D) 8.83 ± 3.41 3.12 19.40

Flat Meridian Keratometry (D) 43.45 D ± 1.61 39.69 47.16

Steep Meridian Keratometry (D) 44.20 D ± 1.61 39.90 47.56

Intraocular pressure (mm Hg) 16.9 ± 2.9 11 24

Corneal thickness (µm) 536.3 ± 31.3 446.3 622.7

Crystalline lens ϕ

    Thickness (mm) 3.36 ± 0.15 3.03 3.71

    Index of refraction 1.428 ± 0.008 1.414 1.450

    Radius of curvature

      Anterior (mm) 12.28 ± 1.17 9.31 14.87

      Posterior (mm) 6.44 ± 0.54 5.37 7.96

Relative peripheral refraction (D)

    30° nasal retina +0.56 D ± 0.59 −0.48 +2.20

    30° temporal retina +0.61 D ± 0.77 −1.53 +2.98

    30° superior retina −0.36 D ± 0.92 −1.99 +2.39

    20° inferior retina −0.48 D ± 0.84 −3.14 +2.04

^
AC/A ratio values were censored if the accommodative response was less than 1 diopter for a 4-D stimulus and if the AC/A ratio was greater than

20 Δ/D (n = 69; data from 16 children censored)

ϕ
Phakometry data missing on two children (n = 83)
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Table 4

Summary statistics for near work and outdoor activity at baseline.

Hours per week
outside of school*

Mean ± SD Minimum Maximum

Studies or reads for school 4.75 ± 3.81 0 25

Reads for pleasure 4.17 ± 3.72 0 21

Watches television 8.90 ± 5.96 0 30

Uses a computer 4.12 ± 4.10 0 25

Plays video games 2.34 ± 3.35 0 16

Plays handheld electronic games 1.92 ± 2.73 0 11

Engages in outdoor activities 8.91 ± 6.38 0 28

Diopter hours
(near work composite)

53.85 ± 23.24 9.5 105

*
Near work and outdoor activity data are not reported for three subjects because the total number of hours per week outside of school reported for

all activities was greater than 82 hours, which was considered to be unlikely. (n = 82)
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