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Abstract
Purpose—To describe corneal and crystalline lens dimensions before, during, and after myopia
onset compared to age-matched emmetropic values.

Methods—Subjects were 732 children 6 to 14 years of age who became myopic and 596
emmetropic children participating between 1989 and 2007 in the Collaborative Longitudinal
Evaluation of Ethnicity and Refractive Error Study. Refractive error was measured using
cycloplegic autorefraction, corneal power using a hand-held autokeratometer, crystalline lens
parameters using video-based phakometry, and vitreous chamber depth (VCD) using A-scan
ultrasonography. Corneal and crystalline lens parameters in children who became myopic were
compared to age-, gender-, and ethnicity-matched model estimates of emmetrope values annually
from 5 years before through 5 years after the onset of myopia. The comparison was made without,
then with statistical adjustment of emmetrope component values to compensate for the effects of
longer VCDs in children who became myopic.

Results—Before myopia onset, the crystalline lens thinned, flattened, and lost power at similar
rates for emmetropes and children who became myopic. The crystalline lens stopped thinning,
flattening, and losing power within ±1 year of onset in children who became myopic compared to
emmetropes statistically adjusted to match the longer vitreous chamber depths of children who
became myopic. In contrast, the cornea was only slightly steeper in children who became myopic
compared to emmetropes (<0.25 D) and underwent little change across visits.

Conclusions—Myopia onset is characterized by an abrupt loss of compensatory changes in the
crystalline lens that continue in emmetropes throughout childhood axial elongation. The
mechanism responsible for this decoupling remains speculative, but might include restricted
equatorial growth from internal mechanical factors.
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The optical and structural development of the major dioptric components of the eye, the
cornea and crystalline lens, has been well-documented from infancy through childhood. The
cornea displays little difference as a function of age despite its importance as two-thirds of
the dioptric power of the eye. At 47 D to 48 D, average corneal power is greater in infants
than in children or adults for a relatively brief period,1–3 then by age 3 to 9 months reaches
values of 43 D to 44 D that remain stable throughout childhood.4–7 The crystalline lens
undergoes more substantial age-related changes in several parameters over a longer period
of time. The anterior surface radius of curvature averages 7.2 mm in early infancy, then
flattens by some 4.5 mm to reach 11–12 mm by age 14 years.4, 8–9 The posterior surface
follows a similar time course, with radii in infancy averaging 4.7 mm, flattening to 6–7 mm
by age 14 years.4, 8–9 Flattening radii of curvature over time contribute to an overall loss in
equivalent power of about 18 D to 19 D; the average crystalline lens power of 41 D in
infancy becomes about 22–23 D by age 14 years.4–6, 9 This power loss from flattening radii
of curvature is facilitated by an accompanying decrease in the lens equivalent refractive
index for much of infancy and early childhood. An equivalent refractive index of 1.45 in
early infancy drops to 1.43 to 1.42 by age 10 years, responsible for nearly half of the
decrease in crystalline lens equivalent power.4–6 After age 10 years, lens refractive index
appears to be stable on average in white and Asian children, continues to decrease in Native
Americans, but switches direction to increase in African-American and Hispanic children.6
Lens thickness also decreases in infancy and early childhood from an average of 3.7–4.0
mm in infancy to 3.4–3.5 mm at age 10 years.4–7, 10–11 Except for one report in Tibetan
children,9 lens thinning reverses direction to become lens thickening after the age of 10–13
years in most ethnic groups.6–7, 12 The substantial decreases in crystalline lens power that
take place with age are counter-balanced by a vitreous chamber depth (VCD) that elongates
from 10–11 mm at birth to become 16–17 mm by age 14 years.5–7, 9–11

Precise balance between corneal and lenticular refractive power and the length of the eye
should result in a stable refractive state. The ocular components that are in balance in
emmetropia are obviously out of balance in myopia: the eye is too long for the optical power
of the cornea and crystalline lens. Understanding the temporal pattern of how this imbalance
develops requires data both before and after the onset of myopia. Numerous studies have
documented average values by age for myopic and emmetropic individuals,13–17

longitudinal studies have reported change in ocular components as a function of age,5, 7, 18

but the behavior of the optical ocular components before and after the onset of myopia has
not been reported in detail. One longitudinal study compared children at their last
emmetropic visit before myopia onset to children who remained emmetropic. The average
corneal power of the children who became myopic was about 0.8 D greater and there were
no differences in lens thickness or power compared to those who remained emmetropic;19

however this study provided data at only one point in time before myopia onset. The
purpose of the current paper is to document the temporal development of corneal power and
several crystalline lens parameters (thickness, equivalent power, radii of curvature, and
refractive index) across the years before, during, and after myopia onset in comparison to
age-matched emmetropic values.

METHODS
Subjects were children 6 to 14 years of age participating between 1989 and 2007 in the
Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) Study, a
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cohort study of ocular component development and risk factors for the onset of myopia in
children of various ethnicities. The CLEERE Study is an extension of the Orinda
Longitudinal Study of Myopia (OLSM), begun in 1989 in the predominantly white
community of Orinda, California. In order to improve generalizability with respect to
ethnicity, four additional clinic sites were added to recruit predominantly African-American
children (Eutaw, Alabama), Asian children (Irvine, California), and Hispanic children
(Houston, Texas). Testing of Native-American children began in Tucson, Arizona in 2000.
Each affiliated university’s institutional review board (University of California, Berkeley;
The Ohio State University; University of Alabama at Birmingham; Southern California
College of Optometry; University of Houston; University of Arizona) approved informed
consent documents according to the tenets of the Declaration of Helsinki. Parents provided
consent and children assent before the children were examined.

Ethnic group designation was determined after completion of a medical history form by a
parent. Parents selected one of the following six ethnic designations: (corresponding to the
categories used by the National Institutes of Health as of 1997 when ethnic data were first
gathered): American Indian or Alaskan Native; Asian or Pacific Islander; Black or African
American not of Hispanic origin; Hispanic; white not of Hispanic origin; Other, or
unknown. Ethnicity was assigned to the target ethnic group for the given site when parents
provided more than one ethnic designation that included the site’s targeted ethnicity (1.7%
of subjects). If parents provided more than one ethnic designation and neither included the
site’s targeted designation, ethnicity was assigned to the non-white ethnic designation. Any
missing parent-reported ethnicity was filled in from investigator observation (5.7% of
subjects). Investigator observation shows excellent agreement with parent-reported
ethnicity.20 There were 4,929 children enrolled in CLEERE between 1989 and 2007 and
1,110 of these were myopic on at least one visit. Of these, 371 children met the myopia
criterion (at least −0.75 D in each principal meridian by cycloplegic autorefraction) on the
first visit and were not considered further in the analysis. This criterion level for myopia was
chosen because it is beyond the measurement error of the autorefractors used to measure
refractive error, it is likely to create symptoms of distance blur, and it is typically of a
magnitude considered significant and worthy of correction by clinicians. Of the remaining
739, there were 7 children with an ethnic designation of Other who were excluded, leaving
732 myopic children for analysis (56% female, 23% Asian, 14% African-American, 29%
Hispanic, 9% Native American, and 25% white). There were 596 emmetropic children who
were between −0.25 D and +1.00 D (exclusive) in each meridian at all study visits by
cycloplegic autorefraction (46% female, 9% Asian, 19% African-American, 18% Hispanic,
17% Native American, and 37% white). The remaining children were either hyperopic, had
simple hyperopic or myopic astigmatism, or were mixed astigmats on at least one visit and
were not analyzed (n = 3,223). While the number excluded was large, the inclusion criteria
were strict so that clearer contrasts might be drawn between two distinct and unambiguous
groups.

Trained and certified examiners measured central refractive error using the Canon R-1
autorefractor (Canon USA, Lake Success, NY; no longer manufactured) between 1989 and
2000 and using the Grand Seiko WR 5100-K autorefractor in 2001 to 2007 (Grand Seiko
Co., Hiroshima, Japan). Subjects were tested after mydriasis and cycloplegia. When subjects
had an iris color of grade 1 or 2,21 testing was done 30 minutes after one drop of
proparacaine 0.5% and two drops of tropicamide 1%. When subjects had an iris color darker
than grade 2, testing was done 30 minutes after one drop of proparacaine 0.5% and one drop
each of tropicamide 1% and cyclopentolate 1%.22 The protocol for crystalline lens
measurement has been described in detail previously.8 Briefly, two pairs of Purkinje images
were produced by a collimated dual fiber optic light source reflecting from the anterior and
posterior surfaces of the crystalline lens. The separation of each pair of images is
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proportional to the radius of curvature in air. These radii in air were converted to radii in the
eye, including an individual equivalent refractive index, by an iterative process to produce
agreement between the measured Purkinje images, the remaining ocular components, and
the subject’s refractive error. The individual refractive index and lens radii of curvature were
used to calculate the equivalent power of the crystalline lens. The Gullstrand-Emsley value
for lens refractive index (1.416) was used with the radii of curvature to calculate a
Gullstrand-Emsley lens power, one that would serve as a composite representing general
lens shape. Corneal power was measured using the Alcon Auto-Keratometer (Alcon
Systems, St. Louis, MO). Axial ocular dimensions were measured by A-scan
ultrasonography (Model 820, Humphrey Instruments, San Leandro, CA), consisting of five
readings using a handheld probe on semi-automatic mode.

Emmetrope Models
Separate growth curves for each ocular component were constructed for emmetropes as a
function of age according to the best fitting models defined by the Akaike Information
Criterion.23 Gender and ethnicity and the interaction between ethnicity and age, first without
VCD then with VCD, were subsequently included in the models when appropriate using
SAS mixed ANOVA modeling with repeated measures (version 9.1, SAS Institute, Cary,
NC).

Age-, Gender-, and Ethnicity-Matched Emmetropic Values
To be included in the “became myopic” group, a subject had to be non-myopic on at least
one visit prior to a myopic visit (myopia defined as at least −0.75D in each principal
meridian). The year the “became myopic” subject first met the myopia criterion was defined
as year 0, the year of onset. The first study year prior to onset was −1, two years prior was
−2, and so forth out to −5 years prior to onset. Each study year following onset for a given
subject was designated as +1, +2 and so forth out to +5. The age, gender, and ethnicity of
each individual “became myopic” subject at each study visit were applied to each
component’s emmetrope regression equation. This provided an age-, gender-, and ethnicity-
matched emmetropic value of each ocular variable for every “became myopic” data point.
Results are presented first as the age-, gender-, and ethnicity-matched emmetrope base
model values, then are presented with VCD added to the base emmetrope model in order to
account for the estimated effects of the longer became-myopic VCD. In this analysis, the
age, gender, ethnicity, and VCD of each individual “became myopic” subject at each study
visit was applied to each component’s emmetrope regression equation that included a VCD
term. These results provided an age-, gender-, ethnicity-, and VCD-matched emmetrope
value to compare with became-myopic data. This adjustment is needed because became-
myopic eyes will eventually become on the order of 1 mm longer than emmetrope eyes and
VCD is correlated with the ocular components being analyzed.15, 24–27 This adjustment was
not applied to data for corneal power because unlike all other components, corneal power
showed no significant within-subject longitudinal correlation with VCD (corneal within-
subject correlation = −0.07 vs. between-subject correlation = −0.75). All other component
variables showed good concordance for between- and within-subject correlations (between-
subject range: −0.25 for refractive index to −0.58 for calculated lens power; within-subject
range: −0.15 for refractive index to −0.38 for calculated lens power). If an imbalance in
more familiar variables such as age or gender were to occur between groups and these
variables were also correlated with outcome variables of interest, then statistical adjustment
for these imbalanced variables would be a standard treatment of data in order to make valid
comparisons. In this case, the adjustment for VCD allows one to compare the expected value
of an ocular component of a myope to that of an emmetrope with the same VCD as the
myope.
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The value of this statistical adjustment for VCD is illustrated in the following example.
Consider two bands that are stretched and appear to lengthen at the same rate. It might be
the case that the two bands show similar lengthening because the forces acting upon them
and their elastic properties are equal. However, it might be the case that their apparent
equality conceals a greater force being applied to one in combination with a greater intrinsic
resistance. The difference in VCD between emmetropes and became-myopic children is
analogous to the difference in stretching force in this example. The purpose of adding VCD
to the emmetrope age, gender, and ethnicity base model is to adjust for the influence of
various eye sizes, whether the influence is based in stretch or from any source. This
procedure removes differences in component values that are merely due to statistically
predictable differences in VCD. Putting component values on a equal footing for VCD
(equal force applied in this analogy) allows for a more direct comparison of the underlying
differences in the behavior (resistance properties in this analogy) of the crystalline lens
during the process of becoming myopic. This approach is reminiscent of van Alphen’s use
of partial correlation when he described his size factor S and stretch factor P.24 Mixed
modeling was then used to compare the mean difference between “became myopic” data and
these emmetrope base model values as a function of study visit for each ocular variable.
Throughout the following text, became-myopic refers to the data from children in that
category and emmetrope refers to the values estimated from the model derived from
emmetropic children’s data. The number of became myopic children at each study visit are
given in Table 1 along with the sample average for the spherical component of refractive
error (minus cylinder notation where sphere is the most hyperopic (least myopic) meridian).
A significance level of p<0.01 was used in consideration of the large sample size. This level
of adjustment is somewhat arbitrary, but represents a compromise between filtering out false
positive findings while allowing small differences to reach significance.

RESULTS
Figure 1A displays the average corneal power of became-myopic children compared with
emmetropes as a function of years relative to the onset of myopia. No adjustment was made
for VCD because corneal power did not show significant within-subject correlation with
change in VCD over time. Emmetropes had a consistent average corneal power of about
43.50 D and became-myopic children averaged about 43.75 D across these years. The
difference in corneal power between became-myopic children and emmetropes was
significant in every year from −5 and +4. Became-myopic children had steeper corneal
powers yet this difference was always very small at under 0.25 D with no significant change
across visits (Figure 1B).

Figure 2A displays the average lens thickness of became-myopic children compared with
emmetropes as a function of years relative to the onset of myopia. Without adjusting for
VCD, became-myopic children had thinner lenses in each year and a larger amount of lens
thinning compared to emmetropes, a decrease of about 0.10 mm across years −5 to +5. The
impact of adjusting for the correlation between VCD and LT (and each ocular component
that follows) can be seen in the differences between the emmetrope results presented with
the dashed lines compared to the solid lines. Adjusting for VCD indicates that if emmetropic
eyes were as long as the became-myopic eyes, lens thickness of emmetropes would have
decreased by about 0.26 mm between years −5 and +5 (Figure 2A, open symbols, solid
line). The pattern of difference in lens thickness was distinct from corneal power. There
were no significant differences in lens thickness between became-myopic children and
VCD-adjusted emmetropes in years −5 through −2. The first significant year was −1 with
much larger and significant differences to follow in years 0 through +5 (Figure 2B).
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Figure 3A displays the average calculated equivalent crystalline lens power (CLP) of
became-myopic children compared with emmetropes. Without adjusting for VCD, became-
myopic children had lower average values than emmetropes for CLP by about 0.50 D to 0.75
D in every year but −5, +3, and +5. Each group decreased in CLP by 1.0 D to 1.25 D across
years −5 to +5. Adjusting for VCD indicates that if emmetropic eyes were as long as the
became-myopic eyes, the CLP of emmetropes would have decreased by about 4 D between
years −5 and +5 (Figure 3A, open symbols, solid line). The pattern of difference in CLP was
similar to that for lens thickness. There were no significant differences in CLP between
became-myopic children and VCD-adjusted emmetropes across years in years −5 through
−1. The first significant year was 0 with increasing differences of 1 D to 2 D in years 0
through +5 (Figure 3B).

Figure 4A displays the average Gullstrand-Emsley crystalline lens power (GLP) of became-
myopic children compared with emmetropes. Without adjusting for VCD, became-myopic
children had lower (flatter) average values than emmetropes for GLP by about 0.3 D to 0.6
D in every year but −5. Each group decreased in GLP by about 0.75 D across years −5 to
+5. Adjusting for VCD indicates that if emmetropic eyes were as long as the became-myopic
eyes, the GLP of emmetropes would have decreased by about 1.75 D between years −5 and
+5 (Figure 4A, open symbols, solid line). The pattern of difference in GLP was again similar
to that for lens thickness. There were no significant differences in GLP between became-
myopic children and VCD-adjusted emmetropes across years in years −5 through −2. The
first significant year was in year −1 where GLP was actually lower, flatter in became-
myopic children. The difference then changed in sign to become significantly greater,
steeper by 0.1 D to 0.9 D in years +1 through +5 (Figure 4B).

Figure 5A displays the average crystalline lens equivalent refractive index (IND) of became-
myopic children compared with emmetropes. With no adjustment for VCD, the IND for
became-myopic children tended to remain in a narrow range of ±0.001 while IND for
emmetropes decreased by about 0.003. As a result, became-myopic children had lower
average values than emmetropes for IND by about 0.001 to 0.002 before onset in years −4
and −2, but a higher average value by about 0.001 at onset in year 0. Accounting for VCD
indicates that if emmetropic eyes were as long as the became-myopic eyes, the IND of
emmetropes would have decreased by about 0.007 between years −5 and +5 (Figure 5A,
open symbols, solid line). The pattern of difference in IND was again similar to that for lens
thickness. There were no significant differences in IND between became-myopic children
and VCD-adjusted emmetropes across years in years −5 through −1. The first significant
year was in onset year 0 where IND was higher in became-myopic children by about 0.003.
The difference was consistent and significant in years +1 through +5 (Figure 5B).

The results in Figures 2B–5B suggest that the crystalline lens does not change in the same
manner in response to vitreous chamber elongation after myopia onset as it does before
onset. The temporal pattern indicates a substantial inhibition of lens thinning, flattening, and
power loss either one year before or in the year of myopia onset. Cubic multilevel growth
curves were fitted for lens thickness unadjusted for VCD as a function of age and refractive
error group in order to explore this behavior, as reported in previous studies (Figure 6).7, 17

The myopic refractive error group was further subdivided into three different ages of onset:
≤10 years, 10 years to ≤12 years, and >12 years. The growth curves indicate thinner lenses
for myopes than observed in emmetropes at all ages. At their minimum lens thicknesses, the
myopia onset age groups were significantly thinner than emmetropes by 0.04–0.05 mm
(Table 2; p = 0.0003). The age of minimum lens thickness was also significantly later as the
age of myopia onset increased. The age of minimum lens thickness was 0.60 years sooner in
the earliest onset group and 0.78 years later in the latest onset group compared to the middle
onset group (p = 0.01 for each).
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Ethnicity
The differences between values in became-myopic children and age-, gender-, and ethnicity-
matched VCD-adjusted emmetropes (Figures 1B–5B) are plotted for each ocular component
variable as a function of ethnicity in Figure 7 (no VCD adjustment for corneal power).
Corneal power was not different between became-myopic children and emmetropes in any
study year for African-American, Asian-American, or Native American children. The
greater corneal power in became-myopic children was only significant in Hispanics before
and at onset and in whites at all visits except +4. Ethnic groups tended to follow a similar
trajectory of development across the years before and after onset. Similar to the sample as a
whole, differences between became-myopic children and emmetropes generally appeared
within ±1 year of onset. One exception was African-American children whose average lens
thickness and GLP were not significantly different between became-myopic children and
emmetropes in any year. African-American became-myopic children also had the greatest
differences in IND of any ethnic group. The pattern for African-American children for CLP
and IND was more of a steady increase in differences between became-myopic and
emmetrope children rather than more distinct, abrupt before-and-after myopia onset
differences. Another exception was that lens equivalent refractive index was not
significantly different between Native American became-myopic and emmetrope children in
any study year.

Gender
The differences between values in became-myopic children and age-, gender-, and ethnicity-
matched VCD-adjusted emmetropes (Figures 1B–5B) are plotted for each ocular component
variable as a function of gender in Figure 8 (no VCD adjustment for corneal power). Results
for boys and girls follow each other closely with overlapping 95% confidence intervals for
most ocular components, this despite girls tending to have smaller eyes and steeper, more
powerful optical component values.6 The one exception was lens thickness, where after
onset, from visits +1 through +5, the difference in lens thickness between emmetropic and
became myopic girls was significantly greater (with higher positive differences) than the
difference between emmetropic and became myopic boys.

DISCUSSION
Results before myopia onset indicate that the normal development of the crystalline lens is
characterized by thinning, flattening, and decreasing power to maintain emmetropia. These
correlations, in place since infancy,4 maintain a balance between focal length and an axial
length that will increase on average by about 3.0 mm between the ages of 9 months and 9
years.6 This balance is achieved through a decrease in lens power of over 15.0 D and
virtually no change in corneal power.4, 6 The influence of the cornea also seemed secondary
to that of the crystalline lens with respect to myopia onset. The dioptric difference in
became-myopic children relative to emmetropes was minor at under 0.25 D. Corneal powers
never changed substantially in either group despite continued eye growth. This finding is
consistent with the general stability of corneal power in childhood reported in the
literature.9, 27–30 In contrast, the crystalline lens underwent far more change in became-
myopic children in LT, CLP, and GLP before myopia onset than after. Following van
Alphen’s ideas,24 we have proposed that this correlation occurs through stretch from the
physical connection between the distensible crystalline lens and the growing eye. Evidence
for this stretch process can be found in the thinning of the crystalline lens despite its
increasing wet weight31 and the lack of a 1:1 relationship between crystalline lens power
loss and axial growth.4 A relationship closer to 1:1 would indicate that axial growth tracks
crystalline lens power loss through defocus rather than that the growing eye stretches the
crystalline lens. The relationship in infants was found to be about half this 1:1 ratio.4
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The behavior of the crystalline lens before and after myopia onset indicates that the
previously correlated, compensating response of the crystalline lens is interrupted at myopia
onset. Optically this result is axiomatic; myopia would be impossible if the crystalline lens
and axial length always changed in tandem. Yet myopia is almost always thought of first as
excessive length. These results suggest that while excessive growth is important, growth
only becomes myopic when an independence develops between the anterior segment
(crystalline lens) and posterior segment (axial growth). For the sample as a whole, for each
ethnic group (with the possible exception of African Americans), and for each gender (with
girls showing a greater effect for lens thickness), this independence appeared at onset or
within a year of onset. The crystalline lens ceased to thin, flatten, and lose power even as the
eye continued to grow. It is noteworthy that despite differences in myopia prevalence
between ethnicities, there seems to be some consistency in this process for most ethnic
groups.

The predictable effects of defocus on ocular growth in animal models suggest that any
sudden increase in axial growth that was independent of the crystalline lens might be caused
by sudden exposure to defocus.32–35 The source of this defocus could be from either
accommodative lag at the fovea, peripheral hyperopic defocus from a relatively prolate
ocular shape, or a combination of the two factors. One study has reported exposures to
increased accommodative lag two years before myopia onset.36 In contrast to those findings,
myopic subjects in CLEERE showed a greater accommodative lag compared to emmetropes
beginning one year after the onset of myopia for the sample as a whole or at onset in
subjects wearing a refractive correction.37 Exposure to peripheral defocus is perhaps a better
match to crystalline lens results in terms of years relative to onset; on average, subjects in
CLEERE were first exposed to relative peripheral hyperopia one year before onset.38

Despite this general concordance in time between exposure to defocus and myopia onset,
neither accommodative lag at the fovea nor relative peripheral hyperopia have been found to
be associated with the risk of myopia onset in children or its rate of progression.37, 39–41

These negative results notwithstanding, it is possible that peripheral defocus could influence
the growth of the eye considering that clinical trials of contact lens and spectacle treatments
designed to alter peripheral defocus have shown some beneficial preliminary results in
slowing myopia progression.42–45 These clinical trial results should be interpreted with
caution, however, as the effects are small and sometimes only seen in selected subgroups.44

Nonetheless, the lack of a robust association between defocus and human ocular growth
argue against sudden exposure to lag or peripheral hyperopia as a cause of myopic eye
growth that is uncompensated by the crystalline lens.

This independence between axial growth and the crystalline lens at myopia onset might be
due to cessation of peripheral scleral growth. If the ocular periphery did not grow, the lens
might be less likely to stretch and therefore to thin, flatten, and lose power. Animal models
suggest that central and peripheral development can be independent;46 however the current
thinking from primate studies is that peripheral growth may help to regulate foveal refractive
error.47–49 Evidence from children at 30° in the temporal retinal periphery suggests that the
mid-periphery grows both before and after myopia onset, although at different rates
compared to axial growth.38 More eccentric peripheral retinal loci nearer the equator,
however, do show some evidence of a markedly reduced rate of growth after myopia onset.
One of the noteworthy features of magnetic resonance imaging data from Atchison et al. is
the lack of expansion of the far peripheral height and width of the eye as a function of
degree of myopia compared to axial lengthening.50 These results are similar to recent MRI
data from Singaporean Chinese children showing smaller far peripheral widths relative to
axial length in myopes, whereas emmetropes had more symmetric globes.51 Physiologic
inhibition of equatorial growth seems unlikely as both anterior retinal growth and ocular
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expansion are stimulated, not inhibited, by form deprivation in chick and primate
models.52–53

If a mechanical process such as crystalline lens stretch underlies the maintenance of
emmetropia, then interruption of stretch could be responsible for the abrupt independence
between anterior and posterior segment development at myopia onset. Myopic eyes might
display thinner lenses compared to emmetropes and, if stretch is inhibited near the onset of
myopia, children with later ages of myopia onset might display minima in lens thickness at
later ages. Both of these predictions are borne out in the data presented in Figure 6. Some
possible sources of mechanical inhibition are external, such as the size of the orbit or
extraocular muscle tension. We have argued against external sources based on the lack of
monotonicity in the change in relative peripheral refraction mentioned above.38 In addition,
there is an acceleration in the rate of change in refractive error, axial length, and relative
peripheral refraction at myopia onset that argues against the steady application of an external
restricting force near the equator.38 One proposed internal source of equatorial restriction
was resistance of the crystalline lens to continued stretch; however, in vitro stretching
studies indicate that the crystalline lens has an extensive capacity for stretch.54 In addition,
there was no evidence of excess tension on the crystalline lens in myopes; post-saccadic
crystalline lens oscillations were unrelated to refractive error.55 Day and coworkers found
that mid- and high-frequency microfluctuations during accommodation were increased in
late-onset myopes compared to emmetropes, possibly from accommodative plant noise, but
poorer neurologic control and increased blur threshold were other possible sources.56

Therefore no clear line of evidence points to the crystalline lens itself as a source of internal
tension.

The ciliary muscle is a potential candidate source of internal equatorial restriction. Although
a recent study indicated that there was no correlation between axial length and ciliary
muscle thickness,57 the authors argued that the equally thick but longer ciliary muscles
found in longer eyes indicates that the ciliary muscle probably adds tissue as the eye grows.
This normal ciliary muscle growth may accelerate as eyes become myopic. Another recent
study has shown that the ciliary muscle is thicker in myopic children.58 Schultz et al.
speculated that the increased thickness of the ciliary muscle in myopes suppressed the effect
of the arterial pulse on the high frequency component of accommodative
microfluctuations.55 The abnormally thick ciliary muscle for a given axial length in myopia
may provide the mechanical restriction that would interfere with the equatorial expansion
needed to maintain the correlation between ocular growth and optical compensation by the
crystalline lens. Anterior mechanical restriction may limit far peripheral expansion, resulting
in the relatively more prolate ocular shapes found in myopic eyes.50–51 Alterations in ciliary
muscle might also explain the increase in the response AC/A ratio before the onset of
myopia.59–60 Longitudinal observation of the ciliary muscle along with complete ocular
biometry before and after the onset of myopia in children would be needed to confirm these
speculations.

In summary, the process of becoming myopic appears to be more than just one of excess
axial elongation. The myopic eye is certainly elongated relative to the emmetropic eye, but
the elongation is accompanied at myopia onset by an abrupt independence between axial
growth and longstanding, compensatory optical changes in the crystalline lens likely in place
from infancy up to time of myopia onset. At onset and for at least the following 5 years,
VCD-adjusted lens parameters stopped thinning, flattening, and losing power in children
who became myopic compared to children who remained emmetropic. The stability of
corneal power suggests it is unrelated to this process. Future studies should seek to
determine the source of this departure from correlated growth that characterizes myopia
onset.
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Figure 1.
Corneal power as a function of annual visit relative to the onset of myopia (−5 years before
to +5 years after, with onset designated as year 0). (A) Data are shown for became-myopic
children (■) and emmetropes (○). Error bars are 95% confidence intervals. (B) The
difference between became-myopic and emmetrope data unadjusted for VCD. *Significant
differences between became-myopic and emmetropic children (i.e., the difference between
groups is significant relative to a value of 0).
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Figure 2.
Lens thickness in the became-myopic and emmetrope groups (A). The dashed lines represent
emmetrope values unadjusted for vitreous chamber depth and the solid lines are following
adjustment for vitreous chamber depth. Error bars are 95% confidence intervals. The
difference in lens thickness between became-myopic children and emmetropes adjusted for
VCD are shown in (B). Symbols are as in Figure 1.
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Figure 3.
Calculated lens equivalent power in the became-myopic and emmetrope groups (A);
difference in calculated lens equivalent power between became-myopic children and
emmetropes adjusted for VCD (B). Symbols are as in Figure 1.
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Figure 4.
Gullstrand lens power in the became-myopic and emmetrope groups (A); difference in
Gullstrand lens power between became-myopic children and emmetropes adjusted for VCD
(B). Symbols are as in Figure 1.
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Figure 5.
Crystalline lens equivalent refractive index in the became-myopic and emmetrope groups
(A); difference in calculated lens equivalent refractive index between became-myopic
children and emmetropes adjusted for VCD (B). Symbols are as in Figure 1.
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Figure 6.
Cubic multilevel growth curves for lens thickness as a function of age and three age of
myopia onset groups (≤10 years, 10 years to ≤12 years, and >12 years). The growth curves
for myopes indicate thinner lenses at all ages with later ages of minimum lens thickness the
older the age of onset.
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Figure 7.
Ocular component differences between became-myopic and emmetrope groups as a function
of visit relative to the onset of myopia and ethnicity. Error was similar between ethnic
groups. Representative error bars (±95% confidence intervals) are included for Asians only
for clarity.
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Figure 8.
Ocular component differences between became-myopic and emmetrope groups as a function
of visit relative to the onset of myopia and gender. Error bars are ±95% confidence intervals.
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Table 2

Minimum lens thickness and the age when minimum lens thickness is reached as a function of refractive error
group and age of onset of myopia.

Group n Average age of myopia onset within
each group (±SD)

Age at lens thickness
minimum

Minimum lens thickness
(mm)

Emmetropes 596 NA 11.01 3.43

Myopia onset ≤10 years 222 8.84 ± 0.77 11.05 3.38

Myopia onset 10 to ≤12 years 259 10.94 ± 0.56 11.65 3.38

Myopia onset >12 years 251 13.20 ± 0.81 12.43 3.39
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