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Abstract

Purpose—To describe change in spherical equivalent (M) in a longitudinal sample of Tohono

O'odham students ages 3 to 18 years and to test the hypothesis that astigmatism creates complex

cues to emmetropization, resulting in increased change in M in the direction of increasing myopia

and increased occurrence of myopia.

Methods—Subjects were 777 Tohono O'odham Native American children on whom cycloplegic

right eye autorefraction was measured on at least two study encounters between ages 3 and 18

years (first encounter prior to age 5.5 years, final encounter ≥ 3 years later). Regression lines were

fit to individual subjects’ longitudinal M data to estimate rate of change in M (regression slope, D/

year). Regression was also used to predict if a subject would be myopic (≤−0.75D M) by age 18

years. ANCOVA was used to assess the relation between M slope and magnitude of baseline M

and astigmatism. Chi-square analyses were used to assess the relation between predicted myopia

onset and magnitude of baseline M and astigmatism.

Results—Mean M slope was significantly more negative for hyperopes (M ≥ +2.00) than for

myopes (M ≤ −0.75) or for subjects neither hyperopic nor myopic (NHM, M > −0.75 and <

+2.00), but there was no significant difference between the myopic and NHM groups. Chi-square

analysis indicated that final myopia status varied across level of baseline astigmatism. Subjects

with high astigmatism were more likely to be predicted to have significant myopia by age 18

years.

Conclusions—The association between greater shift in M towards myopia with age in subjects

who were hyperopic at baseline is consistent with continued emmetropization in the school years.

Results regarding predicted myopia development imply that degradation of image quality due to

refractive astigmatism creates complex cues to emmetropization, resulting in increased occurrence

of myopia.
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Corneal astigmatism occurs as a result of unequal curvature of the anterior cornea, with

contributions from the posterior cornea.1 The combination of corneal astigmatism and

internal astigmatism results in the eye's total refractive astigmatism, which can create a

blurred retinal image. Pujol et al.2 analyzed the influence of astigmatism and changes in axis

of astigmatism on the eye's optical performance, and showed significant degradation of

image quality. Deprivation of a focused retinal image can cause high myopia in primates and

chicks.3,4 It is this line of reasoning, along with reports of an association between

astigmatism and the onset of myopia (reviewed in Grosvenor and Goss5) that led researchers

to further investigate the matter.

Fulton et al.6 found that in 3-year-old children and younger, myopia progressed in eyes with

≥ 1 diopter (D) of refractive astigmatism and tended to increase through age 8 years in those

with ≥ 3D. They suggested that uncorrected astigmatism may be a causative factor in the

development of myopia. Gwiazda et al.7 analyzed manifest refractions from 245 infant

subjects with 6-23 years of regular follow-up. Results showed that infantile astigmatism was

associated with increased astigmatism and myopia during the school years. Tong et al.8

examined the epidemiological risk factors for astigmatism in Singapore school children and

found that a family history of myopia was associated with the severity of oblique

astigmatism. Fan et al.,9 in a study of 522 Chinese preschool children, found that the

presence of astigmatism appeared to predispose the children to progressive myopia.

Some studies have concentrated their efforts on with-the-rule (WTR) astigmatism, where the

steepest corneal meridian is oriented vertically. Farbrother et al.10 in a cross sectional

analysis of 19 optometric practices in the north of England, found an association between

WTR astigmatism and high myopia. Heidary et al.11 completed a retrospective study of 217

severely myopic patients. They found that the degree of myopic spherical refractive error is

correlated with WTR astigmatism severity.

Not all studies have shown an association between the presence of astigmatism and the

progression of myopic refractive errors.12 Pärssinen13 measured the degree of astigmatism

at the beginning of the study and, controlling for the spherical equivalent, found no

association with myopic progression.

Many members of a Native American tribe, the Tohono O'odham, show moderate to high

levels of WTR corneal astigmatism in infancy. While there are sometimes minor

fluctuations in astigmatic power, anterior corneal astigmatism typically becomes stable by 3

years of age and most astigmatic Tohono O'odham children remain astigmatic throughout

childhood.14 We have assembled a large longitudinal database of refractive error in Tohono

O'odham children ranging in age from 3 to 18 years. In the present study, we investigate the

hypothesis that degradation of image quality due to refractive astigmatism creates complex

cues to emmetropization, resulting in increased rate of spherical equivalent shift towards

myopia and increased occurrence of myopia. Specifically, we predict that change in
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spherical equivalent with age will show an elevated rate of shift toward myopia with age in

high astigmats, and that high astigmats will be more likely to become myopic during

development (prior to age19 years) than children with little or no astigmatism.

METHODS

Subjects

Subjects were participants in at least one of six studies of refractive error and visual

development in Tohono O'odham children, funded by the National Institutes of Health

National Eye Institute. Assent was obtained from minor subjects, with permission from the

parent/guardian prior to examination. Written informed consent for participation was

obtained from the subject if he or she was age 18 or older. This research followed the tenets

of the Declaration of Helsinki and was approved by the Tohono O'odham Nation and by the

University of Arizona Institutional Review Board.

Procedures

Once recruited for participation, a baseline examination was conducted and follow-up

examinations were attempted yearly (with the exception of Phase I, in which examinations

were conducted twice per year for preschool children) until the end of the study or until the

subject reached the oldest grade of eligibility for a given study. At each study encounter,

subjects participated in a cycloplegic eye examination and autorefraction. Cycloplegia was

accomplished through one of 3 protocols, each of which included 3 drops: Proparacaine

0.5% followed by 2% cyclopentolate followed by 1% cyclopentolate; Proparacaine 0.5%

followed by two drops of 1% cyclopentolate; Proparacaine 0.5% followed by 1%

tropicamide followed by 1% cyclopentolate. At least 30 minutes after dispensing of eye

drops, autorefraction was conducted with the Retinomax (KPlus or KPlus2 models, Nikon

Inc., Tokyo Japan). A previous report has shown that the Retinomax provides reliable and

valid measures of refractive error in this population.15

Statistical Analysis

Data from subject encounters were included if the subject's age was 3 to < 19 years on the

date of encounter, and right eye cycloplegic Retinomax autorefraction showed a confidence

of 8 or higher (per manufacturer recommendations).16 Only data from subjects with at least

2 study encounters were included in longitudinal analyses. Retinomax right eye

measurements of spherical equivalent (M) and refractive astigmatism were included in

analyses. Astigmatism data were analyzed in terms of clinical notation (Cyl).

Preliminary Analysis of Linear Association Between M and Age

We anticipated that M would show a shift towards myopia with age, but it was not known if

the change with age would be consistent across the full age range (3 through 18 years). A

LMM was used to model the longitudinal data and determine if the tested association

between age and M was a straight line or if it instead was best fit by two line segments that

have different slopes (i.e., different rates of change with age) and thus a significant

inflection point (i.e., an age after which progression towards myopia increased or

decreased). This statistical model removes the serial correlation due to multiple measures on
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the same subjects by simultaneously fitting a regression line to each individual's data (called

the random component) and a linear model to data that included all subjects (called the fixed

component), hence the name LMM since it has both random and fixed components. To

determine if an inflection point existed, we fit a piece-wise linear term as the fixed

component and compared the goodness of fit with that obtained by fitting a straight line.

Additional variables included in the model were gender, baseline astigmatism magnitude,

years of follow-up, and number of follow-up points. Once an inflection point was identified

using this method, subsequent analyses of change in M (D/year) and final myopia status

(myopic vs. non-myopic) were conducted for data from subjects who met the following

criteria: at least one data point prior to the age at which an inflection in the regression line

was identified, and at least 3 years of follow-up (so that in all instances subjects had at least

one data point after the inflection point age).

Analysis of the Relation Between Change in M with Age and Magnitude of Baseline M and
Baseline Astigmatism

Individual regression lines were calculated for each subject's M data, and regression slopes

were used in analyses as an estimate of rate of change in M with age (D/year). To test the

hypothesis that rate of progression towards myopia (evidenced by negative slope values)

differs by magnitude of baseline M and baseline astigmatism, mean M slopes (i.e., mean

change in M per year) were compared using an Analysis of Covariance (ANCOVA) across

baseline M and astigmatism groups. Baseline M was categorized as myopic (M ≤ −0.75),

neither hyperopic nor myopic, abbreviated as NHM (> −0.75 and < +2.00), or hyperopic (M

≥ +2.00). Baseline astigmatism was categorized as no/low astigmatism (< 1.00 D), moderate

astigmatism (1.00 to < 3.00 D), or high astigmatism (≥ 3.00 D). ANCOVA allows

comparisons between categories while adjusting for covariates. Years of follow-up and

number of encounters were included in the ANCOVA as covariates.

Analysis of the Relation Between Final Myopia Status and Magnitude of Baseline M and
Baseline Astigmatism

For each subject, final myopia status was determined using a prediction method which

classified subjects as becoming myopic if, based on the regression line generated from the

subject's longitudinal data, the subject became or would be predicted to become myopic

prior to age 18, with myopia defined as M of ≤ −0.75D. We utilized this prediction method

because there was variability across subjects in final age of follow-up, and thus any subjects

who might have become myopic between their final study encounter and age 18 would have

been incorrectly classified as not having developed myopia. We repeated the analysis using

an occurrence method that classified subjects with M of ≤ −0.75D at the final study visit as

becoming myopic, and the results were similar.

Since one of the hypotheses we are testing is that astigmatism-related blur contributes to

myopia onset and change, glasses wear in our subjects is a significant confounding variable,

particularly because subjects were provided spectacles through the studies. Subjects who

consistently wore their glasses might not experience enough blur for astigmatism to

influence myopia progression. Therefore, we conducted secondary analyses to determine if

the M slope and predicted myopia occurrence results differed when the sample was limited
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only to subjects who did not consistently wear spectacle correction. At each study encounter

(including screenings, eyeglass dispensing, and examinations), spectacle wear was recorded.

We assembled these data for all subjects in our longitudinal database, and determined the

number of encounters for each subject at which spectacle wear was recorded and the

percentage of those encounters on which they were wearing spectacle correction. A

minimum of 3 data points were required for inclusion in the secondary analysis, and subjects

who were wearing spectacles on less than one-third of study visits were not considered

“consistent wearers” and were therefore included in the secondary analyses.

RESULTS

A total of 10,799 subject encounters were conducted (3,601 different subjects), and data

from 9,472 encounters (88%) met inclusion criteria. Reasons for exclusion of study

encounters were right eye Retinomax reliability score < 8 or not recorded (1214), > 18 years

old (25), < 3 years old (19), refused drops (37), poor cooperation (15), incomplete

examinations (14), right eye prosthesis (1), and right eye patch graft (4), with some

encounters meeting more than one criterion. The full longitudinal dataset included 2,522

subjects who had at least two study encounters that met these inclusion criteria. The number

of encounters ranged from 2 to 12. A demographic and baseline refractive error summary is

provided in Table 1.

Preliminary Analysis of Linear Association Between M and Age

The best fitting LMM had a single inflection point at 5.5 years of age (see Figure 1). The

slope for M up to age 5.5 years was +0.09, and the slope after age 5.5 years was −0.23 (p <

0.001). The amount of baseline astigmatism and gender were not statistically significant

predictors, but number of observations (Beta=0.06, p <0.005) and length of follow-up

(Beta=−0.03, p < 0.003) were both significant.

Analysis of the Relation Between Change in M with Age and Baseline M and Baseline
Astigmatism

Analyses included all encounters from 777 subjects who had a baseline measurement at age

≤ 5.5 years (prior to the inflection point at which slope changed) and who had ≥ 3 years of

follow-up (from baseline to final measurement). ANCOVA compared mean M slope for

subjects across levels of baseline M (hyperopic, NHM, and myopic) and baseline

astigmatism (no/low astigmatism, moderate astigmatism, and high astigmatism), including

years of follow-up and number of encounters as covariates. Results are summarized in Table

2. Mean M slope (D/year) did differ depending on baseline M (p < 0.004), but did not

significantly differ based on magnitude of baseline astigmatism. Post hoc analyses with

Bonferroni correction for multiple comparisons indicated that mean slope was significantly

more negative for hyperopic than for myopic or NHM subjects, but there was no significant

difference between the myopic and NHM groups. The interaction between baseline

astigmatism and baseline M was not significant.Years of follow-up was a significant

covariate (p < 0.001), but number of encounters was not. A post hoc analysis indicated that

years of follow-up did not vary significantly across subjects who were hyperopic, NHM, or

myopic at baseline. Figure 2 presents the scatterplot of slope (D/year) by baseline M and
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Figure 3a presents the slope (D/year) by level of baseline astigmatism. The pattern of

significance of the ANCOVA results did not differ when the analysis was limited to subjects

who never or rarely wore spectacles (see Table 2, right side).

Analysis of the Relation Between Final Myopia Status and Baseline M and Baseline
Astigmatism

Table 3 (left side) presents a summary of predicted final myopia status (myopia defined as

M ≤ −0.75 D) by baseline M and baseline astigmatism. Chi-square analysis indicated that

final myopia status varied across level of baseline astigmatism for subjects who were

myopic at baseline (p < 0.05) and for subjects who were NHM at baseline (p < 0.005), but

was not significant at the 95% confidence level for subjects who were hyperopic at baseline

(p=0.10).

The right side of Table 3 summarizes results when the sample was limited to subjects who

never or rarely wore spectacle correction. Chi-square analyses indicated significant effect of

the amount of astigmatism on myopia outcome status for subjects who were myopic (p

<0.02) and NHM (p = 0.05) at baseline and for subjects who were hyperopic (p< 0.03).

The estimated age of onset was 10.52 years (SD = 3.23) for the subjects who were predicted

to become myopic. Age of onset did not significantly differ based on level of baseline

astigmatism (mean age =10.37 years [SD = 3.31], 10.88 years [SD = 3.07], and 9.93 years

[SD = 3.30] for low, moderate and high baseline astigmats, respectively). There was very

little change to this pattern of results when analyses were limited to subjects who never/

rarely wore spectacle correction.

DISCUSSION

The strengths of this study are the relatively large study sample, followed from preschool

and into elementary school and often into the teen years, with a high occurrence of moderate

to high corneal astigmatism leading to moderate to high refractive astigmatism. The

astigmatism is relatively stable from a young age14 and clearly present before the onset of

myopia in most cases.

The LMM (Figure 1) shows a slope of +0.09 D/year up to age 5.5 years, with a single

inflection point, followed by a slope of −0.23 (p < 0.001). We can only speculate on the

reasons for this inflection point, but one possibility is that the children typically enter school

at the age of 5 or 6 with an increasingly large near work demand. While some studies have

shown associations between near work and myopia onset,17,18 other studies have shown

weak associations or none at all.19,20 An increase in overall body growth could be associated

with ocular growth. Yip et al.21 found that variations in the onset and peak progression of

myopia may be associated with height spurts, but we did not measure height at all study

visits and are unable to assess this association in our sample.

The data indicate that baseline M is associated with the rate of change in M (Table 2, left

hand columns). Hyperopes change at a greater rate than those NHM, and those NHM more

than myopes, demonstrating evidence of continuing emmetropization in the school years.
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It appeared that the lack of association between M slope and level of baseline astigmatism

was due to the strong effect of a relatively limited number of outliers (see Figure 3a). To test

this assumption, we removed the M slope outliers (slopes > 3 SD from the mean M slope),

and reanalyzed the regression (see Figure 3b). We found that relation between M slope and

level of baseline astigmatism was statistically significant (p<0.02). The outliers represented

extreme M scores at baseline that over time lessened in magnitude, either due to

emmetropization, measurement error at baseline, or regression to the mean.

Table 3 presents a summary of final myopia status (myopia defined as M ≤ −0.75 D) by

baseline M and baseline astigmatism. The strongest evidence of astigmatism influencing the

onset of myopia is seen in subjects who were NHM at baseline. Percent occurrence of

myopia increases with level of baseline astigmatism from 28, to 41, to 46 percent occurrence

for low, moderate, and high astigmats, respectively, (p < 0.005). The trend was similar for

the 81 percent of NHM subjects who rarely or never wore spectacles (either due to

noncompliance or because they were not prescribed) with 25, 34, and 41 percent occurrence

of myopia for low, moderate, and high astigmats, respectively. There was no significant

difference in final study encounter age for NHM subjects across astigmatism groups (low =

11.22 years, moderate = 11.38 years, high = 11.16 years). Thus it is not likely that this factor

contributed to the effects of astigmatism on predicted final myopia status shown in Table 3.

The main limitation of the study is that we did not utilize a randomized clinical trial study

design to assign subjects to astigmatic correction (no blur) or no correction (astigmatic blur)

to assess the blur hypothesis of myopia development. Spectacle correction for moderate to

high levels of astigmatism is the standard of care, and it would have been unethical to

randomize children into a non-treatment group. This means that confounding is a concern.

However, secondary analyses in which we included subjects who never or rarely wore

spectacles yielded similar results, suggesting that spectacle wear had a minimal, if any,

influence on the results, perhaps because spectacle compliance tends to be poor. However,

we must acknowledge that our estimates of spectacle wearing compliance may have been

limited in reliability, as compliance was not a primary measure in our studies and they were

based on the limited data we had available.

It is possible that other factors, besides the effects of blur induced by astigmatism, could be

the cause of the association we observed between astigmatism and myopia. Many factors

influence image degradation on the retina, including level of accommodation. Increased

levels of accommodative lag have been shown in models to affect the progression of

myopia. 22 There could be an interaction between level of astigmatism and accommodative

lag, and we are currently studying this possibility.

A genetic factor with a common association between astigmatism and myopia could also

play a role in refractive development in our sample. A susceptibility locus for astigmatism

has been identified,23 although it was in a study sample of persons of European descent.

Genetic factors play a significant role in refractive error development.24, 25

Smith et al.26 found that high levels of ambient lighting retard the development of form-

deprivation myopia in monkeys. Several studies have examined the relation between time
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spent outdoors and myopia, with mixed results (as reviewed by Sherwin et al.27). We did not

measure time spent outdoors or exposure to light levels in our sample. However, the Tohono

O'odham reservation is located in the high desert of southern Arizona which is one of the

sunniest places in the United States.28 This has implications for the hypothesis that myopia

development may be associated with blur. High light levels decrease pupil size which results

in lower levels of retinal blur from uncorrected refractive error including astigmatism and

myopia. Thus, the retinal blur experienced by our astigmatic subjects may have been

reduced due to this effect, and therefore the association between astigmatic blur and myopia

may be underestimated in our sample.

In summary, we have shown an association between spherical equivalent refractive status

before the age of 5.5 years and refractive change over time. As a group, hyperopic subjects

at baseline showed the greatest refractive change, followed by NHM subjects, and myopic

subjects showed the least refractive change. This implies continuing emmetropization into

the school-aged years. Higher levels of refractive astigmatism were associated with

predicted myopia onset in this sample of Native American children. This supports the

hypothesis that degradation of image quality due to refractive astigmatism created complex

cues to emmetropization, resulting in increased rates of myopia onset.
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Figure 1.
Scatterplot of the longitudinal spherical equivalent (M) data across age with the best-fit line.

The inflection point occurs at age 5.5 years.
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Figure 2.
Scatterplot of M Slope by Baseline M. Dashed line represents the regression line.
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Figure 3.
Scatterplot of M Slope by Refractive Astigmatism, (A) with outliers and (B) with outliers

removed.
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Table 1

Summary of sample characteristics.

Variable Longitudinal Sample Reduced Sample (baseline age ≤ 5.5, FU years ≥ 3)

N 2522 777

Sex (Female/Male) 1290/1232 401/376

Mean Baseline Age (SD) 6.52 (3.10) 4.17 (0.62)

Mean FU Years (SD) 3.85 (3.30) 7.15 (3.15)

Mean Number of encounters (SD) 3.33 (1.63) 4.75 (1.81)

Mean Baseline Cyl (SD), Refractive 1.19 (1.27) 1.35 (1.21)

Mean Baseline J0 (SD), Refractive +0.54 (0.64) +0.63 (0.61)

Mean Baseline J45 (SD), Refractive +0.03 (0.23) +0.03 (0.23)

Mean Baseline M (SD) +0.71 (1.34) +1.03 (1.19)

Mean M Slope −0.16 (0.36) −0.16 (0.17)

Mean M Offset 0.75 (1.33) 1.14 (1.16)
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Table 2

Relation between baseline M, baseline astigmatism, and progression towards myopia (M slope, D/year).

Baseline M Baseline Astigmatism All subjects in reduced sample Never or rarely wore spectacles

Mean SD N Mean SD N

Myopic (M </= −0.75) < 1.00 D −0.04 0.23 8 −0.01 0.23 6

1 to < 3 D −0.13 0.20 13 −0.13 0.11 8

3 D or more −0.12 0.49 15 −0.04 0.49 9

Total
−0.11

* 0.35 36 −0.16 0.32 23

NHM (M > −0.75 and < +2.00) < 1.00 D −0.15 0.14 336 −0.14 0.12 319

1 to < 3 D −0.15 0.15 194 −0.14 0.15 137

3 D or more −0.16 0.22 59 −0.15 0.23 32

Total
−0.15

* 0.16 589 −0.14 0.14 488

Hyperopic (M >/= +2.00) < 1.00 D −0.20 0.14 31 −0.21 0.13 29

1 to < 3 D −0.22 0.17 87 −0.21 0.17 74

3 D or more −0.21 0.19 34 −0.22 0.21 17

Total
−0.21

* 0.17 152 −0.21 0.17 120

All < 1.00 D −0.15 0.15 375 −0.14 0.13 354

1 to < 3 D −0.17 0.16 294 −0.16 0.16 219

3 D or more −0.17 0.27 108 −0.15 0.28 58

Total −0.16 0.17 777 −0.15 0.16 631

*
Statistically significant difference between slopes for myopes, NHM, and hyperopes (p < 0.004).
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Table 3

Relation between baseline M, baseline astigmatism, and development of myopia.

All Subjects in Reduced Sample
(n=777)

Only Subjects who never or rarely
wore spectacles (n=631)

Baseline M Baseline Astigmatism Predicted Not
Myopic Count

Predicted
Myopic Count

(%)

Predicted Not
Myopic Count

Predicted
Myopic Count

(%)

Myopic (M <= −0.75)
* < 1.00 D 4 4 (50) 4 2 (33)

1 to <3 D 1 12 (92) 0 8 (100)

3 D or more 2 13 (87) 2 7 (78)

Total 7 29 (81) 5 23 (74)

NHM (M > −0.75 and < +2.00)
* < 1.00 D 241 95 (28) 238 81 (25)

1 to <3 D 115 79 (41) 90 47 (34)

3 D or more 32 27 (46) 19 13 (41)

Total 388 201 (34) 347 141 (29)

Hyperopic (M >= +2.00)
** < 1.00 D 31 0 (0) 29 0 (0)

1 to <3 D 79 8 (9) 71 3 (4)

3 D or more 29 5(15) 14 3 (18)

Total 139 13 (9) 114 6 (5)

All 
* < 1.00 D 276 99 (26) 271 83 (23)

1 to <3 D 195 99 (34) 161 58 (26)

3 D or more 63 45 (42) 35 23 (40)

Total 534 243 (31) 467 164 (26)

*
Statistically significant difference (0.05 confidence level) in predicted final myopia status across levels of baseline astigmatism for both samples.

**
Statistically significant difference (95% confidence level) in predicted final myopia status across levels of baseline astigmatism for sample of

subjects who never/rarely wore spectacles.
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