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PURPOSE. To determine the heritability of refractive error and
familial aggregation of myopia and hyperopia in an elderly Old
Order Amish (OOA) population.
METHODS. Nine hundred sixty-seven siblings (mean age, 64.2
years) in 269 families were recruited for the Amish Eye Study
in the Lancaster County area of Pennsylvania. Refractive error
was determined by noncycloplegic manifest refraction. Heritability of refractive error was estimated with multivariate linear
regression as twice the residual sibling–sibling correlation after
adjustment for age and gender. Logistic regression models
were used to estimate the sibling recurrence odds ratio (ORs).
Myopia and hyperopia were defined with five different thresholds.
RESULTS. The age- and gender-adjusted heritability of refractive
error was 70% (95% CI: 48%–92%) in the OOA. Age and genderadjusted ORs and sibling recurrence risk (s), with different
thresholds defining myopia ranged from 3.03 (95% CI: 1.58 –
5.80) to 7.02 (95% CI: 3.41–14.46) and from 2.36 (95% CI:
1.65–3.19) to 5.61 (95% CI: 3.06 –9.34). Age and gender-adjusted ORs and s for different thresholds of hyperopia ranged
from 2.31 (95% CI: 1.56 –3.42) to 2.94 (95% CI: 2.04 – 4.22) and
from 1.33 (95% CI: 1.22–1.43) to 1.85 (95% CI: 1.18 –2.78),
respectively. Women were significantly more likely than men
to have hyperopia. There was no significant gender difference
in the risk of myopia.
CONCLUSIONS. In the OOA, refractive error is highly heritable.
Hyperopia and myopia aggregate strongly in OOA families.
(Invest Ophthalmol Vis Sci. 2007;48:4002– 4006) DOI:10.1167/
iovs.06-1388

O

ne third of all adults 40 years of age and older in the
United States have visually significant refractive error;
25% have myopia and 10% have hyperopia.1 The costs associated with correcting refractive error are a major burden to the
United States public health system. Correction of myopia with
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spectacles, the least expensive and most widely used modality,
is estimated to have annual direct costs of more than $3.9
billion in U.S. dollars,2 approximately 0.2% of the total U.S.
health expenditure in 2006.3 Therefore, although most refractive errors are easily correctable, their impact on an affected
individual and the health care system is substantial.
Refractive error has been shown to aggregate strongly in
families. Reported estimates of heritability (the proportion of
the population variance due to inherited factors) range from
50% to 90% across a variety of population groups.4 –10 Myopia
is the most common form of refractive error in the United
States.1 World-wide, the prevalence of myopia in adults ranges
between 15% and 82%11 and rates are increasing in certain
populations.4,12 Environmental factors have also been thought
to increase the risk of myopia—particularly, high educational
attainment and extensive time spent on near-work activities,
among genetically susceptible individuals.5,8,12–17 There is also
evidence that myopia is influenced by genetic factors. Genetic
linkage studies have identified at least four chromosomal locations that confer susceptibility to high myopia (⬍ ⫺5 D).18 –22
Lesser degrees of myopia, comprising most myopes in the
United States,1 have shown evidence of linkage to loci on
chromosome 2223 and on 11p13, 3q26, 8p23, and 4q12.24
Hyperopia of more than 3.0 D is a condition affecting an
estimated 11.8 million adults older than 40 in the United
States.1 Although genetic epidemiologic studies of hyperopia
are comparatively rare, a recent study has implicated a null
mutation in the membrane-type frizzled-related protein (MFRP)
gene in the pathogenesis of familial nanophthalmos and high
hyperopia.25
The Old Order Amish (OOA) are an isolated population
originating from approximately 200 founding families, mostly
of Western European descent.26 The OOA live within a structured and uniform society where most individuals share a
common lifestyle, have relatively little formal education, and
eschew modern technologies like electricity, television, and
computers. The OOA have well-documented family genealogies, a relatively high standard of living, low migratory tendencies, and large extended families. Therefore, they represent an
ideal population in which to investigate the genetic heritability
and familial aggregation of refractive error. In this article, we
present the first study of familial resemblance of ocular refraction in the OOA. We found refractive error to be highly heritable in the OOA.

METHODS
Subjects
This study adhered to the tenets of the Declaration of Helsinki and was
approved by the University of Pennsylvania and the National Eye
Institute institutional review boards. Informed consent was obtained
from all subjects. The individuals reported on in this article are participants in a population-based cohort study of age-related eye disease.
Recruitment for the cohort study began with a letter of invitation sent
to all Amish households in Lancaster and Franklin counties, Pennsylvania, containing an individual 50 years of age or older. The letter
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⫹2.00, and ⫹2.50 D. Age, gender, and age-gender interaction were
treated as covariates in the models. The age– gender interaction term
was ultimately dropped in our final logistic regression model, because
it did not meet statistical significance (at P ⬍ 0.05) in any model. The
relative odds of affection were also estimated with GEEs31 using sibship as a clustering variable in our multivariate logistic regression.32
The results of our multivariate logistic regression were used to
calculate ORs, defined as the ratio of the odds of affection (myopia or
hyperopia) in a sibling of an affected individual relative to the odds of
affection, given an unaffected sibling. We used our ORs results to
calculate s, defined as the risk of being affected, given an affected
sibling, relative to the risk of being affected in the overall population.
The quantity s is more easily interpretable than ORs and is directly
related to the power of genetic linkage studies.33 ORs and s results
are close in value when the prevalence of affection in the overall
population is small. However, s diminishes linearly as the prevalence of affection in the overall population approaches unity. s was
calculated by

FIGURE 1. Distribution of MSE in the men and women. Distribution of
all subjects used in analyses (n ⫽ 967). Data bins for MSE were defined
in increments of 0.5 D. The first and last bins were defined as ⱕ ⫺2.5
D and ⱖ ⫹2.5 D, respectively.

described the study and requested their participation. Thereafter, a
traveling nurse coordinator visited households, identified interested
participants, and arranged an appointment to visit the Amish Eye
Clinic. Additional individuals learned of the appointments by word of
mouth and contacted the clinic for an appointment or merely showed
up. Best corrected subjective manifest refraction using a Snellen chart
was performed before cycloplegia. A complete eye examination was
performed including slit lamp examination, funduscopy, and digital
photography of the retina.
Individuals included in our analysis had two phakic eyes, no significant cataract, no corneal opacities that would affect refraction, and at
least one other sibling involved in the study. Age was defined as the age
of each subject at the time of examination. Refractive error was defined
as the mean spherical equivalent (MSE) using data from both eyes for
each participant.

Statistical Methods
Refractive error was used as a continuous dependent variable. Multivariate linear regression calculations for refractive error were performed using the geepack statistical package for the R programming
language, version 2.3.1.27 Statistical models included age and gender as
covariates. An age– gender interaction term was also included in the
models. Individual sibship was used as a clustering variable in our
linear regression model with the use of extended Generalized Estimating Equations (GEEs)24 to take into account the correlation between
siblings. The geepack package follows the methods presented by Yan
et al.28 for clustered data. The heritability of refractive error was
estimated as twice the residual sib–sib correlation after adjusting for
covariates.29
Our population distribution for MSE exhibited leptokurtosis
(186.58; Fig. 1). Therefore, we applied a normalizing transformation30
to our MSE data to assess its impact on our heritability estimate. The
heritability estimate for refractive error in our population did not
change significantly (68% vs. 70%) as a result of the transformation.
Therefore, our analysis is presented on untransformed MSE to facilitate
interpretation. In addition, since our study participants were not selected on the basis of refractive error and all participants were enrolled
at a single center, ascertainment correction was not considered.
Multivariate logistic regression calculations for myopia and hyperopia as binary traits were performed separately using the geesibsor
statistical package for the R programming language, version 2.3.1.27
Assessment of myopia included MSE refractive error thresholds of ⱕ
⫺0.50, ⫺1.00, ⫺1.50, ⫺2.00, and ⫺2.50 D. Hyperopia was defined by
using MSE refractive error thresholds of ⱖ ⫹0.50, ⫹1.00, ⫹1.50,
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s ⫽

ORs[prev/共1 ⫺ prev)]
1
prev {1 ⫹ ORs[prev/共1 ⫺ prev)]}

where prev is the estimated population prevalence of affection, and
the ratio prev/(1 ⫺ prev) represents the odds of affection. The population prevalences used for s estimation were the crude population
prevalences derived from the OOA cohort.

RESULTS
At the time of this analysis, 1382 participants were recruited
into the population-based age-related eye disease study, of
whom 967 (mean age, 64.2 years) were eligible for our analysis. Three hundred participants were ineligible because they
had no other siblings in the study. One hundred fifteen subjects were ineligible due to pseudophakia, central corneal
opacities affecting refraction, or significant cataract. Eligible
participants ranged in age between 50 and 90 years, 46.7%
were men. The mean age of male participants (64.5 ⫾ 8.0
years) and female participants (63.86 ⫾ 8.3 years) did not differ
significantly (P ⫽ 0.221). MSE differed significantly between
men (0.52 ⫾ 1.42) and women (0.89 ⫾ 1.74; P ⬍ 0.001). The
967 eligible participants came from 269 families (sibships) and
represented 1671 sib pairs. The mean sibship size was 6.21 ⫾
7.60.
The unadjusted heritability (h2) of refractive error in our
OOA cohort was 69% (95% CI: 58%– 85%). Using multivariate
linear regression, we found refractive error to be significantly
associated with age (P ⬍ 0.001) and gender (P ⬍ 0.001; Table
1). There was also statistical evidence of an age-gender interaction affect on refractive error (P ⫽ 0.049). The full linear
regression model showed an estimated MSE change per decade
of age of ⫹0.38 D (95% CI: ⫹0.36 to ⫹0.40) for males and
⫹0.59 D (95% CI: ⫹0.44 to ⫹0.74) for females. The residual
TABLE 1. Estimated Linear Regression Coefficients and Standard
Errors for Refractive Error

Age (y)
Gender (female)
Age–gender interaction
Residual sib–sib correlation

Estimate

SE

P

0.038
0.49
0.021
0.35

0.008
0.085
0.011
0.057

⬍0.001
⬍0.001
0.049
⬍0.001

Data were obtained from the linear regression model of MSE
refractive error on age, gender, and age-gender interaction. The sample
comprised 967 subjects (mean age, 64.2 years) representing 1671 sib
pairs.
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DISCUSSION

TABLE 2. Number of Concordant Affected and Discordant Sibling
Pairs for 10 Thresholds of Refractive Error
Threshold
(D)

Concordant
Affected Pairs

Discordant
Pairs

⫺0.50
⫺1.00
⫺1.50
⫺2.00
⫺2.50
⫹0.50
⫹1.00
⫹1.50
⫹2.00
⫹2.50

80
35
16
16
9
629
443
240
99
36

348
250
154
116
97
644
598
544
453
290

sib–sib correlation from our linear model for refractive error
was 0.35 (95% CI: 0.24 – 0.46; Table 1), yielding an estimated
heritability of 70% (95% CI: 48%–92%). When separate linear
regression models were run on same-sex sibling pairs only,
with age as a covariate, estimated heritabilities for MSE were
60% (95% CI: 37%– 84%) in the men and 64% (95% CI: 46%–
81%) in the women.
The crude prevalences of hyperopia for MSE thresholds
of ⱖ ⫹0.5, ⱖ ⫹1.0, ⱖ ⫹1.5, ⱖ ⫹2.0, and ⱖ ⫹2.5 D were
56.2%, 44.1%, 29.6%, 18.2%, and 10.3%, respectively. The total
number of hyperopic-concordant sibling pairs for our hyperopia thresholds ranged from 629 to 36 (Table 2). The crude
prevalences of myopia for MSE thresholds of ⱕ ⫺0.5, ⱕ ⫺1.0,
ⱕ ⫺1.5, ⱕ ⫺2.0, and ⱕ ⫺2.5 D were 14.6%, 8.8%, 5.5%, 4.2%,
and 3.1%, respectively. The total number of myopic-concordant sibling pairs for our myopia thresholds ranged from 80 to
9 (Table 2).
Findings from our multivariate logistic regression analyses
are presented in Table 3. The estimated parameters for ORs,
age, and gender were statistically significant for all thresholds
of hyperopia (P ⱕ 0.008). When modeling myopia, ORs was
significant (P ⬍ 0.001). Age was significant for myopia thresholds of ⱕ ⫺0.5 and ⫺1.0 D (P ⫽ 0.022). Gender was not
significantly associated with the risk of myopia at any threshold. The ORs and s for hyperopia ranged from 2.31 (95% CI:
1.56 –3.42) to 2.94 (95% CI: 2.04 – 4.22) and from 1.33 (95% CI:
1.22–1.43) to 1.85 (95% CI: 1.18 –2.78), respectively (Table 4).
The ORs and s for myopia ranged from 3.03 (95% CI: 1.58 –
5.80) to 7.02 (95% CI: 3.41–14.46) and 2.36 (95% CI: 1.65–
3.19) to 5.61 (95% CI: 3.06 –9.34), respectively (Table 4).

Our study reports on the heritability of refractive error and
sibship aggregation of hyperopia and myopia in the OOA of
Lancaster and Franklin counties, Pennsylvania. Our data show
that 70% of the variance of refractive error in this OOA population can be explained by heritable factors. Although gender
and age correlated significantly with risk of MSE in this cohort,
adjusting for these variables did not change the estimate of
heritability. Estimated heritabilities using male-only (60%) and
female-only (64%) sibships did not differ substantially from that
of the combined population.
Our heritability estimates are consistent with previous population-based studies in other cohorts.4 – 6,9 In an elderly sample of 68 black sibships and 206 white sibships participating in
the Salisbury Eye Evaluation (SEE), Wojciechowski et al.9 reported a race-adjusted heritability for refractive error of 62%.
Heritability estimates for black (80%) and white (50%) siblings
did not differ significantly, and gender-specific differences
were not observed. In an analysis of 587 sibships of European
ancestry in Beaver Dam Eye Study (BDES), Lee et al.6 reported
a heritability of 74% for refractive error. A Newfoundland study
of those over age 30 years, reported a heritability of 78%.5
Alsbirk4 reported a heritability of 50% in a sib–sib study of
Greenland Eskimos. Combined with our results from the OOA
population, these studies show remarkable consistency in the
estimated heritabilities of ocular refraction across populations.
Our estimate of heritability assumes that all the betweensibling correlation of MSE in our population is attributable to
genetic factors after correction for age and gender. It is possible that unmeasured risk factors shared between siblings account for part of the residual correlation among OOA siblings.
In this case, our calculated heritability would overestimate the
true underlying between-sibling correlation, due to a common
genetic inheritance. Also, there is likely to be some inherent
variability in the refractive error measurements34 performed
on the OOA. However, the random nature of variation in
refractive measurement is expected to be nondifferential
within sibships and is unlikely to be a significant source of
upward bias in our heritability estimate.
The odds of a sibling’s developing myopia, given an affected
sibling, at a myopia threshold of ⱕ ⫺0.5 D was 3.08 in the
OOA. This value is within the range reported in American
cohorts from the BDES and SEE.6,9 Our results in the OOA are
consistent with the SEE report9 which found that gender did
not significantly affect the risk of myopia. Since the OOA
population-based study of age-related eye disease is continuing

TABLE 3. Estimated Sibling Recurrence, Age, and Gender OR of Hyperopia and Myopia from Multiple Logistic Regression Models, Using Five
Thresholds to Define Hyperopia and Myopia
ⴙ/ⴚ0.50 D

Hyperopia
Sibling recurrence
Age (y)
Gender (female)
Myopia
Sibling recurrence
Age (y)
Gender (female)

ⴙ/ⴚ1.00 D

ⴙ/ⴚ1.50 D

ⴙ/ⴚ2.00 D

ⴙ/ⴚ2.50 D

OR

P

OR

P

OR

P

OR

P

OR

P

2.34
1.07
1.89

⬍0.001
⬍0.001
⬍0.001

2.94
1.07
1.99

⬍0.001
⬍0.001
⬍0.001

2.71
1.07
2.17

⬍0.001
⬍0.001
⬍0.001

2.27
1.08
3.27

⬍0.001
⬍0.001
⬍0.001

2.05
1.08
4.28

0.008
⬍0.001
⬍0.001

3.08
0.97
1.11

⬍0.001
0.022
0.568

3.05
0.96
1.27

⬍0.001
0.022
0.279

3.77
0.96
1.56

⬍0.001
0.141
0.115

7.03
0.98
1.12

⬍0.001
0.426
0.703

5.10
0.97
0.99

⬍0.001
0.373
0.969

ORs were determined by results from multivariate logistic regression and generalized estimating equations. ORs for hyperopia are defined as
the odds of hyperopia, given a hyperopic sibling, divided by the odds of hyperopia, given a nonhyperopic sibling. ORs for myopia are defined as
the odds of myopia, given a myopic sibling, divided by the odds of myopia, given a nonmyopic sibling. All logistic regression models included age
and gender as covariates. Diopter thresholds are positive for hyperopia and negative for myopia.
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TABLE 4. Summary of ORs and s from Logistic Regression Models
for Hyperopia and Myopia
Threshold (D)

ORs

95% CI

s

95% CI

⫹0.50
⫹1.00
⫹1.50
⫹2.00
⫹2.50
⫺0.50
⫺1.00
⫺1.50
⫺2.00
⫺2.50

2.34
2.94
2.71
2.27
2.05
3.08
3.05
3.77
7.03
5.10

1.70–3.21
2.05–4.22
1.84–4.00
1.55–3.34
1.21–3.49
1.86–5.11
1.59–5.87
1.82–7.83
3.36–14.71
2.37–10.98

1.33
1.58
1.80
1.84
1.85
2.36
2.59
3.27
5.61
4.52

1.22–1.43
1.40–1.74
1.47–2.12
1.41–2.34
1.18–2.78
1.65–3.19
1.51–4.11
1.74–5.69
3.06–9.34
2.27–8.38

s was estimated by using crude population prevalences derived
from the sample of subjects used in this study. Crude prevalences were
derived for each threshold of affection separately.

to accrue new participants, the effect of gender on the ORs
myopia can be revisited later.
The odds of a sibling’s developing hyperopia, given an
affected sibling, were 2.34 and 2.94 at hyperopic thresholds
of ⱖ ⫹0.5 and ⫹1.0 D, respectively, in the OOA. Our results
are remarkably consistent with values reported in other studies.6,35 However, the ORs data reported by the SEE study35
trend upward as their hyperopic threshold is increased (ORs of
4.87 for ⱖ ⫹2.5 D), whereas our estimates remain relatively
consistent for all hyperopic thresholds (Table 4). The SEE’s
trend toward higher ORs at greater thresholds of hyperopia
could be explained by factors including differentially misclassified phenotypes, greater penetrance of genes effecting more
extreme phenotypes or by sampling error due to small sample
sizes at higher thresholds for hyperopia.35 These differences
can also be the result of underlying differences in the effects of
genetic risk factors for hyperopia between the OOA and SEE.
Our estimates, however, are more precise than those of the SEE
study, due to our larger effective sample size (i.e., larger number of concordant affected pairs) at higher hyperopic thresholds.
We report our findings based on full sibling-based analysis
where the overall phenotypic variance is affected by contributions from both genetic and environmental sources. Full siblings share, on average, 50% of their genetic makeup, compared with monozygotic (MZ) twins, who have identical
genomes. MZ twin studies would furnish a means by which to
separate genetic from environmental variance for the refractive
phenotypes we are studying. However, the relative homogeneity of the OOA lifestyle in regard to personal habits and
geographic location virtually eliminates sources of environmental variance, meaning that we are reporting on phenotypic
variance that is derived from genetic factors. The same cannot
be said for most twin-based studies, which are typically influenced by low cohort size and a large interpair variance in
environment.
The OOA have a lifestyle that is internally homogeneous
and rather unique when compared with all other U.S. populations. They live a largely agrarian lifestyle and avoid modern
technologies including electric lighting, computers, television,
and video games. In addition, the OOA do not educate their
children past the eighth grade. Thus, the OOA live and work in
an environment that puts them at lower risk for myopia, even
for genetically susceptible individuals. Our reported crude
population prevalences for myopia in the OOA are lower than
those reported in the United States for a similar age group1 and
seem to substantiate this hypothesis. Similar social, behavioral,
and environmental factors may also influence their susceptibility to hyperopia. Our crude population prevalences for hyper-
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opia in the OOA are also lower than those reported in the
United States for a similar age group.1 The characteristics
present in the OOA that seem to make them less susceptible to
both myopia and hyperopia should be pursued in further
studies.
In conclusion, we report that up to 70% of the variability in
refractive error among the OOA, a group with less near-work
activity than that of the general U.S. population, is due to
genetic factors. We also found that myopia and hyperopia
aggregate within sibships among the OOA. We are the first
group to report on the heritability and familial aggregation of
refractive error in the OOA. Our data are derived from a large,
environmentally homogenous cohort containing large extended families, making it ideal for family-based genetic studies. Further, study of the OOA cohort would be useful in
identifying specific genetic variants related to refractive traits.
We are currently conducting genetic epidemiologic studies to
identify genetic and environmental factors associated with refractive development in the OOA population.
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