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Uncorrected Refractive Error and Distance Visual Acuity in Children

Aged 6 to 14 Years
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SIGNIFICANCE: This study presents the relationship between distance visual acuity and a range of uncorrected re-
fractive errors, a complex association that is fundamental to clinical eye care and the identification of children
needing refractive correction.

PURPOSE: This study aimed to analyze data from the Collaborative Longitudinal Evaluation of Ethnicity and Re-
fractive Error Study to describe the relationship between distance uncorrected refractive error and visual acuity
in children.

METHODS: Subjects were 2212 children (51.2% female) 6 to 14 years of age (mean ± standard deviation,
10.2 ± 2.1 years) participating in the Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error Study
between 2000 and 2010. Uncorrected distance visual acuity was measured using a high-contrast projected
logMARchart. Cycloplegic refractive error wasmeasured using the Grand SeikoWR-5100K autorefractor. The abil-
ity of logMAR acuity to detect various categories of refractive error was examined using receiver operating charac-
teristic curves.

RESULTS: Isoacuity curves show that increasing myopic spherical refractive errors, increasing astigmatic refrac-
tive errors, or a combination of both reduces distance visual acuity. Visual acuity was reduced by approximately
0.5 minutes of MAR per 0.30 to 0.40 D of spherical refractive error and by approximately 0.5 minutes of MAR
per 0.60 to 0.90D of astigmatism. Higher uncorrected hyperopic refractive error had little effect on distance visual
acuity. Receiver operating characteristic curve analysis suggests that a logMAR distance acuity of 0.20 to 0.32
provides the best balance between sensitivity and specificity for detecting refractive errors other than hyperopia.
Distance acuity alone was ineffective for detecting hyperopic refractive errors.

CONCLUSIONS: Higher myopic and/or astigmatic refractive errors were associated with predictable reductions in
uncorrected distance visual acuity. The reduction in acuity per diopter of cylindrical error was about half that for
spherical myopic error. Although distance acuity may be a useful adjunct to the detection of myopic spherocylindrical
refractive errors, accommodation presumably prevents acuity from assisting in the detection of hyperopia. Alternate
procedures need to be used to detect hyperopia.
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Refractive errors are recognized as a disabling vision disorder
among children.1–3 Undetected refractive error can interfere with
development, can impede effective learning, and is associatedwith
developmental disability among children.3 Reduced vision from
uncorrected refractive error can be improved if diagnosed and op-
tically corrected in a timely manner.3,4 Both federal and state gov-
ernment organizations recognize the importance of vision in
children. Healthy People 2010 and the upcoming Healthy People
2020 have national vision objectives including “reduce blindness
and visual impairment in children and adolescents aged 17 years
and under.”5–7 In the United States, Medicaid (a U.S. govern-
ment program for low-income families) considers children's vision
to be an essential component of their Early Periodic Screening Di-
agnostic and Treatment program and mandates the inclusion of
the diagnosis and treatment of defects in vision.8,9 Other reviews
support the importance of correction of refractive errors to im-
prove vision in children.10,11
Distance visual acuity is an important clinical measure when
evaluating refractive error. Uncorrected distance visual acuity often
guides the experienced clinician in estimating the degree of refrac-
tive error. Maximizing visual acuity indicates a successful refrac-
tion, whereas acuity deficits aid in the detection of amblyopia or
ocular pathology. Distance visual acuity obviously worsens with
greater uncorrected myopic spherocylindrical refractive error but
without consensus of whether the pattern is linear or nonlinear.
This likely results from study design limitations that include the fol-
lowing: evaluating either spherical or astigmatic errors but not
both, expressing spherocylindrical errors in nonclinical vector ter-
minology, small sample sizes, or including adult subjects only
and no children with hyperopia.12–16

One of the more useful depictions of the relationship between
visual acuity and a wide range of uncorrected spherocylindrical re-
fractive errors in children was provided by Peters.17 The Orinda
Study plotted “iso-oxyopia” (isoacuity) curves to display how a range
3
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TABLE 1. Frequency and percent for subject sex and race/ethnicity

n (%)

Sex

Male 1080 (48.8)

Female 1132 (51.2)

Race/ethnicity

Native American 546 (24.7)

Asian 211 (9.5)

African American 481 (21.7)

Hispanic 742 (33.5)

White 215 (9.7)

Other 17 (0.8)
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of uncorrected refractive errors was associated with various levels of
uncorrected distance visual acuity.18 These classic curves are often
taught to optometry students because they provide a graphical repre-
sentation of what eventually develops through clinical experience,
namely, what level of acuity corresponds to different levels of
spherical and astigmatic refractive errors. These curves have not
been revised in 60 years. The Orinda Study isoacuity curves were
also developed before the widespread use of computers and were
therefore drawn manually.18 Using a large and diverse cohort of
children from the Collaborative Longitudinal Evaluation of Ethnic-
ity and Refractive Error Study, we developed similar curves but de-
rived them using well-defined statistical methods based on data
from acuity charts using more rigorous design principles. We pres-
ent these curves using clinical variables of sphere and cylinder in
addition to the more modern notation of spherical equivalent and
J0.

19 An additional analysis examined the ability of visual acuity
to detect various categories of cycloplegic spherocylindrical refrac-
tive error.

METHODS

Subjects

Subjects were 2212 children (51.2% female) 6 to 14 years of
age (mean ± standard deviation, 10.2 ± 2.1 years) participating
in the Collaborative Longitudinal Evaluation of Ethnicity and Re-
fractive Error Study between 2000 and 2010 (detailed study
methods described previously).20,21 The years 2000 to 2010 were
chosen because the Grand Seiko WR-5100K (Grand Seiko Co.,
Hiroshima, Japan) used for cycloplegic autorefraction during this pe-
riod provided more consistent and valid measures of astigmatism
compared with the Canon R-1 (Canon, Lake Success, NY) used
in previous years.22,23 The Collaborative Longitudinal Evaluation
of Ethnicity and Refractive Error Study was a multicenter cohort
study of ocular component development and risk factors for the on-
set of myopia. Each of the clinic sites was charged with recruiting
the majority of its subjects from one of the major racial/ethnic
groups in the United States. Each affiliated university's institutional
review board (University of Alabama at Birmingham; University of
California, Berkeley; University of Houston; TheOhio StateUniversity;
Southern California College of Optometry; University of Arizona) ap-
proved informed consent documents according to the tenets of the
Declaration of Helsinki. Parents provided consent and children assent
before the children were examined. Parents designated the child's
racial/ethnic group using one of six 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, not of Hispanic origin; His-
panic; White, not of Hispanic origin; other; or unknown. Table 1 pro-
vides the distribution of sex and race/ethnicity for the subjects.

Measurements

Monocular uncorrected distance acuity was measured by trained
and certified study personnel using a high-contrast projected slide of
a logMAR chart consisting of letters patterned after those described
by Bailey and Lovie-Kitchin.24 The projected letter size was cali-
brated weekly and each time the screen or projector was moved
between schools, so that 20-ft Snellen size letters subtended
5 minutes of arc. The test distances were 10 to 19 ft, depending on
the examination space provided by the schools. The letters on the
chart ranged from 0.8 logMAR (20/126) to 0.0 logMAR (20/20),
www.optvissci.com Optom Vis Sci 202
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with five letters on each line. The full chart was presented, and
the examiner was allowed to point to a specific line or letter when
testing younger children with limited attention. The right eye was
tested first followed by the left eye, with the untested eye covered
with an occluder. Study personnel monitored the adequacy of
occlusion and test distance. Children were asked to read the
smallest line of letters they could see without squinting and to
guess when the letters became difficult for them to see. Testing
stopped when all five letters on a line were missed or when the
child read the 20/20 line (or 20/25 line if in first grade). Visual
acuity was recorded in logMAR notation, beginning with the
last line where all letters were correctly identified, with 0.02
subtracted for each letter correctly identified on any subse-
quent lines. The acuity for children unable to read any letters
on the largest line on the chart (20/126) was recorded as missing
data. Visual acuity was measured more for its clinical value than
as a primary study outcome. This range did not allow for the deter-
mination of maximum best visual acuity or the acuity for very high
and uncommon refractive errors. Acuity data are reported for the
right eye because only the right eye was measured with cycloplegic
autorefraction.

Cycloplegic refractive error measurements for the right eye were
made by certified study personnel using the Grand SeikoWR-5100K
autorefractor (Grand Seiko Co.). At least 10 autorefractor readings
were taken with the eye in primary gaze. Readings were eliminated
if they exceeded the mode for cylinder by ±0.75 D or the mode for
sphere by ±1.00 D. Refractions were then converted to their vector
form using the matrix method described by Harris,25 averaged, and
converted back to a spherocylinder notation. Testing was done
30 minutes after one drop of proparacaine 0.5% and two drops of
tropicamide 1% when subjects had an iris color of grade 1 or 2, or
30 minutes after one drop of proparacaine 0.5% and one drop each
of tropicamide 1% and cyclopentolate 1%when subjects had an iris
color darker than grade 2.26,27 Previous studies found average differ-
ences of 0.20 D or less when comparing refractive errors in the same
subjects using tropicamide compared with cyclopentolate.28–30

Subjects fixated a reduced Snellen chart through a +4.00 D Badal
lens in primary gaze. The Badal system allows subjects to fixate on
an in-focus target at the far point of either hyperopic or myopic errors
without stimulating accommodation while keeping the retinal image
size of the target constant.
1; Vol 98(1) 4
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TABLE 2. Descriptive statistics for 7722 study observations

Average ± SD Median Range

Age (y) 11.4 ± 2.0 11.5 5.3 to 17.5

Spherical equivalent (D) 0.07 ± 1.23 0.17 −9.70 to +10.08

J0 (D) 0.24 ± 0.54 0.09 −1.22 to +3.41

Sphere (D) 0.46 ± 1.35 0.45 −8.13 to +10.86

Minus cylinder (D) −0.78 ± 0.97 −0.47 0.00 to −7.37

Uncorrected logMAR
distance acuity

0.19 ± 0.23 0.08 0.00 to 0.88

SD = standard deviation.
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Statistical Methods

Isoacuity Contour Plots
The data set for analysis of isoacuity contours contained 7722

observations from 2212 subjects. All analyses were performed
using SAS 9.4 for Windows (SAS Institute Inc., Cary, NC). The
SAS procedure locally estimated scatterplot smoothing was used
to estimate the functional relationship between visual acuity as
the dependent variable and two independent variables: the spheri-
cal equivalent and the horizontal/vertical component of astigma-
tism (J0). The oblique astigmatic component J45 was far smaller
and was not included in this analysis. The analysis was also done
using the more conventional clinical notation of sphere and minus
cylinder. Locally estimated scatterplot smoothing performs local-
ized regression using weighted least squares to fit an outcome in
neighborhoods of the independent variables. Observations in a
neighborhood were weighted by a smooth decreasing function of
their distance from the neighborhood's center. The neighborhood
radius was selected to minimize the bias-corrected Akaike informa-
tion criteria, a criterion that balances tightness of fit andmodel com-
plexity.31 For the localized regression, the dependent variable was
assumed to be well approximated by a quadratic function of the in-
dependent variables. The results were summarized as contour plots.

Visual Acuity and Detection of Uncorrected Refractive Error
The purpose of this analysis was to determine the sensitivity (the

true-positive rate) and specificity (the true-negative rate) of visual acu-
ity to detect seven categories of clinically significant refractive error.
Only 1724 (22.3%) of the 7722 study observations had refractive er-
rors within these classifications. Most of the excluded observations ei-
ther were emmetropic or had clinically insignificant refractive errors.
TABLE 3. Distribution of 1724 observations of refractive error by ethnic grou

Native American
(n = 677)

Asian American
(n = 149)

Simple myopia 102 (15.1) 108 (72.5)

Simple hyperopia 12 (1.8) 6 (4.0)

Compound myopic astigmatism 96 (14.2) 27 (18.1)

Compound hyperopic astigmatism 83 (12.3) None

Simple myopic astigmatism 117 (17.3) 3 (2.0)

Simple hyperopic astigmatism 70 (10.3) None

Mixed astigmatism 197 (29.1) 5 (3.4)

n (%) of observations in each ethnic group.

www.optvissci.com Optom Vis Sci 202
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These categories of refractive error were assessed over the range
of logMAR cut-point values using receiver operating characteristic
curves. Optimal logMAR values to detect each refractive error
groupwere identified according to the Youden Index.32 The Youden
Index is the logMAR value that is associated with the maximum value
of ([sensitivity + specificity] − 1) over the range of logMAR cut points.
It is the value that is farthest along a vertical drawn up from the 1:1
line on a receiver operating characteristic curve. The area under
the receiver operating characteristic curve estimates the proportion
of randomly drawn pairs of children where the one who has clini-
cally significant refractive error also has a worse acuity.

Seven categories of clinically significant refractive error were an-
alyzed: (1) myopic (not astigmatic but myopic in both meridians), (2)
simple myopic astigmatism (astigmatic with one meridian emmetropic
and one meridian myopic), (3) compound myopic astigmatism
(astigmaticwith bothmeridiansmyopic), (4) hyperopic (not astigmatic
but hyperopic in both meridians), (5) simple hyperopic astigmatism
(astigmatic with one meridian emmetropic and one meridian hy-
peropic), (6) compound hyperopic astigmatism (astigmatic with
both meridians hyperopic), and (7) mixed astigmatism (astigmatic
with one meridian myopic and one meridian hyperopic). For the re-
fractive error to be classified as astigmatic, the cylinder value had
to be at least 0.75 D. A myopic meridian was defined as having
−0.75D ormoremyopia. A hyperopicmeridian was defined as hav-
ing +1.00 D or more hyperopia. An emmetropic meridian was be-
tween −0.25 and +1.00 D (exclusive). Cycloplegic refractive
errors between −0.25 and −0.75 D were not included in this anal-
ysis, as they were considered to be of marginal clinical significance
and within the measurement error of cycloplegic autorefraction.33

An additional condition was imposed in order to make the categories
more clinicallymeaningful. The power vector length for the refractive
error had to be 1.00 D or greater for all myopic categories but had to
be 2.00 D or greater for hyperopia, simple hyperopic astigmatism,
and compound hyperopic astigmatism.14,19 Power vector length
was defined as follows:

Power vector length ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sphereð Þ2 þ sphere*cylinderð Þ þ cylinder2

2

� �s

RESULTS

As seen in Table 1, the 2212 subjects (51.2% female) included
more Hispanic, Native American, and African American children
than Asian or White. As shown in Table 2, the average spherical
p

African American
(n = 270)

Hispanic American
(n = 522)

White American
(n = 90)

Other
(n = 16)

154 (57.0) 308 (59.0) 40 (44.4) 4 (25.0)

23 (8.5) 22 (4.2) 20 (22.2) None

51 (18.9) 77 (14.8) 10 (11.1) 2 (12.5)

36 (13.3) 33 (6.3) 12 (13.3) 6 (37.5)

4 (1.5) 39 (7.5) 5 (5.6) 4 (25.0)

2 (0.7) 14 (2.7) None None

None 29 (5.6) 3 (3.3) None

1; Vol 98(1) 5
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equivalent for the 7722 observations was nearly emmetropic, but
the overall distribution had a wide range of both myopic and hyper-
opic refractive errors. The average amount of J0 or minus cylinder
was also low, but the sample as a whole had a wide range of
against-the-rule (negative sign for J0) and particularly with-the-
FIGURE 1. (A) Contours of visual acuity as a function of J0 and spherical equiv
orientation, and negative values are against the rule. (B) Contours of visual a
spherical component of refractive error (in diopters).

www.optvissci.com Optom Vis Sci 202

Copyright © American Academy of Optometry. Unau
rule astigmatism (positive sign for J0). Uncorrected acuity ranged
from all letters correct (0.0 logMAR) to one letter correct on the
largest line (0.88 logMAR). The average level of uncorrected acuity
was a two-line reduction in acuity from 0.0 logMAR. As shown in
Table 3, most subjects with refractive error were myopic, followed
alent refractive error (in diopters). Positive values of J0 are with the rule in
cuity as a function of astigmatism (minus cylinder; in diopters) and the

1; Vol 98(1) 6
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by compound myopic astigmatism and mixed astigmatism. Refrac-
tive error groups varied considerably by ethnicity. Mixed astigmatism
was the most common refractive error in Native Americans, and
hyperopia was the rarest, with fairly even distribution across the
other categories. Myopia was the most common finding in Asian
American and Hispanic American children, followed by com-
pound myopic astigmatism. Myopia was also the most common
refractive error among African American children, followed by both
compound myopic and compound hyperopic astigmatism. Although
myopia was the most common refractive error among children over-
all, hyperopia was also seen frequently, followed by both compound
myopic and compound hyperopic astigmatism.

Isoacuity Contour Plots

Isoacuity contour plots are shown in Fig. 1. Contours were plot-
ted in two ways: visual acuity as a function of J0 and spherical
equivalent refractive error in diopters (Fig. 1A) and visual acuity
as a function of astigmatism expressed as minus cylinder in diop-
ters and the spherical component of refractive error in diopters
(Fig. 1B). The isoacuity contour lines show the levels of visual acu-
ity associated with different combinations of refractive error. In Fig.
1A, for example, the acuity in the zone where the spherical equiv-
alent and J0 are both 0.00 D corresponds to 20/20. As expected,
acuity was worse with higher magnitudes of myopic spherical
equivalent refractive error. The change in acuity was an increase
in MAR by approximately 0.5 minutes of arc per 0.30 to 0.40 D
inmyopic spherical equivalent. Interestingly, there was little differ-
ence in acuity for a given myopic spherical equivalent with a higher
value of J0, particularly for values of spherical equivalent moremyopic
than −2.00 D. The effects of spherical equivalent and J0 were quite
different for hyperopic refractive errors. There was little difference in
acuity with more hyperopic spherical equivalent, an expected result
if the subjects were compensating by accommodating. In contrast to
the lack of effect of difference in J0 for myopic spherical equivalents,
MARwas worse by approximately 0.5minutes per 0.30 to 0.40 D dif-
ference in J0 when the spherical equivalent was hyperopic.

Increases in the value of astigmatism had similar effects on acu-
ity across the range of refractive errors when the data were repre-
sented as sphere and cylinder. Given that J0 represents half the
value of cylinder in a prescription, the effect of cylinder on acuity
was about double that for J0, namely, approximately 0.5 minutes
of arc worse in MAR per 0.6 to 0.9 D greater astigmatism for both
hyperopic and myopic values for sphere. As with spherical equiva-
lent, the difference in acuity was a higher value of MAR by approx-
imately 0.5 minutes of arc per 0.30 to 0.40 D in myopic spherical
defocus. Isoacuity contours were again mostly horizontal for hyper-
opic sphere values.

The isoacuity plots in Fig. 1 are useful descriptions of the aver-
age relationship between refractive error and distance visual acuity,
but they do not have error bars or some other indication of variabil-
ity. The variability in this relationship is depicted in Fig. 2A, box
and whisker plots of the 10th, 25th, 50th, 75th, and 90th percen-
tiles for distance visual acuity as a function of refractive error and
the same percentiles for refractive error as a function of distance vi-
sual acuity in Fig. 2B. Figs. 1 and 2A both show that increasing
amounts of myopia worsened distance visual acuity more rapidly
than increasing amounts of hyperopia. There was considerable var-
iability, however, with interquartile ranges of 0.20 to 0.28 logMAR
for myopic refractive errors and as high as 0.42 logMAR for hyper-
opic refractive errors. Fig. 2B indicates that a given distance visual
acuity does not always correspond to a specific refractive error.
www.optvissci.com Optom Vis Sci 202
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Distance visual acuities of 0.22 logMAR or better generally indi-
cated emmetropia, but a plano spherical equivalent was also within
an interquartile range for distance visual acuity as poor as 0.7
logMAR. Interquartile ranges for refractive errors at various levels
of distance visual acuity worse than 0.22 logMAR were from 1.3 D
to as high as 2.9 D. A distance visual acuity of 0.66 to 0.70 logMAR
covered a range between the 10th and the 90th percentiles between
−2.5 and +2.5 D.

Receiver Operating Characteristic Curves

The receiver operating characteristic curves for the seven differ-
ent refractive error categories show the effect of changing sensitiv-
ity (true positive rate) against 1 − specificity (false-positive rate)
across the range of logMAR cut points (Figs. 3A to H). Fig. 3H
shows this relationship if a child had refractive error in any one of
the seven categories. The general shape of the receiver operating
characteristic curves is similar across refractive errors, suggesting
similar levels of sensitivity and specificity regardless of category
when using visual acuity to detect refractive error. The exception
was the flat, diagonal pattern of the receiver operating characteris-
tic curve for hyperopia (Fig. 3D). Consistent with the lack of change
in distance visual acuity with increasing hyperopia displayed in
Figs. 1A and B, the similarity between the receiver operating char-
acteristic curve and the 1:1 line in Fig. 3D reinforces the finding
that use of uncorrected logMAR acuity to detect simple hyperopia
is comparable to random guessing. Ethnicity did not affect the abil-
ity of distance visual acuity to detect the presence of refractive er-
ror. The combined false-positive and false-negative rate varied by
only ±5%across ethnic groups. These receiver operating character-
istic curves also identify a visual acuity criterion that maximizes
sensitivity and specificity, that is, the value that is farthest along
a vertical drawn up from the 1:1 line. As can be seen in Table 4,
these optimal uncorrected logMAR acuity criteria showed somemi-
nor variation by refractive error. For myopia and simple hyperopic
astigmatism, the optimal logMAR criterion was approximately 0.3
(roughly Snellen 20/40). For simplemyopic astigmatism, compound
myopic astigmatism, compound hyperopic astigmatism, mixed
astigmatism, and any refractive error, the optimal logMAR criterion
was approximately 0.2 (roughly Snellen 20/32). For hyperopia, the
distance visual acuity criterion was 0.02, resulting in a respectable
sensitivity of 0.86 but a poor specificity of 0.23, misclassifying as
hyperopic 77% of those who did not have hyperopia. Sensitivity for
detecting categories of refractive error other than hyperopia by visual
acuity was also good, 0.85 to 0.97 (Table 4). Specificity for de-
tecting other categories of refractive error was much higher than
for hyperopia, between 0.68 and 0.85. Areas under the receiver
operating characteristic curves were consistently between 0.79
and 0.93, with performance significantly better than chance for all
refractive error categories except hyperopia.

DISCUSSION

This study analyzed distance visual acuity and refractive error
data measured by trained and certified examiners from the large
and diverse cohort enrolled in the Collaborative Longitudinal Eval-
uation of Ethnicity and Refractive Error Study to characterize the
relationship between uncorrected refractive error and distance vi-
sual acuity. The analysis used the same approach as the original
Orinda Study, presenting isoacuity contour plots.17,18 Improve-
ments over the original Orinda Study included determining contour
1; Vol 98(1) 7
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FIGURE 2. (A) Box and whisker plots of the 10th, 25th, 50th, 75th, and 90th percentiles for distance visual acuity as a function of refractive error. (B)
Box and whisker plots of the 10th, 25th, 50th, 75th, and 90th percentiles for refractive error as a function of distance visual acuity. The number of sub-
jects appears above each bar. The filled circle represents the mean.
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FIGURE 3. Receiver operating characteristic curves for uncorrected refractive errors: myopia, simple myopic astigmatism, compound myopic astigma-
tism, hyperopia, simple hyperopic automatism, compound hyperopic astigmatism, mixed astigmatism, and any clinically significant refractive error.
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TABLE 4. The optimal logMAR visual acuity criteria for detecting specific refractive error categories based on the sum of sensitivity and specificity, the
corresponding Snellen equivalent acuity, sensitivity and specificity at that acuity criterion, and the area under the receiver operating characteristic curve

LogMAR cut point Snellen fraction cut point (20/) Sensitivity Specificity
Area under the curve

(95% CI)

Myopia 0.30 39.9 0.88 0.81 0.90 (0.89–0.91)

Simple myopic astigmatism 0.20 31.7 0.89 0.68 0.79 (0.77–0.81)

Compound myopic astigmatism 0.22 33.2 0.96 0.71 0.90 (0.88–0.91)

Hyperopia 0.02 20.9 0.86 0.23 0.47 (0.42–0.52)

Simple hyperopic astigmatism 0.32 41.8 0.95 0.77 0.90 (0.88–0.92)

Compound hyperopic astigmatism 0.20 31.7 0.85 0.67 0.80 (0.78–0.82)

Mixed astigmatism 0.22 33.2 0.97 0.70 0.86 (0.85–0.88)

Any refractive error 0.22 33.2 0.89 0.85 0.93 (0.92–0.93)

CI = confidence interval.
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plots using statistical methods rather than by hand and using a
more contemporary acuity chart, with letters of equal legibility ar-
ranged in a logarithmic progression in size and spacing, rather than
a conventional Snellen chart. Fig. 4 shows the original Orinda
Study isoacuity contour plot of visual acuity and spherocylindrical
refractive error to facilitate comparison.17 Comparing Figs. 1B
and 4, uncorrected sphere and cylinder adversely affected distance
visual acuity in a similar qualitative pattern. Acuity was worse with
more myopic sphere, with isoacuity lines in an arc toward a much
flatter profile for hyperopic errors, most likely because of the effects
of compensating accommodation in children with uncorrected
hyperopia.

There are several important differences between the two stud-
ies. The current results predict better distance visual acuity for a
FIGURE 4. Relationship between visual acuity and refractive error in children

www.optvissci.com Optom Vis Sci 202

Copyright © American Academy of Optometry. Unau
given level of myopic and astigmatic refractive error than what
was reported in the original Orinda Study. For example, −1.00 DS
translates to 20/60 in the original Orinda Study (Fig. 4) compared
with 20/40 in the current data set (Fig. 1B). A refractive error of
−2.00 DS signifies 20/100 in the original Orinda Study but was as-
sociated with a visual acuity of 20/80 in the current data set. A re-
fractive error of plano −3.00� 180 signifies 20/100 in the original
Orinda Study but was associated with 20/60 in the current data
set. The reasons for the differences are difficult to pinpoint, but
the use of Snellen acuity in the original Orinda Study and the use
of the Bailey–Lovie-Kitchin optotypes with logarithmic-sized pro-
gression of letter size in the Collaborative Longitudinal Evaluation
of Ethnicity and Refractive Error Study may be an important factor.
There were also differences when refractive error was hyperopic.
aged 5 to 15 years. Reproduced with permission from Peters.17
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The isoacuity arcs corresponding to worse acuity with more minus
cylinder tended to have their peak at a sphere of +1.00D in the cur-
rent study (Fig. 1B). This shape implies what most would assume
that a child who is +1.00 – 2.50 � 180 would have better acuity
(20/40) than a child who is +3.00 – 2.50 � 180 (20/50). In the
original Orinda Study, the peaks tended to shift to the right (Fig. 4)
toward more hyperopic values of sphere, suggesting the opposite
to be true (20/70 and 20/60, respectively). A second difference is
that the isoacuity lines in Fig. 1B for higher levels of astigmatism
trended downward slowly but in a monotonic fashion, with more hy-
peropic values of sphere. In the original Orinda Study (Fig. 4), some
of the contour lines reflect backward at sphere values greater than
+3.50 D. This pattern in the original Orinda Study data implies that
for a sphere of +4.50 D, for example, acuity would at first improve
with increasing astigmatism up to approximately −1.00 DC and
then start to worsen at higher amounts of astigmatism. The current
data suggest that higher levels of astigmatism will reduce visual
acuity at any given level of hyperopic sphere.

The isoacuity contours describe the average relationship be-
tween uncorrected refractive error and distance visual acuity, but
they do not convey any information on variability. The lack of error
bars or some other indication of variability may lead some readers
to mistakenly assume that the relationship is more definitive than
it actually is and misuse these results to assume that a given level
of distance acuity equates to a specific refractive error and vice
versa. The box and whisker plots in Fig. 2 show the range of dis-
tance visual acuity for a particular refractive error and the range
of refractive error for a given visual acuity. Refractive errors esti-
mated from distance visual acuity may differ from the actual values
by several diopters. As can be seen from the isoacuity curves in Fig. 1,
estimating refractive error fromdistance visual acuity is not likely to be
valid for low myopia and for all forms of hyperopia.

Distance visual acuity seems to have little to no ability to detect
significant hyperopic refractive errors in school-aged children. Sen-
sitivity for detecting hyperopia using 0.2 or 0.3 logMAR was the
lowest of any type of refractive error. For hyperopia, acuity criteria
that provided adequate sensitivity were associated with unacceptably
poor specificity. The receiver operating characteristic curve indicated
that the ability of distance visual acuity to detect hyperopia was no
better than chance alone. We chose +2.00 D in power vector length
as clinically significant hyperopia, but the amount of hyperopia that
warrants referral and correction is unclear, varies between eye care
professionals, and warrants more specific study.34–37

The current results are comparable to those obtained in the Sydney
Myopia Study, described by the authors as a population-based ex-
amination of 2353 Australian high school students 11 to 14 years
of age.38 Both studies used logMAR charts and cycloplegic
autorefraction. Clinically significant myopia was defined as a
spherical equivalent of at least −1.00 D, hyperopia as at least
+2.00D, and astigmatism as at least 1.00D of cylinder. Sensitivity
and specificity for detecting myopia in these older Australian chil-
dren by visual acuity were higher than in the current study, 97.8
and 97.1% compared with 88 and 81%, respectively. Importantly,
neither study found visual acuity to be useful in detecting hyper-
opia. There were two interesting differences between the studies.
The Sydney Myopia Study found nearly normal acuities of 6/6−2

and 6/6 to be the optimal cut points for detecting any significant
refractive error and astigmatism, respectively.38 The current study
values seem more reasonable at 0.22 logMAR (20/33) for any sig-
nificant refractive error and between 0.20 and 0.32 logMAR (20/
32 and 20/42) for the various categories of astigmatism.
www.optvissci.com Optom Vis Sci 202

Copyright © American Academy of Optometry. Unau
This study also analyzed data from the Collaborative Longitudi-
nal Evaluation of Ethnicity and Refractive Error Study to determine
the optimal distance visual acuity criteria for detecting various cat-
egories of refractive errors in children. The criteria of logMAR 0.20
(20/32) to 0.32 (20/42) maximized the sensitivity and specificity
for detecting most refractive error categories, with the exception
of hyperopia, whereas logMAR 0.22 (20/33) seemed best for re-
fractive error in general. These cut points are close to those used
in many state vision screening programs as well as the consensus
standard of the American Association for Pediatric Ophthalmology
and Strabismus.39

One study limitation is that the sample was not population
based; however, the sample included children from different geo-
graphic locations, was large in size, and included diverse racial/
ethnic groups. Although the ethnic distribution of this study dif-
fered from that of the United States, this did not likely affect the re-
sults, as the misclassification errors by ethnic group were within
±5%. The range of refractive errors that could be represented on
the isoacuity contour plots was also limited in that the smallest line
corresponded to 20/20 and the largest line on the acuity chart
corresponded to 20/126. The current study used a longitudinal de-
sign that may have led to some improvement in the children's abil-
ity to read the visual acuity chart in subsequent years. Familiarity
with the task, however, is not the same thing as familiarity with
the letters, as the examinations were 1 year apart with little to no
opportunity for memorization. This study also used experienced
and trained optometrists for the data collection who always encour-
aged the children to guess the letters on the chart. The use of less
experienced personnel, different acuity charts, and different test-
ing environments would likely increase the variability inherent in
using visual acuity for screening for refractive error.

This study measured both cycloplegic refractive error and uncor-
rected distance visual acuity. Vision screenings that only measure
noncycloplegic refractive error and then estimate uncorrected visual
acuity or that use visual acuity to estimate refractive error are at high
risk ofmaking errors. As can be seen from the isoacuity curves in Fig.
1, estimating refractive error from distance visual acuity is not likely
to be valid for low myopia and for all forms of hyperopia.

CONCLUSIONS

The updated isoacuity contour plots in this study depict a reli-
able relationship between uncorrected myopic refractive error and
distance visual acuity in children. These plots may strengthen the
delivery of eye care and the teaching of examination techniques
and help determine the best practices for distance vision screening
using visual acuity. The variability in the relationship between re-
fractive error and visual acuity shows that specific refractive errors
cannot be used to predict visual acuity. This statistical analysis
with a diverse group of children using cycloplegic autorefraction
provides a significant update to the classic figure produced
60 years ago by the original Orinda Study. The data from this study
provide an evidence-based approach in a diverse group of children
that supports the use of distance visual acuity of logMAR 0.22 or
Snellen 20/33 to detect uncorrected, nonhyperopic refractive er-
rors. It also shows that distance visual acuity alone does not equate
to a specific refractive error. No criterion was found for hyperopia
that was better than chance. When the presence of hyperopia is
suspected, alternate procedures such as a cycloplegic refraction
should be considered.
1; Vol 98(1) 11

thorized reproduction of this article is prohibited.



Refractive Error and Distance Acuity in Children — Kleinstein et al.

D
ow

nloaded from
 http://journals.lw

w
.com

/optvissci by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dtw

nfK
Z

B
Y

tw
s=

 on 12/05/2023
ARTICLE INFORMATION Months to 5 Years: US Preventive Services Task Force
Recommendation Statement. JAMA 2017;318:836–44.

Accommodation in Pseudophakes. Br J Ophthalmol
2011;95:498–501.
Submitted: March 27, 2020

Accepted: September 20, 2020

Funding/Support: National Eye Institute and the Office of
Minority Research (EY08893, EY12273; to KZ); Ohio
Lions Eye Research Foundation (to KZ); and E F Wildermuth
Foundation (to KZ).

Conflict of Interest Disclosure: None of the authors have
reported a conflict of interest (RNK, LTS, LAJ-J, SAC,
JDT). DOM receives an honorarium for services on the
Welch Allyn Vision Care Advisory Board. KZ is a
consultant for Nevakar, LLC.

Donald F. Everett, MA, of the National Eye Institute was
involved in the design and conduct of the study.

The other funding sources had no role in the design and
conduct of the study; collection, management, analysis,
and interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit the
manuscript for publication.

Study Registration Information: ClinicalTrials.gov Identifier:
NCT00000169 (Observational Study).

Author Contributions: Conceptualization: RNK, DOM, KZ;
Data Curation: LTS, LAJ-J; Formal Analysis: LTS; Funding
Acquisition: RNK, SAC, REM, JDT, KZ; Investigation:
RNK, DOM, SAC, REM, JDT, KZ; Methodology: RNK,
DOM, KZ; Writing – Original Draft: RNK, DOM, LTS;
Writing – Review & Editing: RNK, DOM, LTS, LAJ-J,
SAC, REM, JDT, KZ.

REFERENCES

1. Centers for Disease Control and Prevention (CDC). Vi-
sion Health Initiative (IHA): Age and Vision Loss. Avail-
able at: https://www.cdc.gov/visionhealth/risk/age.htm.
Accessed July 25, 2019.

2. Pascual M, Huang J, Maguire MG, et al. Risk Factors
for Amblyopia in the Vision in Preschoolers Study. Oph-
thalmology 2014;121:622–9.

3. Centers for Disease Control and Prevention (CDC). Vi-
sual Impairment and Use of Eye-care Services and Pro-
tective Eyewear among Children—United States, 2002.
MMWR Morb Mortal Wkly Rep 2005;54:425–9.

4. Harvey EM, Dobson V, Miller JM, et al. Changes in Visual
Function Following Optical Treatment of Astigmatism-related
Amblyopia. Vision Res 2008;48:773–87.

5. Davis RM. “Healthy People 2010”: National Health
Objectives for the United States. BMJ 1998;317:1513–7.

6. U.S. Department of Health and Human Services. Of-
fice of Disease Prevention and Health Promotion.
Healthy People 2020. Vision. Available at: https://
www.healthypeople.gov/2020/topics-objectives/topic/
vision/objectives. Accessed August 1, 2019.

7. US Preventive Services Task Force, Grossman DC,
Curry SJ, et al. Vision Screening in Children Aged 6

8. Medicaid.Gov. Keeping America Healthy: Vision and
Hearing Screening Services for Children and Adolescents.
Available at: https://www.medicaid.gov/medicaid/benefits/
epsdt/v-and-h/index.html. Accessed August 1, 2019.

9. Centers for Medicare & Medicaid Services. EPSDT—
A Guide for States: Coverage in the Medicaid Benefit for
Children and Adolescents. Available at: https://www.
medicaid.gov/medicaid/benefits/downloads/epsdt_
coverage_guide.pdf. Accessed August 1, 2019.

10. Coats DK. Vision Screening and Assessment in Infants
and Children. UpToDate. Available at: https://www.
uptodate.com/contents/vision-screening-and-assessment-
in-infants-and-children. Accessed August 1, 2019.

11. Evans JR, Morjaria P, Powell C. Vision Screening for
Correctable Visual Acuity Deficits in School-age Chil-
dren and Adolescents. Cochrane Database Syst Rev
2018;2:CD005023.

12. Thorn F, Schwartz F. Effects of Dioptric Blur on
Snellen and Grating Acuity. Optom Vis Sci 1990;67:3–7.

13. Smith G. Relation between Spherical Refractive Er-
ror and Visual Acuity. Optom Vis Sci 1991;68:591–8.

14. Raasch TW. Spherocylindrical Refractive Errors and
Visual Acuity. Optom Vis Sci 1995;72:272–5.

15. Remón L, Tornel M, Furlan WD. Visual Acuity in
Simple Myopic Astigmatism: Influence of Cylinder Axis.
Optom Vis Sci 2006;83:311–5.

16. Singh A, Pesala V, Garg P, et al. Relation between
Uncorrected Astigmatism and Visual Acuity in
Pseudophakia. Optom Vis Sci 2013;90:378–84.

17. Peters HB. The Relationship between Refractive Er-
ror and Visual Acuity at Three Age Levels. Am J Optom
Arch Am Acad Optom 1961;38:194–8.

18. Blum HL, Peters HB, Bettman JW. Vision Screening
for Elementary Schools: The Orinda Study. Berkeley,
CA: University of California Press; 1959.

19. Thibos LN, Wheeler W, Horner D. Power Vectors: An
Application of Fourier Analysis to the Description and
Statistical Analysis of Refractive Error. Optom Vis Sci
1997;74:367–75.

20. Zadnik K, Mutti DO, Friedman NE, et al. Initial
Cross-sectional Results from the Orinda Longitudinal
Study of Myopia. Optom Vis Sci 1993;70:750–8.

21. Twelker JD, Mitchell GL, Messer DH, et al. Children's
Ocular Components and Age, Gender, and Ethnicity.
Optom Vis Sci 2009;86:918–35.

22.Gwiazda J,Weber C. Comparison of Spherical Equiv-
alent Refraction and Astigmatism Measured with Three
Different Models of Autorefractors. Optom Vis Sci 2004;
81:56–61.

23.Wolffsohn JS, Davies LN, Naroo SA, et al. Evaluation
of an Open-field Autorefractor's Ability to Measure
Refraction and Hence Potential to Assess Objective

24. Bailey IL, Lovie-Kitchin JE. Visual Acuity Testing. From
the Laboratory to the Clinic. Vision Res 2013;90:2–9.

25. Harris WF. Algebra of Sphero-cylinders and Re-
fractive Errors, and Their Means, Variance, and Stan-
dard Deviation. Am J Optom Physiol Opt 1988;65:
794–802.

26. Seddon JM, Sahagian CR, Glynn RJ, et al. Evalua-
tion of an Iris Color Classification System. The Eye Disor-
ders Case-Control Study Group. Invest Ophthalmol Vis
Sci 1990;31:1592–8.

27. Kleinstein RN, Mutti DO, Manny RE, et al. Cycloplegia
in African-American Children. Optom Vis Sci 1999;
76:102–7.

28. Egashira SM, Kish LL, Twelker JD, et al. Comparison
of Cyclopentolate versus Tropicamide Cycloplegia in
Children. Optom Vis Sci 1993;70:1019–26.

29. Mutti DO, Zadnik K, Egashira S, et al. The Effect of
Cycloplegia onMeasurement of the Ocular Components.
Invest Ophthalmol Vis Sci 1994;35:515–27.

30. Twelker JD, Mutti DO. Retinoscopy in Infants Using
a Near Noncycloplegic Technique, Cycloplegia with
Tropicamide 1%, and Cycloplegia with Cyclopentolate
1. Optom Vis Sci 2001;78:215–22.

31. Hurvich CM, Simonoff JS, Tsai CL. Smoothing Pa-
rameter Selection in Nonparametric Regression Using
an Improved Akaike Information Criterion. J R Stat Soc
(B) 1998;60:271–93.

32. Youden WJ. Index for Rating Diagnostic Tests. Can-
cer 1950;3:32–5.

33. Zadnik K, Mutti DO, Adams AJ. The Repeatability of
Measurement of the Ocular Components. Invest
Ophthalmol Vis Sci 1992;33:2325–33.

34. Miller JM, Harvey EM. Spectacle Prescribing Rec-
ommendations of AAPOSMembers. J Pediatr Ophthalmol
Strabismus 1998;35:51–2.

35. Lyons SA, Jones LA, Walline JJ, et al. A Survey of
Clinical Prescribing Philosophies for Hyperopia. Optom
Vis Sci 2004;81:233–7.

36. Cotter SA. Management of Childhood Hyperopia: A
Pediatric Optometrist's Perspective. Optom Vis Sci
2007;84:103–9.

37. Donahue SP. Prescribing Spectacles in Children: A
Pediatric Ophthalmologist's Approach. Optom Vis Sci
2007;84:110–4.

38. Leone JF, Mitchell P, Morgan IG, et al. Use of Visual
Acuity to Screen for Significant Refractive Errors in Adoles-
cents: Is It Reliable? Arch Ophthalmol 2010;128:894–9.

39. American Association for Pediatric Ophthalmology
and Strabismus (AAPOS). Vision Guidelines: Vision
Screening Recommendations. Available at: https://
engage.aapos.org/members/guidelines/vision-
screening-guidelines. Accessed August 1, 2019.
www.optvissci.com

Copyright © American Aca
Optom Vis Sci 2021; Vol 98(1)

demy of Optometry. Unauthorized reproduction of 
12

this article is prohibited.

https://www.cdc.gov/visionhealth/risk/age.htm
https://www.healthypeople.gov/2020/topics-objectives/topic/vision/objectives
https://www.healthypeople.gov/2020/topics-objectives/topic/vision/objectives
https://www.healthypeople.gov/2020/topics-objectives/topic/vision/objectives
https://www.medicaid.gov/medicaid/benefits/epsdt/v-and-h/index.html
https://www.medicaid.gov/medicaid/benefits/epsdt/v-and-h/index.html
https://www.medicaid.gov/medicaid/benefits/downloads/epsdt_coverage_guide.pdf
https://www.medicaid.gov/medicaid/benefits/downloads/epsdt_coverage_guide.pdf
https://www.medicaid.gov/medicaid/benefits/downloads/epsdt_coverage_guide.pdf
https://www.uptodate.com/contents/vision-screening-and-assessment-in-infants-and-children
https://www.uptodate.com/contents/vision-screening-and-assessment-in-infants-and-children
https://www.uptodate.com/contents/vision-screening-and-assessment-in-infants-and-children
https://engage.aapos.org/members/guidelines/vision-screening-guidelines
https://engage.aapos.org/members/guidelines/vision-screening-guidelines
https://engage.aapos.org/members/guidelines/vision-screening-guidelines

