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Abstract

Background: High-contrast visual acuity (HCVA) changes with age, yet little is known

about pediatric-specificage-and sex-normative values for low-contrast letter acuity (LCLA). We
define maturational changes in monocular and binocular HCVA and LCLA in childhood and
adolescence.

Methods: Normally sighted youth (ages 5-20 years, without neurologic or ophthalmologic
disease and best-corrected HCVA of 20/25 or better in each eye) were recruited. Mean monocular
and binocular scores using Early Treatment Diabetic Retinopathy Study (for HCVA) and 2.5% and
1.25% Sloan (for LCLA) charts and the magnitude of binocular summation were calculated using
2-year bins. Relationships between scores and age were explored using scatterplots with Locally
Weighted Scatterplot Smoothing (LOWESS) and analysis of variance that accounts for intereye
correlation, followed by test of linear trend for age effect.

Results: Among 101 (202 eyes) healthy participants (mean age 13 years, 42% males), monocular
and binocular scores varied by age, with highest mean scores achieved in the 13 to 14-year

age group for both HCVA and LCLA. Between the ages of 5 and 14.9 years, monocular scores
increased linearly with age (0.76 letter/year for HCVA, 1.11 letters/year for 2.5% LCLA, and 0.97
letter/year for 1.25% LCLA; all A< 0.0001). Binocular HCVA scores also increased with age
between 5 and 14.9 years (0.71 letters/year, £< 0.0001). The magnitude of binocular summation
for HCVA or LCLA did not change with age.

Conclusions: HCVA and LCLA abilities mature into adolescence, peak between 13 and 14.9
years of age, and then plateau into adulthood. Evaluation of patients with visual deficits should
consider age-expected normal visual acuity.

Evaluation of visual acuity (VA) is an important aspect of routine health maintenance and is
a pivotal metric in the assessment of patients with ophthalmologic and neurologic diseases.
VA is typically assessed using Snellen and similar high-contrast visual acuity (HCVA)
charts, such as Early Treatment Diabetic Retinopathy Study (ETDRS) charts (Fig. 1). By 6
years of age, children without refractive error or other visual impairments should achieve a
Snellen acuity (high-contrast visual acuity [HCVA], Fig. 1) of 20/ 20 in each eye, although
it is important to note that HCVA continues to subtly improve (achieving acuity better than
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20/20) throughout childhood (1,2). Less is known about the influence of visual maturation
with age on low-contrast letter acuity (LCLA, Fig. 1) scores.

LCLA uses letters of lower contrast (i.e., faint gray) and decreasing size on a white
background using the same format as the ETDRS charts (Fig. 1). With decreasing letter
size, the spatial frequency, measured using alternating sine wave gratings in cycles per
degree, increases (Fig. 2) (3,4), and a greater difference in luminance between the letter and
its surround is required to correctly identify the letter. Maximum viewing of low-contrast
(1%) stimuli occurs at a spatial frequency of 3-5 cycles per degree, whereas smaller objects
that are 30-60 cycles per degree can be detected at 100% contrast. The contrast sensitivity
function varies with spatial frequency and differences in luminance (as shown in Fig. 2) but
has also been shown to change with age. Gwiazda et al have previously demonstrated that
adults (18-30 years, N = 15) detected lower contrast stimuli at the same spatial frequency
(i.e., had a higher peak contrast sensitivity function) compared with infants (2—-8 months, N
= 83) and young children (3-8.6 years, N = 84) (5). This group did not study individuals
between ages 8 years and adulthood; thus, changes in the contrast sensitivity function in
adolescents is unknown.

When compared with monocular acuity scores, binocular scores typically exceed the score
of either eye alone, a phenomenon known as binocular summation (6). Using ETDRS

charts, most people do not appreciate this additive acuity because the improvement is small.
However, the magnitude of binocular summation increases at lower levels of contrast (6-8).
The impact of age on binocular summation using LCLA has been evaluated in a cohort of
129 individuals (ages 3-85 years), demonstrating that the magnitude of binocular summation
using LCLA was greatest in children ages 10-19 years and decreased in adulthood (8).

We sought to determine normative values for HCVA and LCLA monocular and binocular
scores to define the age-expected maturational changes.

METHODS

Healthy youth (ages 5-20 years) were recruited from the Children’s Hospital of Philadelphia
and through local advertisement (research flyers). Participants without a history of
neurologic, ocular, or systemic disease were eligible, provided that the monocular best-
corrected high-contrast acuity (assessed using the participant’s own glasses or contact
lenses) was 48 letters (the Snellen equivalent of 20/25) or better in each eye. For those
wearing corrective lenses, the subject’s refraction was obtained using an autorefractor. A
subset of the healthy subjects (N = 29) have been previously reported as controls in a study
of pediatric MS (7).

The study was approved by the institutional review board at the Children’s Hospital of
Philadelphia. Written informed consent and child assent was obtained from the participants
after explanation of the study objectives and procedures and review of individual risks.

Each participant underwent visual acuity testing beginning with the right eye, followed by
the left eye, and then binocularly with the ETDRS charts at 2 m (different charts were
used for each test to eliminate memorization). Next, LCLA was assessed using the Sloan
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2.5% contrast (Precision Vision) chart (only a single chart is available in print), the right

eye first for all participants, followed by the left eye, and then binocularly at 2 m. Finally,
participants read the Sloan 1.25% contrast chart in the same manner and at the same
distance. Participants were given as much time as they needed until they stated that they
could not see any additional letters and were given a single prompt to continue to try. Tests
were scored by the number of letters correctly identified (range 070 letters). All charts were
mounted on a retroilluminated light box (Precision Vision, La Salle, IL) in a room without a
window, and the room lights were turned off.

Only one Sloan chart is available for each level of contrast. Thus, the monocular right and
left eye scores for each participant were compared to determine whether there was a learning
effect (which would suggest higher scores for the left eye as this was consistently tested
second). The proportion of participants who had higher monocular scores using the right eye
and left eye as well as equal scoring for each chart was calculated. The mean interocular
difference (right eye score minus left eye score) was also calculated.

Participants were grouped into age groups in 2-year epochs. The mean VA score was
calculated for each age category. We first explored the associations of each VA measure
with age using the scatterplot with Locally Weighted Scatterplot Smoothing (LOWESS)
(9). We then performed an analysis of variance (ANOVA) to determine whether mean VA
scores differed across age groups (age modeled as categorical variable without imposing
linearity assumption). If ANOVA found the VA measure significantly differed across age
groups (overall P, 0.05), we then determined the association of visual acuity scores with
age using a linear regression model for the younger age group (<15 years) and for the older
age group (=15 years), where the age cutpoint of 15 years was approximated from cubic
spline regression using STATA (Stata-Corp LLC, College Station, TX). For the analysis

of association between age and monocular visual acuity measures, the intereye correlation
was accounted for by using generalized estimating equations (10). These statistical analyses
were performed in SAS v9.4 (SAS Institute Inc., Cary, NC), and two-sided £< 0.05 was
considered statistically significant.

RESULTS

We enrolled 101 participants with a visual acuity better than 48 letters in each eye,
contributing 202 eyes to the analysis. Six participants (6%, all aged >12 years) wore their
glasses or corrective lenses during the testing; 5 of the 6 had minimal errors (the spherical
equivalent was -0.75 or less); one participant did not have refraction recorded. Our study of
101 children (202 eyes) provided 92% power to detect a difference of 5 letters in monocular
HCVA across age groups and almost 99% power to detect a difference of 7 letters in
monocular low-contrast visual acuity. The mean age was 13.0 years (SD 4.5 years, range:
5-20 years); 42 (41.6%) participants were male (Table 1).

Mean monocular HCVA and LCLA scores are presented in Table 2 by age groups. Mean
monocular visual acuity scores significantly varied by age for HCVA charts (= 0.001),
LCLA 2.5% charts (= 0.005), and LCLA 1.25% charts (£= 0.0005) with highest mean
acuity scores achieved in the 13- to 14-year-old age group.
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As shown in Figure 3, the increase in visual acuity scores with age was nonlinear. A

cubic spline regression using 3 knots demonstrated an inflection in slope for monocular
scores at approximately 13 years (12.9 for HCVA and 13.005 for LCLA 2.5% and 1.25%).
Thus, we fit linear regression models separately for participants younger than 15 years

and participants aged 15 years or older. The HCVA increased linearly between ages 5

and younger than 15 years (slope 0.76 letter/year £< 0.0001), but the increase was

not significant between ages 15-20 years (slope = 0.14 letter/year, £=0.6). Similarly,
monocular LCLA increased linearly up to age 15 years (slope 1.11 letters/ year, P < 0.0001
for LCLA 2.5%; and 0.97 letter/year, £< 0.0001 for LCVA 1.25%).

Mean binocular high- and low-contrast acuities are listed in Table 2, with the highest scores
also clustering in the 13-to 14-year age group. Binocular HCVA showed significant change
with age (P < 0.0001), most notably before age 15 years (Fig. 4). Cubic spline regression
with 3 knots demonstrated an inflection in slope at age 14.4 years. The slope for binocular
HCVA was 0.71 letters/year, or 7.1 letters between ages 5 and younger than 15 years
(P=0.0002),butnolonger increased between ages 15-20 years (P= 0.69). Across all age
groups, the binocular LCLA scores varied slightly with age for LCVA 2.5% (£ = 0.054) and
LCVA 1.25% (P=0.03). However, the test of linearity of VA association with age was not
significant in either the younger children (<15 years) or the older cohort (=15 years).

The magnitude of binocular summation did not differ by age (Table 2 and Fig. 5). The mean
mag binocular summation for all subjects was 1.7 (standard deviation [SD] 2.4) letters using
HCVA, 7.9 (SD 4.5) letters using 2.5% LCLA, and 10.2 (SD 4.8) letters for 1.25% LCLA.

None of the visual metrics differed as a function of sex. To evaluate the possibility of a
learning effect, especially using the LCLA charts, we determined their interocular difference
(Table 3). For HCVA, 46% of participants had a higher right eye monocular score, 34%

had a higher left eye monocular score, 20% correctly identified the same number of letters
with each eye, and their mean interocular difference (right eye minus left eye) was 1.1

(SD 3.7) letters (difference in mean scores by the age group: £=0.23). Using the LCLA
charts, the proportions with higher scoring were as follows: 2.5% charts: 54% right eye
greater, 36% gnitudelefteyeofgreater,10% equalscores,withmeaninterocular difference of 0.8
(SD 5.0) letters (difference in mean score by the age group: £=0.02); and 1.25%: 53% right
eye greater, 36% left eye greater, and 11% equal scores, with mean interocular difference of
0.6 (SD 4.6) letters (difference in mean score by the age group: 2= 0.08). We also explored
whether the interocular difference (right minus left monocular score) increased linearly with
age (Table 3). A negative mean score (indicating that, on average, left eye scores were
greater than the right eye scores) occurred in the younger age groups but not the groups
younger than 15 years of age (for whom right eye scores were greater). The test for linear
trend for the interocular difference was significant using HCVA (P =0.049) and LCLA 2.5%
(P=10.002) but not LCLA 1.25% (P=0.12).

DISCUSSION

Mean monocular and binocular HCVVA and LCLA scores increase in childhood, peak at
approximately 13-14 years of age, and then plateau into early adulthood. Over the decade
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between 5 and and 15 years, we demonstrate a linear increase in monocular scores: HCVA
7.6 letters, LCLA (2.5% contrast) 11.1 letters, and LCLA (1.25% contrast) 9.7 letters. Given
that clinically meaningful values established for adults are 5 letters for HCVA and 7 letters
for LCLA, (11) the changes in scores that occur as a function of age are clinically relevant.

Our inclusion criteria required 48 letters correctly identified using the ETDRS chart for
HCVA, the Snellen equivalent of 20/25 vision. Despite having conventionally defined “good
vision,” we show that between ages 5 and and 15 years, children improve further in their
detection of high-contrast letters. Understanding age-expected maximal HCVA is important
to more fully appreciate subtle loss of vision that may occur in the context of medical
disorders, even when the measured vision might still approximate 20/20 acuity. For example,
for a child being evaluated for optic neuritis whose baseline visual acuity is 20/16, a
measured acuity of 20/25 represents a 2-line difference.

We also explored the interocular difference in acuity scores. The mean interocular difference
(right eye minus left eye) in healthy youth was small (HCVA 1.1 letters [SD 3.7]; LCLA
2.5% 0.8 letters [SD 5] and LCLA 1.25% 0.6 letters [SD 4.6]). Considering one SD above
and below the mean (representing 68% of subjects), the interocular difference is less than
1-line for most individuals using HCVA and LCLA and could also be used in clinical
practice to detect pathology.

Our findings of improved HCVA and LCLA up to age 13-14 years support recent findings
regarding the role of occlusive therapy for amblyopia. In a study of 507 participants (ages 7—
17 years) randomized to optical correction alone or optical correction plus occlusive therapy
for the better eye (such as patching or atropine drops for 2—6 hours a day), HCVA scores
improved between ages 7 and 12 years with the additional occlusive therapy (12). However,
children ages 13-17 years did not have further improvements in HCVA with occlusive
therapy. We show an even greater maturational change in LCLA as compared to HCVA,

and it would be of interest to evaluate whether occlusive therapy also improves LCLA in
individuals with amblyopia and whether this benefit also extends into mid-adolescence.

Monocular and binocular high-contrast and low-contrast visual acuity testing scores are the
key outcomes of the Pediatric Optic Neuritis Prospective Outcomes Study (13). Clinical
trials of MS therapies have included HCVA and LCLA testing scores as secondary
outcomes. Optic neuritis in neuroinflammatory diseases may be associated with disease-
related loss of acuity before the period of maximal visual acuity and may also cause
alterations in age-expected improvement. This dual impact must be considered when
evaluating the visual performance of these disorders. Patients with mild deficits may
improve with age but not reach the expected improvement in vision, an important clinical
outcome. Our work will assist in determining whether patients with optic neuritis or MS or
other diseases differ from age-matched normal acuity.

Our study requires several considerations. Younger children often have a shorter attention
span, may have more difficulty cooperating, or may be more likely to “give up” during
testing. Against this confound, a greater proportion of participants (considering all ages) had
higher monocular scores for HCVA and LCLA using the right eye compared with the left
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eye, which was tested second. If a learning effect or memorization was present, a higher
score using the left eye would have occurred. Furthermore, we did not detect clinically
significant differences between the right and left eye scores for HCVA or LCLA (1.25%) by
age group nor did we see children “tire out” such that performance declined during testing
(which would have been expected to influence binocular test scores because these were

the last tests performed during a session). The LCLA 2.5% intereye scores did differ by

the age group, and when we explored whether the interocular difference changed linearly
instead of categorically by the age group, we also detected a positive linear trend using both
HCVA and LCLA 2.5%, indicating greater mean right eye scores compared with left eye
scores with increasing age. The mean interocular difference for younger age groups was
often negative, indicating higher mean left eye scores; thus, a learning effect could have
been present. However, even if a learning effect contributed, the interocular differences in
monocular acuity for all charts were small (mean 1.1 letters for HCVA and less than one
letter for LCLA) and were unlikely to influence the findings.

For this study, participants were allowed to wear their current corrective lenses. Only 6
subjects (all older than 12 years) wore corrective lenses. Refractive error was minimal
(spherical equivalent was 20.75 or less), which was unlikely to have influenced the results.
We cannot determine whether retinoscopy with subjective refraction would alter our findings
as the correction of refractive error may improve with age (resulting in higher scores)

due to increased participation and articulation of visual deficits; however, our methods

are reflective of visual function in children’s daily lives. Finally, although we present a
cross-sectional assessment of vision across the age span, it is important to confirm these
maturational changes through serial testing of individuals over time in future longitudinal
studies. A longitudinal study of cooperative subjects should also consider the impact of
standardized refraction on these results.

In conclusion, our study demonstrated that the ability to perceive high- and low-contrast
visual stimuli continues to increase into adolescence. Evaluation of visual change over time
in pediatric patients with ophthalmologic and neurological disorders should consider the
maturational expectations to more fully appreciate whether the trajectory of their visual
performance differs from normative maturational change and whether such patients achieve
age-expected maximal visual acuity. Clinical trials that include HCVA and LCLA scores as
outcomes should ensure participants are compared with age-matched controls.
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ETDRS (high-contrast) acuity Sloan low-contrast acuity
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FIG. 1.

The visual acuity charts used include: (A) Early Treatment Diabetic Retinopathy Study
(ETDRS) charts are high-contrast visual acuity charts and scored by the number of letters
correctly identified (max 70 letters). B. Low-contrast letter acuity (LCLA) charts using 2.5%
contrast; scoring is the same as for EDTRS charts. ETDRS and LCLA charts are typically
administered at 2, 3, or 4 m using distinct charts calibrated for each distance. The 1.25%
contrast charts (not pictured) are formatted similarly.
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FIG. 2.

Contrast sensitivity function. Contrast sensitivity varies with spatial frequency. The spatial
frequency of a letter is determined by the cycles per degree (cpd) of the visual angle using
sine wave gratings. Contrast is defined as the luminance of an object compared with its
surround. The contrast of sine wave gratings is defined as the difference in luminance
between the gratings over their sum and is expressed as a percentage (i.e., 1.25% contrast).
Decreasing letter size (as demonstrated by the word acuity in the figure) is associated with
increasing spatial frequency. The maximum of human detection is 30—-60 cpd at 100%
contrast (2,3). The peak of the curve, which represents the maximal viewing of low-contrast
objects, occurs at 3-5 cpd, as indicated by the word contrast (2,3). High- and low-contrast
letter acuity charts alter the spatial frequency (letter size) and hold the contrast for each letter
constant, whereas contrast sensitivity charts alter the contrast of the letters at a single spatial
frequency (letter size). Reproduced with permission from (3).

J Neuroophthalmol. Author manuscript; available in PMC 2023 November 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Waldman et al. Page 11
o _| o _|
@® Dt
s o
0 £ °
= ] )
£ = o
@ 12 o o o
= o | X o ° 25 00 °° = o
n ~ Ev o S °
14 i o o o
[a] o 0 0o o o o o o o X1 o
— \° (e} (o] (o] 00 o O (<]
w (e} o 37 (<] @ (o] e (o]
> 8 2 o % o~ o 8% P = wd °%_° =°
[ o o oo : 0 o =@ S i il -3
83 4 83000 60 ® 8®0000800® S® © 00 2 9 3 o B i oo =8
S [ - e o Qo O wn = PO o 2 -——o T T e~ T T T =% -8‘@‘\~o
o O =4 o Qe o 000 @O O -~
. o Op o o 4 <]
= Onm < o~ O o [ o
S 00 o 0430 % o o o o o009 °
— @ © o~ pd&o %0 © o o
T o o @ 0o ) oo o
= o 0o 3 ) 000
® o 0o o o o o o ° o [ o
23 4@ o _ ©o o 0 o o a8 4 o o oo o
- oo o0 ® = o o o o o
g o 8 o o o o
c 3 [}
§ =] 00
c 0%
=)
o _| = o |
< -
T T T T T T T
A s 10 15 20 B s 10 15 20
Age (years) Age (years)
o
- o
%Y o o
-
£
k] ° g
= 3
o
& ° o o
089 4 o0 ° o &
E © o oo o @0 o
- 28
o
N
0
N
-
P o
% S
©
=
=
)
o
3
2
o o |
SR o o o
= o °
S5
o (e} (<]
2 o o
)
= o - 2
T T T T
5 10 15 20
C Age (years)

Monocular scores in healthy children using (A) ETDRS chart, (B) 2.5% contrast, and (C)
1.25% contrast charts. Monocular scores increase in younger children with an inflection

in slope as determined by spline regression at 13 years of age for HCVA and LCLA. The
increase in scores with age is linear (£< 0.0001 for all graphs) in children younger than 15
years. HCVA, high-contrast visual acuity; LCLA, low-contrast letter acuity.
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FIG. 4.

Binocular scores in healthy children using (A) ETDRS, (B) 2.5% contrast, and (C) 1.25%
contrast charts. Binocular high-contrast visual acuity scores increase with age (£< 0.0001),
with a linear increase in childhood until 14.4 years of age (£ = 0.0002) but not in the 15

to 20-year-old participants (£ = 0.69). For low-contrast visual acuity, although there was
difference in scores across the age span (2.5% charts, P= 0.054; and 1.25% charts, P=
0.03), a linear trend was not found in children younger than 15 years or children older than

15 years (all £>0.09).
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Binocular summation in healthy children using (A) ETDRS, (B) 2.5% contrast, and (C)
1.25% contrast charts. The magnitude of binocular summation does not significantly vary by
age using HCVA (P=0.96) or LCLA (P=0.23 for 2.5% charts and £=0.19 for 1.25%
charts). HCVA, high-contrast visual acuity; LCLA, low-contrast letter acuity.
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TABLE 1.

Demographics of study participants

Age Category  Number of Participants (Number of Eyes) Males (%)

56 yrs 9 (18) 3 (33.3%)
7-8yrs 18 (36) 9 (50.0%)
9-10yrs 13 (26) 7 (53.8%)
11-12 yrs 11(22) 3(27.3%)
13-14 yrs 10 (20) 4 (40.0%)
15-16 yrs 15 (30) 4 (26.7%)
17-18 yrs 15 (30) 6 (40.0%)
19-20 yrs 10 (20) 6 (60.0%)
Total 101 (202) 42 (41.6%)
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