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Purpose: The purpose of this study was to determine if control observers can be used
as surrogates to predict visual acuity (VA) of patients with Down syndrome (DS).

Methods: Thirty adults with DS were enrolled in a clinical trial testing three refrac-
tion types: clinical refraction and two using wavefront aberration measures to optimize
the metrics pupil fraction tessellated (PFSt) and visual Strehl ratio (VSX). Monocular VA
was obtained through habitual refractions and each experimental refraction type. Five
controls without DS viewed acuity charts simulating the retinal image produced when
the corrections for each DS eye are worn, performing VA and scoring image quality
of each chart. Group median VA (DS versus controls) were compared for each refrac-
tion type, and control image quality scores were compared to corresponding VA across
refraction types.

Results: Median VA for participants with DS ranged from 0.46 logMAR (interquartile
range [IQR] = 0.32 to 0.54) with habitual correction to 0.36 logMAR (IQR = 0.28 to 0.54)
with VSX, whereas controls ranged from 0.37 logMAR (IQR = 0.29 to 0.42) with habitual
correction to 0.01 logMAR (IQR = —0.02 to 0.05) with VSX. Overall image quality scores
were best for PFSt and VSX and showed a strong linear relationship with control VA (r =
—0.91, P < 0.001), and a lesser correlation with DS VA (r = —0.33, P < 0.001).

Conclusions: Using surrogate observers to judge image quality simulations of eyes with
DS did not predict actual VA, suggesting additional, non-optical factors may be limiting
VA in individuals with DS.

Translational Relevance: Findings may guide clinical refraction practices for patients
with DS.

spectacle corrections that take this population’s high

Introduction

Individuals with Down syndrome (DS) have unique
visual systems with increased prevalence of high refrac-
tive errors, strabismus, and nystagmus,' > which can
impede their visual function and quality of life. Those
with DS tend to have reduced visual acuity (VA)
compared to age-matched controls even with best clini-
cal spectacle correction.>®’ Along with high refrac-
tive errors, children with DS have been found to
have greater magnitudes of higher order aberrations
compared to age-matched controls which in turn
degrades their central optical quality without appar-
ent internal compensation from the optical system.®
Recent efforts have been made to produce optimized
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magnitudes of hyperopia or myopia, oblique astigma-
tism,>’ and elevated higher-order wavefront aberra-
tions® into account as a way to improve VA. Although
sphero-cylindrical lenses cannot fully compensate for
higher-order aberrations, the strategies used to identify
optimized spectacle corrections seek to identify correc-
tions that minimize their negative effects.

Investigation of wavefront aberration correction has
resulted in the utilization of various image quality
metrics'’ to help estimate visual performance.!! Two
metrics that have a strong association to VA are
pupil fraction tessellated (PFSt) and visual Strehl ratio
in the spatial domain (VSX).!> ! Identifying refrac-
tions that maximize these metrics have been shown
to improve aspects of blur, contrast, and ghosting in
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retinal image quality as judged by control observers
viewing simulated acuity charts.!> A recent clinical
trial dispensed these metric optimized corrections to
individuals with DS and compared VA outcomes
between patients’ habitual corrections to an expert-
derived prescription and to prescriptions designed to
optimize PFSt and VSX. The trial found that metric-
optimized prescriptions produced equal acuity gains to
the expert-derived prescriptions, and even performed
better in some individuals with DS.!6-!7

Although the participants in the clinical trial were
able to complete VA testing, this is not always the
case for individuals with DS. Intellectual disability in
this population can often limit participation in vision
testing, as well as limit subjective feedback about the
visual experience with various spectacle corrections.
Thus, it would be useful to develop methods by which
alternative observers could judge the image quality of
a given correction on behalf of a patient with DS. The
goal of the current study is to utilize the VA data from
the individuals with DS who participated in the clini-
cal trial to determine if control observers without DS
can be used as a surrogate to predict the VA experi-
enced by patients with DS wearing different refraction
types. If a surrogate observer can accurately predict
resultant VA improvement from a simulated retinal
image for a given correction, the refraction process
for patients with DS may be improved to produce
optimal spectacle prescriptions that can best serve this
population.

This study was approved by the University of
Houston Committee for the Protection of Human
Subjects and adhered to the Declaration of Helsinki.
Parental permission was obtained from the parent or
legal guardian of all participants with DS, followed by
participant’s assent. All control participants provided
informed consent. As described in previous publi-
cations,'®!” 30 adults with DS at least 18 years
of age with no ocular conditions, such as corneal
scarring, cataracts, strabismic or anisometropic ambly-
opia, or nystagmus, who were also able to be dilated
and fixate for several seconds for imaging, were
recruited. Participants were recruited from the Univer-
sity of Houston’s University Eye Institute, local DS
organizations, and by word-of-mouth. The study was
listed on clinicaltrials.gov (NCT03367793) in accor-
dance with National Institutes of Health (NIH)
policy and the primary outcome has previously been
reported.!” For the purposes of the present study,
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five healthy young adults without DS were later
recruited from the University of Houston College
of Optometry faculty, staff, and students as control
participants.

Participants With Down Syndrome

An initial study visit comprised of a comprehensive
eye examination was performed by a single investiga-
tor who is a licensed pediatric optometrist with over 35
years of experience examining children and individuals
with special needs. Measures of VA at distance, assess-
ments of binocular vision and ocular health, measure-
ment of pupil diameter in dim and dark lighting condi-
tions, and determination of the patient’s eligibility were
performed. Eligible participants were dilated with 1%
tropicamide and 2.5% phenylephrine (separated by 4 to
6 minutes), followed by measurements of Zeiss Atlas
topography (Carl Zeiss Meditec, Inc., Jena, Germany)
and COAS-HD wavefront aberrometry (Johnson &
Johnson, Santa Ana, CA, USA).

Habitual corrections were determined for each
participant with lensometry of presenting spectacles (n
= 21), or considered plano for those who presented
without habitual corrections (n = 9). Clinical refrac-
tions were determined through the examiner’s best
clinical judgment using any combination of clinical
techniques, such as autorefraction (both dry and wet),
retinoscopy (both dry and wet), and subjective refrac-
tion.

At the end of the initial study visit, three to five
wavefront images per eye were re-sized to the individ-
ual eye’s average pupil diameter in dim illumination,
and the resultant images were averaged using a custom
program (Spectacle Sweep, University of Houston
College of Optometry Core Programming Module,
Houston, TX, USA) using MATLAB (MathWorks,
Natick, MA, USA). Spectacle Sweep was then used to
apply refractions over a search range of over 20,000
sphero-cylindrical combinations in 0.25 D sphere
and cylinder steps surrounding the patient’s habitual
correction for the entire range of cylindrical axes in
I-degree steps. For each refraction, values of image
quality metrics PFSt and VSX, previously identified
metrics that provide top performing refractions for eyes
from both typical individuals and those with either
keratoconus or DS,'%12:18 were calculated. The calcu-
lated metric value for each refraction was sorted and
the single refractions associated with the best values
of PFSt and VSX, respectively, were determined for
each eye and made into two separate pairs of specta-
cles. All three experimental correction types — clini-
cal, PFSt, and VSX — were fabricated in an identical
frame selected by the patient. Randomization of treat-
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Figure 1.
clinical correction (B), PFSt correction (C), and VSX correction (D).

ment order and eye testing order prior to subsequent
study visits was performed for all participants, ensuring
five participants received each of the six randomization
orderings.

A second study visit included measurements of
VA with the participant’s habitual correction and all
three experimental spectacle prescriptions upon initial
dispense. Participants read logM AR -style acuity charts
one line at a time that were either composed of five
letter lines in the British Standard (D, E, F, H, N, P,
R, U, V, and Z) or a restricted set (H, O, T, and V)
with one repeated letter per line, along with a matching
card if needed, depending on the cognitive ability of the
participant. Participants read the chart monocularly
according to the randomization of eye testing order for
the habitual correction first, then for each experimental
correction in the predetermined randomized order. The
largest line (0.8 logMAR) was presented first, contin-
uing line by line until the participant made five total
mistakes. Final logMAR acuity was scored letter-by-
letter such that each letter was equal to 0.02 logMAR,
and total score of correct letters (number of correct
letters times 0.02) was subtracted from 0.9 logMAR.
One study participant was unable to complete the
monocular VA testing at the initial dispense visit
due to difficulty with cooperation, and thus monoc-
ular VA results from subsequent study visits after
the dispense of each refraction type (2 months
between visits) were used for that participant in this
analysis.
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Simulated acuity charts generated from residual wavefront error for the left eye of Participant DS_007 for habitual correction (A),

Control Observers

After the participants with DS completed the study
visits, a group of 5 control observers who did not
have DS and had a best corrected VA of 20/20 (or
better) were recruited. For each of the four correc-
tion types for each participant with DS, acuity charts
were generated with Image Simulation software (Sarver
and Associates, Cookeville, TN, USA) by convolving
a clear chart with the point spread function deter-
mined from the residual wavefront error calculated
with the Spectacle Sweep program.!'?:!> The generated
logMAR-style acuity charts simulated the predicted
retinal image for each eye (2 eyes) of each participant
with DS (30 participants) in the presence of each of the
4 correction types, resulting in 240 total acuity charts
produced (Fig. 1).

Each control observer viewed sets of 60 simulated
charts in random order with a clear chart inserted in
the randomization to serve as a baseline for each set
that was viewed. The largest line for acuity testing was
0.7 logMAR because more lines were needed toward
the bottom of the chart to properly measure VA,
especially on the clear chart where 0.0 or —0.1 logMAR
acuity was expected. Therefore, acuity was calculated
similarly to that for the group with DS using the
equation (0.8 — [number of correct letters times 0.02]).
All acuity charts were viewed monocularly through
a unit magnification telescope with a 3 mm aperture
and best spectacle correction in place after dilation
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with 1% tropicamide and 2.5% phenylephrine.!® This
testing paradigm was designed to minimize the impact
of the observer’s own aberrations and refractive error
on the visual experience. Controls read letters on each
chart until they had a total of five misses and logMAR
acuity was scored the same as participants with DS. In
addition to performing VA, control observers provided
subjective rankings regarding the quality of each chart
which included an overall quality score (0 to 100,
and 100 = best),"> and three subscale scores for each
of perceived ghosting (position offset), perceived blur,
and perceived contrast (scored 1 to 10, where 1 =
best quality).!> The subjective rankings were used to
identify aspects of image quality related to VA perfor-
mance.

Data Analysis

Statistical analysis was performed using SAS
version 9.4 (Cary, NC, USA). Descriptive tables of
median and interquartile ranges (IQR = 25th and 75th
percentiles) were calculated for the acuities obtained
from participants with DS and the control observers
for each eye and refraction type. An initial Bland-
Altman'® analysis comparing the differences between
acuity for participants with DS and controls versus
the acuity of participants with DS was conducted;
however, a strong linear relationship was observed
with worsening acuity of participants with DS and
thus failing one of the assumptions for Bland-Altman
analysis. To explore the relationship between overall
image quality score and VA, linear correlations were
performed for both control observers and partici-
pants with DS. Last, mean subscale scores assigned
by control observers were compared across refraction

Table.
Correction Type

Participants With DS (n = 30)
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types using repeated measures analysis of variance
(ANOVA) with Tukey’s method to adjust for multiple
comparisons.”’

Thirty participants with DS were randomized into
the study, with an average age of 29 + 10 years (range
= 18-52 years) and an even distribution of men and
women (women = 15). Strabismus was present in nine
participants (7 eso deviations and 2 exo deviations),
with seven of these participants having an alternat-
ing strabismus which reduced the risk of strabismic
amblyopia. The range of refractive errors based on dry
auto refractor readings was large (—15.25 to +6.00 D
sphere) with all but 2 participants having at least one
eye with —1.00 D cylinder power or more (range =
—7.25t0 —0.25 D cylinder). There were 23 myopic eyes,
21 hyperopic eyes, 15 eyes with mixed astigmatism, and
1 eye with emmetropia (emmetropia defined as both
principal meridians falling between —0.50 and +1.00 D
with less than 0.50 D of cylinder).

Group Median Acuity by Refraction Type

For participants with DS, habitual corrections
resulted in the worst VA with a median logM AR acuity
of 0.46 (IQR = 0.32 to 0.54) for the right eye (OD)
and 0.40 (IQR = 0.28 to 0.62) for the left eye (OS),
whereas VSX corrections produced the best VA, with a
median logMAR of 0.42 (IQR = 0.28 to 0.50) for OD
and 0.36 (IQR = 0.28 to 0.54) for OS (see the Table).
Similarly, simulated charts from habitual corrections

Median and Interquartile Range For Visual Acuity of Participants With DS and Control Observers Per

Control Observers? (n = 5)

Eye Refraction Median 25th Pctl 75th Pctl Median 25th Pctl 75th Pctl
oD Clinical 0.44 0.28 0.52 0.31 0.22 0.40
Habitual 0.46 0.32 0.54 0.37 0.29 0.42
PFSt 0.42 0.34 0.54 0.08 0.02 0.12
VSX 0.42 0.28 0.50 0.01 —0.01 0.08
(O Clinical 0.39 0.22 0.52 0.28 0.09 0.38
Habitual 0.40 0.28 0.62 0.30 0.19 0.44
PFSt 0.42 0.26 0.52 0.06 —0.00 0.11
VSX 0.36 0.28 0.54 0.01 —0.02 0.05

2Average of 5 controls.
Visual acuity measures are listed in logMAR.
Pctl, percentile.
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Plots of agreement between visual acuity outcome of participants with DS and difference between control and DS visual acuity

outcomes for habitual correction (A), clinical correction (B), PSFt correction (C), and VSX correction (D). The comparisons are shown as plots
of difference versus mean with the best-fit regression line rather than lines delineating the 95% limits of agreement.

resulted in the worst VA for control observers, with
a median logMAR of 0.37 (IQR = 0.32 to 0.54) for
OD and 0.30 (IQR = 0.19 to 0.44) for OS. Charts
simulated from VSX corrections resulted in the better
acuity for controls with a median logMAR of 0.01
(IQR = —0.01 to 0.08) for the OD and 0.01 (IQR =
—0.02 to 0.05) for the OS (see the Table). However,
the difference in acuity between habitual corrections
and VSX corrections was minimal in participants with
DS (group median improvement = 0.04 logMAR, or 2
letters) in comparison to the large improvements seen

in control observer performance (approximately 3 full
lines).

Plots of Agreement for Visual Acuity
Measures

In Figure 2, plots of agreement indicate a linear
relationship between actual VA of participants with
DS and the difference between DS and average control
participant VA. Participants with DS and worse
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acuity of participants with DS (B) (r = —0.33, P < 0.001). Overall quality score ranges from 0 to 100, with 100 = best quality. Data reported
for the right eye only for simplicity, the left eye results showed similar pattern. Legend on (A) is applicable to both plots.

acuity showed greater differences in VA from control
observers, with this trend most evident for the metric-
optimized corrections (PFSt and VSX). In other words,
the actual acuity of the participants with DS was worse
than that predicted by the control observers.

Correlation of Image Quality Score and
Visual Acuity

The overall quality score of each acuity chart was
significantly correlated with the VA of the control
observers such that a better VA corresponded to a
better overall quality score (Fig. 3A; r = —0.91, P <
0.001). Conversely, there is more scatter and a weaker
correlation (r = —0.33, P < 0.001) when comparing the
overall quality score given by control observers and the
VA of participants with DS (Fig. 3B), indicating that
control observer quality score was not a great predic-
tor of actual VA for participants with DS.

Image Quality Subscale Scores by Refraction
Type

Figure 4 shows the distribution of subscale scores
assigned by the control observers for position offset
(see Fig. 4A), blur (see Fig. 4B), and contrast (see Fig.
4C) by refraction type. For each refraction type, the
mean scores for each subscale were all significantly
different across the four refraction types (adjusted P
< 0.028), with the metric-optimized refractions (PFSt
and VSX) receiving the best average scores for all three
subscores of quality (see Fig. 4).

The goal of the current study was to determine
if control observers could be used as a surrogate to
predict acuity of patients with DS wearing differ-
ent correction types. Although the comparisons of
overall group median performance (see the Table)
might have indicated a trend of habitual corrections
performing worst and metric-optimized corrections
performing best, the control observers had acuity
gains for the metric-optimized corrections that were
substantially larger than the actual gains observed in
the participants with DS. This is further illustrated
in the plots of agreement (see Fig. 2) that showed
a growing discrepancy between VA of those with
DS and control observers as the level of acuity in
the participants with DS worsened. These findings
show a poor predictive ability of control observers
to identify VA in adults with DS for different refrac-
tive corrections. It should be noted that for the
nine individuals with DS presenting unaided, some
had been recommended glasses in the past, although
they had not worn them consistently, and thus the
habitual performance may have been further reduced
due to the presence of uncorrected refractive error.
However, this should not have impacted the ability to
compare the VA of the individuals with DS to the
control observers because the charts generated for the
control observers were based upon the retinal image
quality of the participants with DS for each viewing
condition.
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Although there was poor agreement between the
visual performance of control observers and partici-
pants with DS, the VA and image quality scores from
the control observers did follow the expected trend of
improvement with the metric optimized corrections.
Control observers showed a nearly three line VA gain
and large image quality improvements with PFSt and
VSX compared to habitual and clinical refractions;
specifically reduced position offset, reduced blur, and
increased contrast. Despite these large improvements
in VA and image quality, the same strong relationship
between image quality and VA in the participants with
DS was not observed.

Due to the poor predictive ability of control
observer performance, it is reasonable to assume that
some factor other than optical quality is responsi-
ble for reduced VA in those with DS. For the PFSt
and VSX corrections, there is very little spread in
the data as acuity decreases for participants with DS
(see Figs. 2C, 2D), suggesting that the factor responsi-
ble for the difference in acuity between those with DS
and control observers is consistent across all partici-
pants. Although this study excluded participants with
monocular amblyopia (from anisometropia or unilat-
eral strabismus), bilateral amblyopia may be a factor
that limited the acuity gains observed. A study of 213
children and adults with DS (average age = 17.2 +
4.8 years) and 184 age and gender-matched controls
without DS (average age = 17.2 + 4.4 years) showed
that amblyopia, defined as 2 lines or greater inter-
ocular difference in best corrected VA in the absence
of pathology, was detected in 36.3% of the partici-
pants with DS compared to only 3.8% in the control
group.’!

In the present study, some adults with DS likely had
poor spectacle correction adherence from a young age
that resulted in decreased retinal image quality amblyo-
genic in nature. Even in individuals who were wearing
spectacles from a young age, we know from past studies
that typical spectacles do not correct for the elevated
higher order aberrations seen in this group, and thus
amblyopia is likely to have developed from persistent
poor image quality from one or both eyes. Little et al.>
found multi-line improvements in VA in children with
DS when tested with interferometry that bypasses the
optics of the eye. This level of improvement is similar
to what we would have predicted to see based on the
control observer performance; however, our patients
with DS were adults and had longer duration over
which amblyopia could develop. Although the partic-
ipants enrolled in the clinical trial wore each treatment
type for 2 months, analyzing comparisons of control
observer VA and 2 month adapted VA in participants
with DS did not result in any improvement in predic-
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tive ability, suggesting if amblyopia is present, it was
not improved with longer spectacle wear. However,
2 months of spectacle wear in an adult with amblyopia
would not be expected to result in meaningful acuity
improvement.

Other potential factors that could be limiting the
VA of those with DS include sensory deficits in the
retina and visual cortex. A recent study using spectral
domain OCT demonstrated that those patients with
DS showed higher prevalence of foveal hypoplasia and
overall thickening of inner retinal layers compared to
age-matched controls.>? Alternative measures of acuity
that bypass the optics of the visual system include
visual evoked potentials (VEP)** and Vernier acuity,”
and studies utilizing these techniques showed a reduc-
tion in acuity at higher levels of visual processing in
those with DS compared to controls. Whereas these
studies have demonstrated sensory deficits, their role
in reduced VA for this population must be explored
further.

This study had several limitations. First, this study
involved only adults with DS, most of whom were 30
years of age or older. This limits the generalizability
of the study to children with DS. Second, amblyopia
is more challenging to treat in adults with spectacle
correction; therefore, if amblyopia was a limiting factor
in the VA of the participants with DS, we would not
expect large VA gains with optimized correction in an
older population. Third, this study excluded individu-
als that have nystagmus, which is observed in approxi-
mately 12% to 18% of the DS population.® This exclu-
sion also limits the generalizability of the study results
to the DS population. Further work is needed to deter-
mine if predicting VA in children with DS would be
more successful.

In conclusion, control observers were poor predic-
tors of visual performance for those with DS, although
VA and image quality did improve markedly with
metric-optimized corrections for the control observers.
Itis important to note that although all individuals with
DS may not be capable of participation in VA tasks and
other subjective testing, our participants were testable.
Further work is needed to improve eye examination
methods to allow for participation from individuals
with intellectual disabilities, including improved ways
to obtain subjective feedback about their vision.
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