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Purpose: Astigmatism blurs the retinal image of a circular spot along a particular orientation rendering it an elliptical shape. 
Astigmatic patients demonstrate adaptation to residual astigmatic blur that may affect their discrimination between oval and circular 
targets. The Wilkins Egg and Ball Test (WEBT) was created to detect altered visual perception due to residual astigmatic blur by 
discriminating a circle within a row of oval elements. This prospective, cross-sectional study examined the utility of WEBT in 
detecting uncorrected residual astigmatism on the perception of form symmetry in astigmatic and keratoconic participants as well as 
normal participants with induced astigmatism at four primary meridians.
Methods: The mean search time (sT) and number of errors (noE) of 33 non-astigmatic controls (mean age: 24±5, range: 18–43, 6 
males), 23 astigmatic participants (mean age: 36±12, range: 18–43, 6 males) and 13 keratoconic participants (N=22 eyes, mean age: 36 
±12, range: 18–58, 6 males) were measured under baseline, and 2.00 DC induced cylinder at four primary meridians, and for 
uncorrected, spherical-correction only, and fully corrected conditions, respectively. Mean sT and noE were converted to Z-scores, 
combined for each condition, and compared using repeated measures ANOVA with post-hoc analysis.
Results: Combined Z-scores for the controls were significantly worse (p<0.001) for all induced cylinder conditions. The induced 180° 
condition was significantly better than 45° and 90° conditions (p=0.04), but not the 135° condition. For both astigmatic and 
keratoconic cohorts, Z-scores of the uncorrected condition were significantly worse than the fully corrected condition (both 
p<0.01), but the fully corrected and spherical-only conditions did not differ significantly (p=0.06 and p=0.05, respectively).
Conclusion: In accommodating young adults, WEBT detected altered visual perception due to overall blur, and moderate-high 
amounts of uncorrected induced astigmatism and keratoconus, but is not useful as a tool for detection of altered visual perception due 
to small residual astigmatic blur.
Keywords: astigmatism, Wilkins egg and ball test, visual search, keratoconus, search time, number of errors

Introduction
Astigmatism is one of the most common refractive errors managed in clinical practice.1 The presence of uncorrected 
astigmatism can negatively impact performance2 in clinical visual measures such as visual acuity,3 contrast sensitivity,4 

and functional tasks such as reading, computer work, and driving.3 The exact influence of uncorrected astigmatism on 
visual function depends on the specific task, the interaction with other co-existing ocular aberrations, the spherical 
refractive state of the eye, higher-order aberrations, pupil size, and the accommodative state of the eye.4 Nevertheless, 
each diopter of uncorrected astigmatism has been estimated to reduce high contrast visual acuity by 1.5 lines and low 
contrast visual acuity by 1.4 lines.5 Furthermore, a spherical equivalent correction with residual uncorrected astigmatic 
refractive error has been shown to negatively impact contrast sensitivity, depending on the amount of residual 
uncorrected astigmatism.6 In children, ocular residual astigmatism may increase aberrations in the visual system, causing 
blurred vision, and even amblyopia, depending on its magnitude and orientation.7 Large amounts of uncorrected 
astigmatism in childhood can cause meridional amblyopia.8
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Visual acuity is affected differently by overall defocus as opposed to astigmatic blur, especially at low blur strengths.9 

Further, the minimum magnitude of postoperative astigmatism that negatively affects patients’ visual acuity, especially in 
pseudophakic patients with no accommodation, is unclear.10

Patients with habitual uncorrected astigmatism appear to be naturally adapted to their astigmatism, with their visual 
acuity less impaired by induced astigmatic blur compared to non-astigmatic controls with similar amounts of induced 
astigmatic blur.11 Astigmatic patients have also been found to be adapted to their residual astigmatic correction. This 
adaptation changes the perceived “neutral point” in images containing elements with horizontal and vertical elements, 
even after a brief period of adaptation.12 This perceptual adaptation may not be apparent in standard clinical measures 
such as visual acuity and contrast sensitivity. For clinical use as well as research studies examining visual quality for 
varying compensations in clinical populations such as post-surgical outcomes of intraocular lenses13 and fitting toric 
contact lenses,14 it may be useful to examine perceptual alterations due to residual uncorrected astigmatism.

Furthermore, keratoconic patients with good visual acuity that exhibit larger higher-order aberrations compared with 
normal control participants have been shown to have only mild correlations between their contrast sensitivity and their 
ocular higher-order aberrations.15 In other words, keratoconic patients with good visual acuity may have altered visual 
perception that current clinical tests, such as contrast sensitivity, visual acuity, and even higher-order aberrations, may not 
be able to detect. Therefore, it is useful to have a test that measures their perceptual function.

Astigmatism blurs the retinal image of a spot along a particular orientation. If one of the two line foci is on the retina, 
the image of an object point would result in a retinal image in the shape of a line. If the accommodative response causes 
the circle of least confusion to fall on the retina, the image of an object point would result in a retinal image in the shape 
of a circle. Otherwise, at any other foci plane, the object point would result in an elliptical shape on the retina.16 The 
clock dial test for the measurement of astigmatism is based on variations in the perception of oval shapes. It displays 
lines of varying axes (orientations) that vary in their widths.17 Similarly, the two-circle grid chart for the measurement of 
astigmatism that was introduced in 1930’s18 and again recently19 displays circles of varying orientations.

Induced astigmatic blur reduces the response times on the developmental eye movement test (DEM) which examines 
fixational and saccadic eye movements during reading and non-reading tasks, on the Digit Symbol Substitution test 
(DSST) which examines general information processing speeds, and on the Trail-Making Tests A and B (TMT A and 
TMT B) which examine motor speed, visual attention, mental flexibility, and motor function.20 However, these tests are 
not specifically designed to detect perceptual alterations produced by residual uncorrected astigmatism. Shape search 
reaction times have been shown to be reduced with overall blur,21 but the effect of astigmatic blur on the reaction times 
of shape search tasks has not been previously evaluated.

The Wilkins Egg and Ball Test (WEBT, Figure 1) was developed as a test to examine alterations in visual perception 
due to residual astigmatic blur. Zemax ray tracing software was applied to examine the effects of 2.00 DC of astigmatism 
on retinal images of circular and oval shapes (see Figure 2). Each point comprising the object is affected by astigmatism 
such that it becomes smeared or extended horizontally. As a consequence, the resulting overall shape no longer appears 
as a circle, but is extended either in the horizontal or the vertical meridians. For example, in Figure 2, the image on 
column “circle” and row “2.00X90deg” appears as an oval extended in the horizontal meridian rather than a circle. The 
oval shape in the column “oval1” and row “2.00X180deg” appears extended horizontally and is therefore more similar to 
a circle. Based on this simulation, a patient with residual astigmatism should encounter difficulty when asked to detect 
a circular image, as it is perceived to be elliptical. Therefore, the WEBT comprises rows of ten elements, nine randomly 
oriented ellipses, and one circular element. In the WEBT, the observer is asked to detect the circular element within 
the row.

The main goal of this prospective, cross-sectional study was to examine the utility of the WEBT in detecting 
uncorrected residual astigmatism due to its influence on the perception of form symmetry. We hypothesized that retinal 
image alteration due to residual uncorrected astigmatism and/or adaptation to the axis of astigmatic blur would 
disadvantage participants with residual uncorrected astigmatism in this task because blur would increase the similarity 
between circles and ellipses. If found to be a sensitive method for measuring perceptual deficits due to residual 
uncorrected astigmatic blur, the Wilkins Egg and Ball Test would be a new tool for research purposes.
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Figure 1 Sample page of the Wilkins Egg and Ball Test. 
Notes: The test consists of four such pages, each with 10 rows. Each row comprises ten elements, nine elliptical (“eggs”) and one round (“ball”). Participants are asked to 
identify the odd round ball in each row.
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Methods
Ethics Statement
All participants provided written informed consent. All protocols met the tenets of the Declaration of Helsinki and had 
been approved by the Hadassah Academic College Ethics Committee.

Participants
The prospective, cross-sectional study consisted of three cohorts: non-astigmatic control participants in which astigmatism was 
induced, astigmatic participants with 1.00 DC of astigmatism or greater, and keratoconic participants. The latter group was 
included as keratoconus is characterized by steepening and distortion, apical thinning,22 central scarring,23 and a cone-shaped 
protrusion of the cornea24 resulting in myopia, and a large irregular astigmatism.25,26 The inclusion criteria included ages ranging 
between 18 and 65, monocular best corrected LogMAR visual acuity of at least 0.00 for the non-astigmatic cohort, and 0.22 for 
the astigmatic and keratoconic cohorts, a spectacle cylindrical refraction of 0.75 DC or lower for the non-astigmatic cohort, and at 
least 1.00 DC for the astigmatic cohort. Keratoconic participants had an Amsler-Krumeich stage 2 or lower. Participants with 
amblyopia, uncontrolled systemic conditions, and ocular pathology (other than keratoconus for those in the keratoconus cohort), 
and those unable to identify the numbers within the circular or elliptical elements in the WEBT described below, were excluded.

Procedures
First, inclusion criteria were verified. After responding to a questionnaire regardingexclusion criteria including pre- 
existing ambylopia, past ocular surgery for strabismus, or uncontrolled systemic conditions. Subsequently, their distance 
visual acuity (6 m) was measured with the habitual correction using the View-M Chart system (VLC 1900, Korea). If the 
distance visual acuity following the over-refraction evaluation did not meet inclusion criteria, the participant was 
excluded. The habitual correction was measured with a lensometer (Charops CLM-7000, Huvitz, Korea).

Figure 2 Simulated images of elements in the Wilkins Egg and Ball test seen by a non-astigmatic eye (top row), in the circle of least confusion (COLC, second row), and 
both Sturm foci (2.00X180deg, third and 2.00X90deg, fourth row) of an astigmatic eye with 2.00 DC of astigmatism.
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For keratoconic participants, an over-refraction was performed and the best corrected visual acuity was measured. In 
addition, tomography (anterior and posterior corneal curvature) and pachymetry were recorded using the VX130 
Analyzer (Luneau, FR), and the scarring was assessed using a slit-lamp biomicroscope (HS-500, Huvitz, Korea).

The Wilkins Egg and Ball Test
The WEBT (Figure 1) is a printed test that contains four pages, each with ten rows consisting of a circle randomly 
positioned among nine ellipses. The dimensions of the round elements are 1.0 cm × 1.0 cm, and the elliptical elements 
are 1.0 cm × 1.1 cm. The stroke width of the elements is 1 point. The mean horizontal and vertical inter-element spacing 
from center to center is 1.25 cm and 1.5 cm, respectively.

The test was placed on a table in a fully lit room, and the participants were asked to perform the test at a viewing 
distance of 40 cm, which was verified using a meterstick.

For each page presented, participants were asked to identify the circular element in each of 10 rows containing 10 
elements by stating its number.

The pages were presented at random and non-sequentially to minimize memorization. All participants performed the 
test monocularly. The eye tested in the control and astigmatic cohorts was selected randomly, whereas both eyes of 
keratoconic participants were examined, as it is an asymmetric disease.23 For each trial, response time (in seconds) from 
the instruction to begin until the round element was detected in the last row (row 10) of the page, was measured using 
a stopwatch. In addition, the examiner counted and recorded the number of errors for each page.

Three cohorts participated in the experiment as described below.

Non-Astigmatic Control Participants
These participants were examined under five experimental conditions: fully corrected with their habitual correction and 
with a +2.00 DC cylindrical lens placed at 180, 90, 45, and 135 degree axes in front of the eye. Each condition was 
measured twice such that a total of 10 trials were measured.

Astigmatic Participants and Participants with Keratoconus
These participants were examined under three experimental conditions: with fully habitual near refractive correction, 
with only the spherical component of the refractive correction in a trial frame (ie, cylindrical component was uncor-
rected), and without any refractive correction (ie, fully uncorrected). Note that the spherical-component only condition 
was a condition in which just the spherical part of the prescription (in minus-cylinder form) was inserted in the trial 
frame. This is not the same as the spherical equivalent correction. When considering the interval of Sturm, in patients that 
are not accommodating, correcting only the spherical-component in the minus-cylinder form brings one of the foci lines 
onto the retina, while the other focal line is in front of the retina. Thus, in these patients, this ensures that in the spherical- 
correction only condition, there is astigmatic blur on the retina from the focal line that is in front of the retina.27

Each condition was measured twice such that a total of six trials were measured.

Statistical Analysis
The reaction time and number of errors were plotted against each other to examine the relationship between the variables. 
Due to their low correlation as described in the results, the reaction time and error scores were converted to Z-scores and 
combined for each condition. Z-scores enable performance comparison across multiple tests with varying distributions28 

by ranking the individual performance relative to the mean and standard deviation of all scores of the fully corrected 
condition. Accordingly, a Z-score of zero is equivalent to the mean, and a Z-score of 1.00 is approximately one standard 
deviation above the mean. The Z-scores of the varying experimental conditions for each cohort were compared using 
a repeated measures ANOVA with post hoc analysis conducted to determine the significant pairwise comparisons.

P-values lower than 0.05 were considered significant. All statistical tests were calculated using SPSS statistical 
package version 25 (SPSS Inc, Chicago, IL).
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Results
Participants
Three cohorts participated in this study. There were 32 participants in the non-astigmatic cohort, 23 participants in the 
astigmatic cohort, and 13 participants (22 eyes) in the keratoconic cohort. Their demographic information is tabulated in 
Table 1. The ages of the participants were not normally distributed and were compared using the Kruskal–Wallis test 
(H=18.59, p<0.001) which demonstrated that the ages of the three cohorts were significantly different, with the non- 
astigmatic cohort being younger than the other two cohorts.

WEBT Results for Non-Astigmatic Control Participants
Correlations Between Reaction Time and Errors
The mean reaction time and number of errors for each condition for the non-astigmatic control cohort are 
tabulated in Table 2. To assess co-occurrence or a trade-off between reaction time and the number of errors,29 

the relationship between the two outcome measures was examined using a Pearson correlation analysis after 
verifying that the outcome measures were normally distributed.30 The correlations for the induced cylinder at 
45°90° 135° and 180° conditions were not significant (R=0.17, p=0.35; R=0.14, p=0.44, R=0.31, p=0.08, and 
R=0.20, p=0.27, respectively). However, the correlation for the baseline condition was positive and significant 
(R=0.47, p<0.008), indicating that reaction time and errors cannot be treated separately. Thus, a combined score 
of the two parameters was computed after calculating the Z-score of each outcome measure. After the Z-score of 
the reaction time and errors were computed, their sum was calculated yielding the combined Z-score for each 
condition for each participant. The combined Z-score was used in subsequent analyses. This strategy was also 
used for astigmatic and KC groups.

Z-scores and their ranges for each condition are shown in Table 3. Induced astigmatism significantly increased the 
Z score for all induced cylinder conditions (F(df4,128<0.01)=6.51, p<0.001, Figure 3).

Post-hoc analysis demonstrated that the Z-score for the baseline (fully corrected) condition (−0.30) was significantly 
lower than all induced cylinder conditions (p=0.001 for 45-degree, 90-degre, and 135-degree conditions, p=0.004 for the 
180-degree condition). The Z scores for the 180-degree induced cylinder (0.93) and 135-degree-induced cylinder 
conditions (1.17) were not significantly different from each other (p=0.40). The 180-degree induced cylinder condition 
was significantly better than the induced cylinder at 45-degree and 90-degree conditions (both approximately 1.60, 
p-values= 0.045, and 0.042, respectively).

Table 1 Demographic Information for the Three Cohorts (Non-Astigmatic Controls, Astigmats, and Participants with Keratoconus)

Non-Astigmatic Participants  
(N= 32)

Astigmatic Participants  
(N= 23)

Keratoconic Participants  
(N=22 eyes)

Females N= 26 (81%) N= 17 (74%) N= 7 (13 eyes, 59%)

Males N= 6 (19%) N= 6 (26%) N= 6 (9 eyes, 41%)

Age (years) 24.1 ± 5.0  

Range: 18–43

36.2 ± 12.6  

Range: 18–43

36.1 ± 11.9  

Range: 18–58

Spherical refractive error (Diopters) −1.20 ± 1.80  

Range: +0.30 to −4.80

−1.74 ± 3.26  

Range: 0.00 to −7.25

−2.43 ± 4.10  

Range: 0.00 to −7.25

Cylindrical refractive error (Diopters) −0.20 ± 0.30  

Range: 0.00 to −0.75

−2.30 ± 0.78  

Range: −1.00 to −4.00

−3.40 ± 2.28  

Range: 0.00 to −10.75

Visual Acuity (LogMAR) 0.00 ± 0.01  

Range: 0.00 to 0.05

0.02 ± 0.04  

Range: 0.00 to 0.12

0.18 ± 0.17  

Range: 0.00 to 0.74

Note: The mean values, standard deviations, and range for each category are presented.
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WEBT Results for Astigmatic Participants
The mean reaction time and number of errors for each condition for the participants with astigmatism are tabulated in 
Table 2, with Z-scores comparing between the conditions shown in Figure 4. There was a significant effect of condition 
(RM ANOVA, F(df=2,50)= 4.00, p< 0.05) with post hoc analysis demonstrating a significant difference between the 
uncorrected vs fully corrected conditions (p<0.05). There was no significant difference between the full correction and 
spherical correction conditions (p=0.06) or the uncorrected and spherical correction conditions (p=0.47).

Table 3 Mean Reaction Time, Number of Errors, and the Range of the Outcome Variables (±standard 
Deviations of the Mean) for Each Experimental Condition (Displayed in the Columns) for Non-Astigmatic 
Control Cohort

Non- Astigmatic Control Cohort

Baseline 45 90 135 180

Reaction Time (sec) 44.10 ± 9.81 55.58 ± 16.67 55.07 ± 17.10 51.61 ± 15.41 51. 21 ± 13.18

Range 26.63–60.88 24.61–95.59 29.11–105.19 26.92–93.54 31.65–98.51

Errors 1.41 ± 1.49 2.17 ± 1.76 2.37 ± 1.96 2.11 ± 1.88 1.80 ± 1.95

Range 0–5.5 0–5.5 0–7.5 0–7.0 0–8.0

Z- Score −0.03± 1.7 1.60 ± 2.24 1.69 ± 2.34 1.17 ± 2.29 0.93 ± 2.05

Range −2.39–3.55 −2.93–5.07 −2.47–7.29 −2.69–5.85 −2.21–5.68

Table 2 Mean Reaction Time, Number of Errors, and the Range of the Outcome 
Variables (±standard Deviations of the Mean) for Each Experimental Condition 
(Displayed in the Columns) for the Astigmatic and Keratoconus Cohorts

Astigmatic Cohort

Fully Corrected Spherical Correction Uncorrected

Reaction Time (sec) 39.42 ± 11.00 47.40 ± 12.88 48.65 ± 13.11

Range 20.09–65.55 24.56–73.79 23.22–73.54

Errors 1.37 ± 1.45 1.5 ± 1.29 1.67 ± 1.61

Range 0–5.0 0–4.5 0–5.5

Z- score 0.14 ± 0.92 0.85 ± 1.74 1.09 ± 1.85

Range −0.88–2.59 −1.95–4.81 −2.41–4.86

Keratoconus Cohort

Reaction Time (sec) 44.08 ± 17.97 49.22 ± 21.60 60.95 ± 27.33

Range 18.49–99.02 20.19–95.28 20.89–146.63

Errors 2.10 ± 2.7 2.23 ± 2.98 3.00 ± 3.20

Range 0.0–9.0 0.0–10.0 0.0–9.0

Z Score 0.0 ± 1.84 0.50 ± 2.11 1.70 ± 2.82

Range -2.20–4.09 –2.02–5.43 –2.09–8.35
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WEBT Results for Keratoconus Participants
The mean reaction time and number of errors for each condition for the cohort of keratoconus participants are tabulated 
in Table 2, with Z-scores comparing between the conditions shown in Figure 3. There was a significant effect of 
condition (RM ANOVA, F(df=2,42)= 16.65, p<0.01) with post-hoc analysis demonstrating that the difference was between 
the uncorrected and both the full and partially corrected conditions (p=0.001, p<0.001). There was no significant 
difference between the fully corrected and spherical correction conditions (p=0.05).

Figure 3 Z- scores of the non-astigmatic, control cohort under the five experimental conditions. 
Notes: Induced astigmatism significantly increased the Z score for all induced cylinder conditions (F(df4,128<0.01)=6.51, p<0.001) with post-hoc analysis demonstrating that the 
Z-score of the baseline condition (fully corrected) was significantly lower than all induced cylinder conditions, and the 180-degree induced condition significantly better than 
the 45-degree and 90-degree induced conditions with the 180-degree and 135-degree conditions not significantly different from each other.

Figure 4 Z- scores from the Wilkins Egg and Ball Test for the astigmatic cohort (filled bars) and keratoconic cohort (striped bars) under three experimental conditions 
(uncorrected, spherical correction only and fully corrected).
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Discussion
This study examined if the WEBT could be a useful tool in detecting alterations in visual perception due to uncorrected 
astigmatism in three experimental cohorts. The WEBT was useful in detecting altered visual perception for uncorrected 
astigmatism in all meridians when astigmatism of 2.00 DC was induced. However, in the cohort of participants with clinical 
astigmatism, WEBT was useful in detecting altered visual perception only in fully uncorrected refractive error condition. When 
only the spherical component of refraction was corrected, the WEBT was not sensitive in detecting alterations in visual 
perception. This may be due to the fact that the cohort of normal participants is not accustomed to blurred perception, as 
opposed to astigmatic and keratoconic participants who may experience blurred vision more frequently and who adapt to their 
residual uncorrected astigmatism.31,32

This point could be addressed in a future experiment comparing the results of the test in two cohorts with similar 
magnitudes of astigmatism and with similar ocular wavefronts. The two cohorts being newly diagnosed vs long-standing 
astigmatism.

In the cohort of participants with keratoconus, WEBT was sensitive in discriminating alterations of visual perception 
in uncorrected astigmatism. Although it was not sensitive enough to discriminate between alterations in visual perception 
in the spherical-only corrected condition compared with full correction, the p-value approached significance (p=0.05) and 
could perhaps have been significant if a larger cohort had been recruited.

Correction of the spherical component significantly affected the performance only of the keratoconic cohort, possibly 
due to the fact that the mean spherical refractive error for keratoconics is much larger than for the other two cohorts.

One possible explanation for the differences in WEBT’s sensitivity to alterations in visual perception due to 
uncorrected astigmatic blur in the keratoconic cohort compared with the astigmatic cohort could be the amount of 
uncorrected cylindrical error, which is approximately 1.00 DC higher in the keratoconic cohort (−2.30 DC vs −3.19 DC).

Thus, WEBT, when used in young adult participants who were tested without cycloplegia, can be concluded as being 
sensitive to alterations in visual perception due to large amounts of uncorrected overall blur, but not sensitive enough to 
alterations in visual perception due to uncorrected astigmatic blur.

In the normal cohort, induced astigmatism at 45-degrees and 90-degrees impacted Z scores significantly higher than 
the 180-degree condition. This finding is similar to that of Hasegawa et al 6 who reported that induced against-the -rule 
astigmatism deteriorated the contrast sensitivity more than induced with-the- rule astigmatism.

Strengths and Limitations of the Study
Only subjects with mild-to-moderate KC participated in this study, as those with advanced KC could not read the WEBT 
in the uncorrected condition. Therefore, our conclusions are only applicable to mild-to-moderate KC patients.

Additionally, in the present study, the normal participants were significantly younger (12 years on average) than the 
astigmatic and KC groups, which could potentially affect the results. Younger patients have the ability to accommodate, 
which can influence the magnitude of astigmatism and its axis.33,34 Further, activation of accommodation in the 
spherical-only corrected condition affects the position of the image plane with respect to the interval of Sturm. In non- 
accommodating eyes, the spherical-only corrected condition is expected to bring one of the focal lines onto the retina, 
while the other focal line is in front of the retina. In accommodating eyes, the position of the lines of foci is affected by 
the amount of activated accommodation35 which is a limitation in the present investigation. However, changes in 
astigmatism due to accommodation have been shown to be clinically relevant for large accommodative demands 
exceeding 4.00 DS.34 Future investigations should compare these outcomes in participants without the ability to 
accommodate by use of cycloplegic agents and compare between cohorts of similar age distributions.

Finally, this study could have benefited from direct comparison of the results with existing clinical tests for detection 
of astigmatism, which would contextualize its utility and highlight potential advantages or limitations compared with the 
existing clinical tests.
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Conclusions
The WEBT was found to be sensitive to altered visual perception due to overall uncorrected blur in accommodating 
young adults, in moderate-high amounts of uncorrected astigmatism in keratoconic patients, and when induced in non- 
astigmatic young adults. It cannot be recommended as a useful clinical or research tool for examining alterations in visual 
perception in cases with uncorrected residual astigmatism.
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