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Purpose: To explore whether subtle changes in visual quality can be detected using
different measures of visual function against the quick contrast sensitivity function test
(quick CSF).

Methods: Sixty participants, aged 17 to 34 years, were enrolled. Participants’ vision
was degraded by 0.25 D undercorrection (0.25 D), 60% neutral density filter brightness
reduction (60% ND), and 0.8 Bangerter foil optical diffusion (0.8BAN). Visual function
tests including visual acuity and contrast sensitivity (CSV-1000E and quick CSF) were
measured with participant’s best-corrected vision and under simulated visual degrada-
tion conditions. Test sensitivities in detecting differences were compared.

Results: Statistically significant visual acuity degradation was observed in the 0.8BAN
condition only (Pcorrected < 0.001). With CSV-1000E and outliers removed, significant
CS degradation was observed in all spatial frequencies, area under log CSF (AULCSF)
in the 0.8BAN condition (Pcorected < 0.001 for all), medium and high spatial frequen-
cies and AULCSF in the 60%ND condition (Pcorrected,6cpd = 0.002, Peorrected,12¢pa = 0.005,
Peorrected, 18cpd = 0.001, Peorrected,aucse < 0.001) and the 0.25 D condition (Peorrected,6cpd =
0.011, Pcorrected,lZcpd =0.013, Pcorrected,lScpd =0.015, Pcorrecred,AULCSF < 0.001). With the qUiCk
CSF, significant CS degradation was observed in all simulated visual conditions in all
spatial frequencies, cutoff frequency and AULCSF (P oprected < 0.001 for all). Test-retest
reliability of the quick CSF method was high; coefficient of repeatability ranged from
0.14 10 0.18 logCS.

Conclusions: Compared with visual acuity and chart-based CS tests, the quick CSF
method provided more reliable and sensitive measures to detect small visual changes.

Translational Relevance: The quick CSF method can provide sensitive and reliable
measures to monitor disease progression and assess treatment outcomes.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND
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Introduction

A variety of assessment methods have been devel-
oped to monitor vision changes in ocular and neural
diseases. Visual acuity (VA), representing the finest
high-contrast detail that an eye can resolve, is usually
considered the defining clinical measure of vision. The
contrast sensitivity function (CSF), a more comprehen-
sive characterization of spatial vision,! has, however,
generally been shown as a better predictor of visual
performance’ > and a more sensitive measure of
functional vision changes in a variety of ocular
and neural diseases, including amblyopia,®’ cataract,®
glaucoma,”!® macular degeneration,'! and Parkin-
son’s disease.!> Furthermore, even when acuity appears
normal, a variety of ocular and neural diseases have
been shown to cause CSF deficits.”!?

Currently, most clinical CSF tests use preprinted
letter or grating charts such as the Pelli-Robson
Contrast Sensitivity (CS) chart,'*!> the Functional
Acuity Contrast Test'® (a replacement of the original
Vistech CS chart), and the Vector Vision CSV-1000
series charts (Vector Vision, Greenville, OH, USA).!”
Although these charts are convenient for clinical use,
the low measurement precision caused by coarse spatial
frequency and contrast sampling limits their applica-
tions.!®? On the other hand, laboratory CSF tests
based on adaptive psychophysical procedures, such as
QUEST?! or ¥?*> method, often require a minimum of
50 trials per spatial frequency over five to seven spatial
frequencies. The 30- to 60-minute test time makes them
impractical for clinical use.

The challenge of developing a precise and efficient
CSF assessment was addressed by the introduction
of the quick CSF method.?*>* On the basis of the
adaptive Bayesian framework,> the method can obtain
a highly precise (SD < 2-3 dB) CSF assessment in
fewer than 100 tests or five to 10 minutes. Subsequently,
Hou et al.?® and Zheng et al.”’” implemented the quick
CSF method with 10-alternative forced (10AFC) letter
and digit identification tasks and further improved
its efficiency. The 10AFC quick CSF test can be
used to obtain a high-precision (SD < 0.10 log unit)
CSF assessment in approximately five minutes or less.
Since its development, the quick CSF method has
been applied to investigate visual deficits in ambly-
opia,”® age-related macular degeneration,”® congeni-
tal cataract,” central serous chorioretinopathy,’! and
multiple sclerosis,*” as well as effects of visual adapta-
tion®* and peripheral visual function.**

In this study, we compared the test-retest reliabili-
ties of the Bailey-Lovie VA Chart, CSV-1000E chart,
and quick CSF, as well as their sensitivities in detecting
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minor visual quality changes in simulated visual condi-
tions using a optical lens, a neutral density filter, and a
Bangerter foil.

Observers

Sixty healthy subjects, from 17 to 34 years old
(mean = 24.40 + 4.48 years; 24 females), were recruited
from the Optometry Clinic of Zhongshan Ophthalmol-
ogy Center (Guangzhou, China). All subjects partici-
pated in the main experiment, and 24 subjects partici-
pated in a repeated test session. All subjects were naive
psychophysical observers with normal or corrected-to-
normal vision [visual acuity < 0.00 logMAR (20/20)]
and without any history of eye or mental health illness.
Both anterior and posterior eye health was examined
with slit lamp and direct ophthalmoscopy to screen
for eye diseases before the test. The study protocol
was approved by the Ethics Committee of Zhong-
shan Ophthalmic Center of Sun Yat-sen University and
adhered to the tenets of the Declaration of Helsinki.
All subjects signed informed consent after they were
given written and verbal explanations of the nature and
purpose of the study. Additional consent was obtained
from the parents or legal guardians of those who were
younger than 18 years of age.

All subjects underwent a comprehensive eye exami-
nation and wore their best-corrected full distance
refractive correction during the study. All tests were
conducted monocularly with the fellow eye occluded.
Before testing, pupil size was measured under ambient
light with a PD ruler. The pupil size ranged from 3 to
4 mm across all the subjects.

Simulated Visual Conditions

All subjects underwent testing in the following
simulated visual conditions with a randomized test
order: (1) normal viewing (BCVA), (2) optical blur
with a +0.25 D lens (+0.25 D), (3) brightness reduc-
tion with a 60% ND filter (60% ND), and (4) diffu-
sion with a 0.8 Bangerter foil (0.8 BAN). Twenty-four
subjects were randomly selected to repeat these tests on
different days.

Visual Function Tests

Visual Acuity

High-contrast (96.9% = 0.83%) logMAR distance
visual acuity was measured at 4 m, for each eye, using
the Bailey-Lovie tumbling E chart®® (Precision Vision,
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(a) Bailey-Lovie
tumbling E chart

(b) CSV-1000E

(c) Quick CSF

Figure 1.  Stimuli for visual acuity and contrast sensitivity function
assessments. (a) The Bailey-Lovie tumbling E chart has five high-
contrast optotypes per row ranging in size from 1.0 to —0.3 logMAR.
(b) CSV-1000E chart presents four sections of sine-wave grating with
different spatial frequencies and contrasts. (c) The stimuliin the quick
CSF method are a set of three Sloan digits with different contrasts.

Woodstock, IL, USA), which was displayed in a transil-
lumination cabinet at a luminance level of 160 cd/m.?-3¢
The stimuli of the Bailey-Lovie tumbling E chart are
shown in the Figure la.

Contrast Sensitivity Function

Monocular CSF in the right eye was measured with
the CSV-1000E (Vector Vision) and quick CSF proce-
dures in all the simulated visual conditions.

The CSV-1000E provides an auto-light calibration
fluorescent luminance source to display the chart at
an 85 cd/m? £ 0.1 log unit background luminance
level. The chart consists of four sections, each made
of 17 1.5-inch diameter circular patches arranged in
nine columns. The first column in each section displays
a single high-contrast vertical sinewave grating, and
the remaining eight columns consist of two rows of
patches. At most one of the two patches in each column
contains a vertical sinewave grating. All sinewave
gratings in each row are of the same spatial frequency
(3, 6, 12, and 18 cycles/degree [cpd] in each row). The
gratings in each section are arranged with decreas-
ing contrast from left to right, with log reciprocals of
contrast from 0.70 to 2.08, 0.91 to 2.29, 0.61 to 1.99,
and 0.17 to 1.55 log units in the four rows, respectively
(Fig. 1b). Subjects were tested at a distance of 2.5 m
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and were directed to observe the high-contrast gratings
in the first column. Going through all four sections
starting from the top, they were then instructed to
identify the location of the grating in each column with
a three-alternative forced choice response: top, bottom,
or blank. They were encouraged to guess if a grating
was at least partially visible. The lowest contrast level
at which the subject correctly identified the location of
the “stripes” was recorded for the section. The result is
a contrast sensitivity function sampled at four spatial
frequencies.

The quick CSF method was performed at a test
distance of 4 m. The stimuli were presented on a
gamma-corrected 46-inch LCD monitor (NEC LCD
P463), with a mean luminance of 91.2 cd/m?, a resolu-
tion of 1920 x 1080 pixels, and a vertical refresh rate
of 60 Hz. Ten numeric digits, filtered with a raised
cosine filter were presented as the test stimuli.?” Stimuli
with different contrasts were obtained by scaling the
intensities of the normalized images with correspond-
ing contrast values, while the stimuli with different
spatial frequencies were generated by resizing. There
were 128 possible contrasts (evenly distributed in log
space from 0.002 to 1) and 19 possible spatial frequen-
cies (evenly distributed in log space from 1.19 to 30.95
cpd).’” In each trial, three filtered digits of the same
size but decreasing contrast were presented in a row
with a center-to-center distance of 1.1 times digit size
(Fig. 1c). The quick CSF method selects the optimal
stimuli from the two-dimensional contrast and spatial
frequency space by maximizing the expected informa-
tion gain in each trial and updates the posterior proba-
bilities of the CSF parameters following the subject’s
response. Before the test, subjects were given five
minutes to dark adapt to the test environment. Then,
they were asked to verbally report the digits presented
on the screen to the examiner, who used a computer
keyboard to enter the verbal responses. The stimuli
disappeared after the examiner input all the responses.
A new trial began 500 ms later. Observers were given an
option to report “I don’t know” on which the response
was regarded as incorrect. The quick CSF procedure
used a 10-alternative forced-choice digit identification
task to measure the CSF in 35 trials. The process took
approximately five minutes.

Log contrast sensitivities (logCS) at spatial frequen-
cies 3, 6, 12 and 18 cpd, the area under log CSF
(AULCSF), and the cutoff spatial frequency (cutoff)
of the CSF, were used in data analysis. As for the
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Table 1.  Summary of logMAR Visual Acuity and Log Contrast Sensitivity Values Under Different Visual Conditions
BCVA +0.25D 60%ND 0.8BAN
[Median (IQR)] [Median (IQR)] [Median (IQR)] [Median (IQR)]

Visual acuity (logMAR)
CSV-1000E (logCS)

—0.13(—0.18 to —0.10)

—0.10 (—0.16 to —0.07)

—0.10 (—0.18 to —0.08) 0.10 (0.02 t0 0.12)" "

3 cpd 1.78 (1.63 to 1.78) 1.79 (1.63 10 1.78) 1.71(1.63t0 1.78) 1.34(1.17 to 1.64)" "
6 cpd 1.99 (1.88 to 2.14) 1.99 (1.84 to 1.99)" 1.84 (1.84t0 1.99)"* 1.38(1.38to 1.66)"*
12 cpd 1.84 (1.58 to 1.99) 1.69 (1.54 to 1.84)"1 1.69 (1.54 to 1.84)"F 1.08 (0.91 to 1.25)"F
18 cpd 1.25(1.10 to 1.40) 1.18 (0.96 to 1.40)" 1.10 (0.96 to 1.25)"F 0.64 (0.47 t0 0.81)" "
Cutoff spatial frequency 18.89 (18.39 to 19.49) 18.99 (18.50 to 19.75) 18.73 (18.44 to 19.95) 18.37 (17.66 to 19.24)
AULCSF 1.42 (1.36 to 1.46) 1.33(1.27 to 1.42)"F 1.31(1.26 to 1.39)"F 0.96 (0.88 t0 0.96)"
Quick CSF (logCS/cpd)
3 cpd 1.67 (1.59to0 1.81) 1.61(1.48 to 1.70)"* 1.56 (1.48 to 1.68)"* 1.21(1.09 to 1.30)"*
6 cpd 1.43 (1.27 to 1.60) 1.27 (1.08 to 1.46)"F 1.28 (1.10 to 1.47)™ 0.62 (0.40t0 0.82)"
12 cpd 0.89(0.71to 1.11) 0.69 (0.42 t0 0.93)" " 0.71(0.41t0 0.93)" 0.00 (0.00 to 0.14)"
18 cpd 0.49 (0.00 to 0.69) 0.27 (0.00 t0 0.53)" 0.23 (0.00t0 0.48)" 0.00 (0.00 to 0.00)"
Cutoff spatial frequency 26.37 (20.65 to 30.81) 22.38(17.00 to 29.00)"* 21.93 (16.81 to 26.00)"" 10.38 (8.14 t0 13.51)" "
AULCSF 1.46 (1.3210 1.65) 1.33(1.14t0 1.51)"F 1.32(1.15t0 1.49)"F 0.77 (0.66 t0 0.92)"

“Statistical significance (Pcorrected < 0.05) compared with BCVA condition with a post hoc multiple comparison with the outlier

excluded.

TStatistical significance (Peorrected < 0.05) compared with BCVA condition with a post hoc multiple comparison without the

outlier excluded.

CSV-1000E data, CSF curves were generated by fitting
a second-order polynomial to the CS values at four
testing spatial frequencies. AULCSF was calculated
according to the method of Yamane et al.,* in which
the fitted function was integrated between the fixed log
spatial frequency limits of 0.48 (corresponding to 3
cpd) and 1.26 (18 cpd). The cutoff was then defined as
the SF where the threshold is 50% contrast (or CS =
2) based on the best fitting curve. In terms of the quick
CSF method, AULCSF, used as a summary metric
of the CSF function,?-3-%0 was calculated as the area
under log CSF from 1.5 to 18 cpd.’”*! The cutoff
spatial frequency, also defined as the spatial frequency
at which logCS is 2.0 (threshold = 0.5),”® was derived
from the estimated quick CSF curve.

Data analyses were performed using SPSS version
25 for Windows (IBM, Armonk, NY, USA). The VA
and logCS values obtained with the three tests were
characterized by median and interquartile range (IQR)
(Table 1). The normality of the data distributions was
confirmed using the Shapiro-Wilks test. Because the
logCS obtained with the CSV-1000E and quick CSF at
four spatial frequencies, the logMAR VA, the estimated
AULCSEF, and cutoff frequency from the CSV-1000E
test did not follow the normal distribution, the differ-
ences between the four simulated visual conditions
at four spatial frequencies were compared using a 4
(spatial frequency) x 4 (condition) two-way nonpara-
metric analysis of variance (ANOVA) (Scheirer-Ray-
Hare test*?) and Friedman test, respectively. The cutoff
and AULCSF obtained from the quick CSF followed

the normal distribution, and a one-way repeated
measure ANOVA was performed to evaluate the differ-
ences among the three simulated conditions and the
BCVA condition. When the differences were statisti-
cally significant (with P < 0.05), the nonparametric
Friedman test was followed by the Dunn-Bonferroni
post hoc test to compare VA value, logCS at each
spatial frequency from the CSV-1000E and the quick
CSF tests, cutoff and AULCSF estimated from CSV-
1000E, whereas a post hoc Bonferroni test was carried
out to compare the cutoff and AULCSF from the
quick CSF method. All « values were two-sided at a
type I error rate of 0.05. Additionally, to quantitatively
compare the two CSF methods in detecting small visual
changes, a multivariate linear regression model was
applied to test whether there were statistically signifi-
cant differences in observed logCS differences between
the simulated visual conditions and the BCVA condi-
tion measured with CSV-1000E and the quick CSF. The
regression model takes the following form:

Y=o+ Bi1X| + Boxz + B3x3 + Bux| - X2 + BsX| - X3

+ BeX2 - X3+ Brx1 - X2 - X3 + &,

where y is the logCS difference between the three
simulated visual conditions and the BCVA condition,
o was a constant, ¢ was a random error term, X; is
the scale variable of SF, x,, X3 are nominal variables of
visual conditions and methods, 81, B, 83 are the coefhi-
cients of the independent variables, 84X; - X2, BsX] * X3,
Bexo - X3 are the pairwise interactions of the three
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independent variables, and 87X - X, - X3 is the three-way
interaction. The goodness of fit of the regression model
was evaluated using the adjusted coefficient of deter-
mination, adjusted R’, which adds precision and relia-
bility by considering the impact of additional indepen-
dent variables.

Test-retest reliability was evaluated with the Bland-
Altman plot. The coefficient of repeatability (CoR),
defined as 1.96x within-subject standard deviation
from the test-retest difference (test 2-test 1), was used
to determine the test-retest reliability, where a lower
value indicated less variability with repeated measures
and therefore better reliability. The average difference
between test and retest represented bias. Outliers were
identified by the Tukey method (Boxplot), and fences
were set at 1.5 IQR below Q1 and above Q3 [Q1-1.5
IQR, Q3+1.5IQR]. The number of the outliers was
characterized by mean and standard deviation (SD).
The above-mentioned analyses were performed both
with and without outliers excluded.

The mean spherical equivalent refractive error of
all 60 subjects was —4.49 + 2.38 D (range, 0.00 to
—8.50 D). The mean spherical and cylindrical errors
were —4.22 + 2.31 D and —0.54 £ 0.48 D, respectively.

Visual Acuity

The median [IQR] logMAR VA for the four
simulated visual conditions are listed in Table 1.
The 0.8BAN condition showed statistically significant
worsening of logMAR VA compared with the BCVA
condition (post-hoc multiple comparisons are shown
in Figure 2, P.yrecrea < 0.001), whereas the other two
simulated conditions (4+0.25D and 60% ND) showed
no statistically significant difference with the BCVA
condition (0.25D: P.yrreciea = 0.056, 60% ND: P,y ected
= 0.093).

Contrast Sensitivity

The median [IQR] logCS scores at four spatial
frequencies under the four simulated visual conditions,
obtained from the CSV-1000E chart and the quick
CSF, are presented in Table 1. A 4 (spatial frequency)
x 4 (condition) nonparametric two-way ANOVA
(Scheirer—-Ray—Hare test) was performed on the logCS
obtained with CSV-1000E. Both the main and interac-
tion effects of condition and spatial frequency reached
significance. Friedman post-hoc Dunn test were further
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logMAR visual acuity

0.4
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> 0.0
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— -0.2f
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>
2
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BCVA +0.25 60%ND 0.8BAN

Figure 2. Box plots of logMAR visual acuity (VA) obtained with
Bailey-Lovie tumbling E chart. A box plot illustrating changes in
logMAR VA under four visual conditions. Within each box, the middle
horizontal line denotes the median logMAR VA values; the top and
bottom of each box represent the twenty-fifth and seventy-fifth
percentile range; the vertical extending line and the error bars denote
adjacent values (i.e., the most extreme values within 1.5 interquartile
range of the twenty-fifth and seventy-fifth percentile of each condi-
tion). Pairwise comparisons showed that there was a statistically
significant difference (Porrectes < 0.001, ***) in VA between the 0.8
Bangerter foil diffusion condition (0.8BAN) from the normal viewing
condition (BCVA).

carried out to compare logCS at each spatial frequency
in the four conditions.

Similar to VA, there were statistically significant
differences between the 0.8BAN condition and the
BCVA condition in all four spatial frequencies with
the CSV-1000E test (P prreced < 0.001 for all, Fig.
3, Table 1). But logCS provided additional informa-
tion showing statistically significant losses of logCS
in the +0.25D and 60% ND conditions at 6 cpd
(4+0.25D: P orrectea = 0.011, 60%ND: Peyrrecrea = 0.002),
12cpd (4+0.25D: P orrecied = 0.013, 60% ND: Peyrrecred
= 0.005) and 18 cpd (+0.25D: P prrecred = 0.015, 60%
ND: P prreciea = 0.001) in comparison with the BCVA
condition with the outliers removed (Fig. 3, Table 1).
However, without excluding the outliers (4.50 + 3.42
outliers), the results were somewhat different: degrada-
tion was statistically significant at all spatial frequen-
cies in the 0.8 Bangerter viewing condition (P.oecred
< 0.001), at 6, 12 and 18 cpd in the 60% ND filter
condition (6 cpd Pyrecrea = 0.001, 12 cpd, P orrecied =
0.003, 18 cpd, P.orrecrea = 0.001), and only 12 cpd in
the +0.25D condition (P.yrecied = 0.006) (Table 1). In
terms of AULCSEF, a summary statistic that quanti-
fies the entire range of contrast visibility, statistically
significant degradation was found in all the simulated
conditions in comparison with the BCVA condition
(with or without two outliers excluded, Fig. 3, Table 1).
For the cutoff spatial frequency, there was no statisti-
cally significant difference among the four conditions
(with or without 17 outliers excluded, Fig. 3, Table 1).
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Visual Simulation Conditions

Figure 3.

Box plot of logCS obtained with CSV-1000E for different spatial frequencies, cutoff frequency and AULCSF under four visual

conditions. The details of the box plot are the same as Figure 2. The blue crosses represent individuals whose values were statistical outliers.
As shown in the subplots, post hoc multiple pairwise comparisons were also used to examine statistical differences between the three
simulated visual degraded conditions and the normal viewing condition (BCVA) with the outliers excluded. One to three asterisks indicate
Peorrected < 0.05, Peorrected < 0.01, Peomrected < 0.001, respectively. P values are adjusted for multiple testing.

However, when the quick CSF was used as the CS
measure, logCS showed losses under all the simulated
visual conditions in the same spatial frequencies tested
with the CSV-1000E method (Table 1). The logCS
values were generally higher with the CSV-1000E test
than with the quick CSF test, especially at the highest
frequency (18 cpd), where CSV-1000E produced a
median measurement of 1.25 logCS under the normal
viewing condition, which was almost three times as
high as the measurement from the quick CSF test

(0.49 1ogCS). Similar to CSV-1000E, a nonparametric
two-way ANOVA (Scheirer-Ray-Hare test) was used to
compare logCS results obtained with the quick CSF
method. We found that there were significant main
effects of both SF and condition, with no significant
condition by SF interaction. Post-hoc Dunn’s test for
pairwise comparisons at each spatial frequency found
statistically significant differences in logCS between all
simulated visual conditions and the BCVA condition
with and without the outliers removed (P,yrrecred <
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Visual Simulation Conditions

Figure 4. Box plot of log contrast sensitivity (CS), cutoff spatial frequency and the area under log contrast sensitivity function (AULCSF)
obtained with the quick CSF under four visual conditions. The details of the box plot are the same as Figure 3. Post hoc multiple comparisons
showed that statistically significant differences in logCS between the three simulated visual degraded conditions and the normal viewing
condition (Peorrectes < 0.001, ***, Pvalues are adjusted for multiple testing) at the same four SF with CSV-1000E, cutoff value, and AULCSF with

the outliers excluded.

0.001 for all, one outlier, Fig. 4, Table 1). The cutoff,
which is strongly related to VA, showed more sensitiv-
ity than logMAR VA and more accurate than CSV-
1000E in detecting changes (post hoc multiple compar-
isons are shown in Fig. 4 and Table 1, P recrea <
0.001 for all, with and without four outliers removed).
The AULCSF in the BCVA condition was found to
be significantly higher than the other three conditions
(Peorrecrea < 0.001 for all, Fig. 4 and Table 1), reflecting
the effects these changes brought about onto the visual
system as a whole.*?

Additionally, we quantitatively compared the two
CSF measures in detecting small visual changes using
multivariate linear regression analysis (Table 2). The
regression model provided a good account of all the
data [F (7, 51.14) = 144.89, P < 0.001, R’ jusea =
0.41]. Specifically, we compared the logCS differences
between the three simulated visual conditions and the
BCVA condition measured with the two measures. In
terms of different measures, the quick CSF method
detected statistically significant bigger logCS differ-
ences between the simulated and BCVA conditions
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Table2. Multivariate Linear Regression of Contrast Sensitivity discrepancy for Spatial Frequency, Visual Condition,
and Measure Variables

Unstandardized

Dependent Independent Beta Coefficient
Variables Variables Adjusted R? of Regression t PValue
LogCS discrepancy 0.41 <0.001
Spatial frequency 0.05 3.86 <0.001
Visual condition 0.44 9.85 <0.001
Measure 0.31 351 <0.001
Spatial frequency x Visual condition —0.02 —4.58 <0.001
Spatial frequency x Measure —0.03 —3.77 <0.001
Visual condition x Measure —0.15 —535 <0.001
Spatial frequency x Visual condition x Measure 0.01 493 <0.001

than CSV-1000E (85 = 0.31, P < 0.001). The three-way
interaction term indicated that both spatial frequency
and visual condition affected the logCS differences
between the simulated and BCVA conditions measured
with the two methods (8; = 0.01, P < 0.001).
That is, the observed logCS differences from the two
methods were different at different spatial frequen-
cies and for different visual conditions. For instance, a
higher degradation of visual quality (0.8BAN) gener-
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Figure 5.

ated a bigger difference in 1ogCS change between CSV-
1000E (the average 1ogCS difference between 0.8BAN
and BCVA condition was 0.56) and the quick CSF
method (the average logCS difference between 0.8BAN
and BCVA condition was 0.67) in comparison with
a lower degradation of visual quality (the average
logCS difference between 60%ND and BCVA was
0.15 and 0.20 for CSV-1000E and the quick CSF,
respectively).
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Bland-Altman plots of the Differences vs the Means of the area under contrast sensitivity function (AULCSF) obtained from the

quick CSF test-retest values. Bland-Altman plots showing the differences (second AULCSF-first AULCSF) between AULCSF obtained from each
quick CSF measure, plotted against their means (second AULCSF + first AULCSF/2) under four visual conditions. Each dot represents one data
point. The central solid lines indicate the mean differences (MD) between different measures. Dashed lines indicate the 95% agreement upper
and lower limit intervals. The CoR ranging from 0.14 (95% Cl, 0.11-0.20) to 0.18 (95% Cl, 0.11-0.20) logCS, was used to determine the test-
retest reliability.
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Probable outliers of each spatial frequency used in
the two methods were identified by applying Tukey
Fences. Due to the apparent skewness, the 0.8BAN
condition in the 12c¢pd and 18 cpd conditions with
the quick CSF had some outliers when using Tukey’s
range test. However, it is noted that, compared with
the quick CSF, CSV-1000E had more outliers at each
spatial frequency in the absence of obvious skew distri-
bution (CSV-1000E: 4.50 + 3.42 outliers vs. quick CSF:
1 outlier), indicating that there was more variability
among individuals within each condition and more
bias in the CSV-1000E test. Meanwhile, we also noticed
that a considerable number of outliers were identified
in all conditions in the cutoff frequency comparisons
of CSV-1000E (17 outliers, Fig. 3).

Teat-Retest Reliability

Bland-Altman plots of AULCSEF, that is, the test-
retest difference of AULCSF value against the mean,
are shown in Figure 5. CoR was computed for each
visual condition in the subplots. Between the two CSF
tests, the quick CSF test demonstrated better overall
repeatability than the CSV-1000E, with CoR values
ranging from 0.14 (95% confidence interval [CI], 0.11-
0.20) to 0.18 (95% CI, 0.11-0.20) logCS for the quick
CSF compared to 0.29 to 0.42 logCS for CSV-1000E.*+
The bias was low for all conditions in the quick CSF
test, which ranged from —0.02 to 0.03 logCS from test
to retest. Bias values tended toward the positive range,
except for the 60% ND condition, representing a minor
increase in logCS for retest measurements in compar-
ison to the first test. This small improvement likely
represents a practice effect or task-specific learning.

Discussion

Although it is not routinely measured in clinical
settings, CSF can provide useful information for which
VA charts may not. The accuracy, sensitivity, and
repeatability of CSF measurements make it an impor-
tant test for early diagnosis and monitoring of disease
progression. The test can also provide clinical infor-
mation to assess treatment outcomes. Whereas chart-
based CSF tests are economical, easy to operate, and
take less time, the results may sometimes be misin-
terpreted given that different tests measure different
aspects of vision across different spatial frequency
ranges. Hence, the importance of CSF measurements
in the clinic has been greatly underestimated.

In this study, we tested the sensitivity of differ-
ent functional vision assessment methods in detect-
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ing minor changes in visual quality with simulated
visual degradations. Visual qualities were impaired by
simulating an under-correction (40.25 D), a bright-
ness reduction (60% ND), and a foil that degraded
VA (0.8BAN). Our results indicated that the VA chart
could only detect visual impairment in the 0.8BAN
condition, while CSF measured with CSV-1000E could
only detect visual impairments in three simulated
conditions at medium and high spatial frequencies (6
cpd, 12 cpd, and 18 cpd). Yet, it could not detect
visual impairments of the +0.25D condition and the
60% ND condition at a lower SF (3 cpd), which is
usually the earliest affected frequency by eye diseases
such as glaucoma***> and neurological conditions such
as cerebral injury.*® When we used the quick CSF
method to measure CSF under the four different visual
conditions, we found statistically significant differences
between three simulated conditions and the normal
viewing condition in all spatial frequencies. There
were also statistical differences in AULCSF and cutoff
between them. In addition a quantitative comparison
of the two CSF measures in detecting small visual
changes was conducted. Multivariate linear regression
analysis applied to test whether there were statisti-
cally significant differences in observed logCS differ-
ences between the simulated visual conditions and
the BCVA condition measured with CSV-1000E and
the quick CSF showed that the quick CSF method
detected a statistically significant bigger logCS differ-
ences compared with CSV-1000E. Additionally, the
CoRs for the four different visual conditions obtained
from the quick CSF test also demonstrated high
repeatability and stability. In addition, there were many
outliers in the results obtained from CSV-1000E, which
reflected the instability of the test. The considerable
number of outliers identified in the cutoff frequency
would lead to the speculation that the contrast sensi-
tivities at four spatial frequencies did not provide good
constraints on the second-order polynomial in many
cases.

The difference in detection performance across
methods is mainly a result of the limitation of the
VA test in functional vision assessment and the low
sampling resolution of CSV-1000E. The logCS values
were generally higher with the CSV-1000E test than
the quick CSF test, which had also been observed
in previous studies.*’ This is due to the fact that
the quick CSF scaled its stimulus size according to
its displayed SF; hence, the stimuli are significantly
smaller in size than the fixed size grating in CSV-1000E
test at higher SFs. Although VA is ubiquitously used
as an indicator of clinical visual function, it only
represents the spatial resolution at high contrast; it is
not uncommon that patients with ocular disorders,
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such as early-stage cataract and glaucoma, exhibit
normal visual acuity but poor visual quality.* Such
visual degradation might be due to a loss of contrast
sensitivity at some spatial frequencies, especially in the
intermediate frequencies, which are highly important
for daily vision.*® In our study, we simulated visual
conditions of low brightness and a small degree of
undercorrection that rarely affect high-contrast spatial
resolution, whereas a drop in contrast (entering a
dimly lit room or night driving) causes a consider-
able drop in visual performance (reading, facial, and
object recognition), to a much larger degree than what
could be predicted from VA in the fovea. On the other
hand, CSF charts often have fixed sampling steps.
There are limited grating contrast and SF ranges in
these charts, making them vulnerable to ceiling and
floor effects, and thereby limiting their sensitivity to
detect subtle changes in visual quality. Furthermore,
Kelly et al.!” indicated that the test-retest reliability
for CSF chart tests such as CSV-1000 is low. Its CoR
ranged from 0.37 to 0.50 logCS even with outliers
removed. The instability of testing results makes it
difficult to be applied as a criterion-based outcome
for clinical evaluation in diagnostic testing and treat-
ment effectiveness of eye diseases. Thirty-two grating
stimuli (four frequencies and eight contrasts) are used
in the CSV-1000E chart; in contrast, the quick CSF
method samples (at a minimum) 720 digital stimuli (12
spatial frequencies and 60 contrasts). Thus the quick
CSF method is not only flexible enough to capture
large-scale CS changes across different degrees of
visual impairments but also precise enough to capture
small-scale changes common to the progression or
remediation of pathological visual functions.

Despite the prospects demonstrated above, the
quick CSF has its shortcomings. The quick CSF
measurement relies on observers’ reliability in report-
ing their visual percept. Numeric recognition may still
be a challenging task for preverbal newborns and
preschoolers, especially those under the age of three
years old. Therefore further improvement of the quick
CSF method could explore alternative optotypes to
satisfy the requirements of different age groups. For
preschoolers with limited language skills and less-
developed cognitive abilities, the numeric stimuli can be
replaced with cartoon patterns, which can be filtered
and rescaled to different sizes. On the other hand,
for preverbal infants, eye-tracking technology can be
used to implement the preferential looking method to
measure the CSF.

To conclude, the quick CSF method offers a promis-
ing clinical tool to provide useful information on visual
quality. Future research could further evaluate the
sensitivity, precision and reliability of the quick CSF
test in quantifying subtle changes of visual function.
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When suitably applied, it can be used as a screening
tool for evaluating the optical and physiological state of
the eye and visual pathway to detect ocular and neural
systemic diseases, to monitor disease progression, and
to assess treatment outcomes.
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