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Abstract

The Colour Vision Screener (CVS) test was evaluated for use on visual displays that support
the Red Green Blue (sRGB) color space standard. When used on commercial displays in
sRGB color mode, the CVS had a sensitivity and specificity (95 percent confidence intervals)
of 0.55 (0.46 — 0.64) and 1.00 (0.98 — 1.00). With calibrated displays all color deficient
observers failed the CVS, but many of these, some with severe loss, were able to pass the
test on 10 separate sSRGB displays. The CVS test can only achieve close to 100% sensitivity

and specificity on fully calibrated displays.

Keywords: sRBG, color vision, screening, home testing
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Introduction

At-home vision screening has become an increasingly valuable tool in personalized
healthcare, allowing for the early detection of disease and the monitoring of progression. [1—
3] Such screening can also play a key role in clinical trials, serving as both an endpoint and
interim measurement to enhance patient engagement, reduce drop-out rates, and streamline
data collection. [4,5] Many methods of screening for visual acuity and amblyopia [6], and
color vision [7-12] (and in some cases all three [13]) have been reported, with screeners
designed for at-home use typically designed for self-administration, being completed on a

personal computer (either via download or webpage) or using a tablet or smartphone.

Screening for normal trichromatic color vision is of value in the detection and monitoring of
diseases that affect the visual system, [14—16] and for determining occupational

suitability. [17—19] Any anomalous aspect in the series of parallel systems which give rise to
human color vision can result in abnormal red/green (RG) and yellow/blue (YB) color
vision. [20,21] As a result, in large clinical trials color vision testing serves as a valuable
endpoint for evaluating the efficacy of treatments for conditions such as diabetic retinopathy
and glaucoma. [16,22,23]

Technological advancements and the increased production and availability/accessibility of
portable computers present additional opportunities for at-home color vision screening,
particularly in populations with limited access to regular eye care. To ensure screening
provides accurate and actionable data when carried out remotely one must account for
factors including device variability, user adherence to instructions, and display and
environmental lighting conditions. Color vision testing presents its own specific demands.
Whether reproduced across a range of visual displays or on printed media to measure
chromatic sensitivity one must ensure stimuli are produced with the correct chromaticity and
luminance to isolate color signals. [24] With visual displays one approach to minimize such
differences is to use an established and widely adopted color space, such as the Red Green
Blue (sRGB) color space standard defined by the International Electrotechnical

Commission. [25]

Selecting a standard color space enables adequate color reproduction for normal trichromats
and can minimize variability, but in practice variability is not eliminated entirely. Locked
brightness and color temperature settings can result in SRGB visual displays failing to
accurately replicate the intended colors. In addition, these avoidable factors, inter-monitor
variation in gamma values, the spectral power distribution of the three primaries, and
deliberate selection of higher or lower maximum display luminances by display manufactures

can result in increased variability. It is of value, when in pursuit of at-home color vision
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testing, to establish experimentally the variability one can expect within SRGB visual displays

and when screening for color vision deficiency on such displays.

Two separate studies were carried out to investigate the newly developed color vision
screener (CVS) test. [26] This paper is the second of two manuscripts that describe the
results from the two studies. The first manuscript evaluated the test when implemented on
fully calibrated visual displays and found that the CVS achieves a high sensitivity and
specificity (1.00 and 0.99 respectively) in 430 participants assessed across 9 international
centers. The purpose of the second study was to investigate the feasibility of “at home’ color
vision screening using the CVS when the display calibration is assumed to correspond to the
sRGB color standard. This approach replicates the conditions one would expect if the test
were downloaded and completed on personal computers outside of the clinic or laboratory.
Secondary aims included an investigation into the effect of changes in background

chromaticity upon chromatic sensitivity.

Methods

Twenty visual displays that were representative of typical desktop computer monitors
commonly used in home and office settings were procured. These visual displays were
either commercially available or actively in use in real-world office settings at the outset of
the study. Displays were selected based on their affordability and prevalence in workplace
environments, particularly those likely to be issued to employees working from home. Half of
the displays were acquired from City St Georges, University of London and half were
purchased from online retailers. The displays used either cold cathode backlighting, LED, or
WLED backlighting and were set to the SRGB color mode using each monitor’'s on-screen
display (OSD) interface with minimal changes to any other setting to mirror, as closely as
possible, the procedure individuals would follow if carrying out the tests at home. The
spectral radiance of each primary colour and the display sRGB ‘white’ were measured over
the spectral range 380 to 780 nm using a Konica CS-2000A telespectroradiometer (Konica
Minolta Inc). The instrument, defined by the manufacturer’s specifications, has a specified
wavelength resolution of just under 1 nm with a spectral half bandwidth of 5 nm, a precision
of £0.3 nm, and a chromaticity accuracy of x: £0.015, y: +0.001 (stated for standard source
A). The spectrum was sampled every nm. Gamma functions for each primary were

measured for a subset of monitors due to resource constraints during data collection.

From the set of 20 displays, the 10 visual displays with the most recent manufacturer date
were selected to ensure the study best reflected current technological standards (displays
11-20 — all of which employ LED or WLED backlighting) and thirty-two participants were

recruited using advertisements posted at City St George’s, University of London.
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Participants completed the CAD and CVS test on a 10 bit Eizo CS2420 monitor, calibrated
using a Konica CS-2000A telespectroradiometer (Konica Minolta Inc), and the downloadable
CVS test on the ten sSRGB visual displays. The CAD and CVS tests have been described
previously [26,27] and the initial CAD and CVS test were always completed prior to testing
with the sSRGB visual displays. The order of testing for the downloadable CVS on the SRGB
visual displays was randomized. Participants who were identified as having color vision
deficiency by the CAD test completed additional testing using a Type 1 Nagel
anomaloscope. The sensitivity and specificity were calculated for all monitors and 95%
confidence intervals (CI) were calculated using the Wilson method. Local research and
ethical approval was obtained prior to any participant recruitment, informed consent was
obtained from all participants, and the project followed the ethical principles of the

Declaration of Helsinki.

Following data collection, an exploratory study was carried out to evaluate the potential
impact of measuring chromatic sensitivity at different background chromaticities. Using the
CAD test paradigm, thresholds were measured for a healthy 30-year-old participant in 32
orientations (14 RG, 18 YB) for 6 background chromaticities. The background chromaticities
included: the four background chromaticities with the largest chromatic deviations from the
sRGB standard measured in the 10 monitors used in the main study, the background
chromaticity used in the CAD test, and the SRGB background chromaticity, as defined in the
sRGB standard. Ellipses were fitted to these thresholds using least square fitting described
by Fitzgibbon et al., Halir & Flusser, and Zsombor-Murray. [28—-30] This algorithm was
implemented in Python 3.11.5. [31] The 95% confidence intervals for the ellipse parameters
were calculated and used, in combination with the CAD test thresholds, to determine
whether the chromatic thresholds differed significantly from one another when measured at

each different background chromaticity.

Results

The radiance of each visual display’s primary when measured at the start of the study is
shown in Fig. 1, along with the maximum luminance. The luminance of the maximum white
ranged from 41 to 282 cd/m? for monitors 1-20 and from 82 to 282 cd/m? for monitors 11-20.
No significant differences were found between the primary spectra of all visual displays

when measured before and after the study.
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Fig. 1. Initial spectral scans for all 20 monitors set to the SRGB (or standard) color mode measured using a
Konical38 CS-2000A telespectroradiometer. The measured luminance of each display is shown in the title for
each subplot and the ordinate is fixed to enable a comparison of luminance across all displays.

Table 1. A) The sRGB standard luminance and CIE x,y chromaticity coordinates. B) The photopic luminance of
20 monitors used in the first phase of the study. All monitors were set to their ‘standard’ or sSRGB setting. The
luminance and chromaticity of the display ‘white’ point were measured using a Konical38 CS-2000A
telespectroradiometer under the specified SRGB viewing conditions, allowing for comparison to the SRGB
standard. Gamma values were only measured for a selection of displays due to resource constraints. The
average AW in CIE x,y between measurements at the start and end of the study was 0.002#0.001.

A)

Reference L_white
W(X,y) Gamma
Measure (cd/m?)

sRGB

80 (0.3127,0.3290) 2.2
standard

B)

White Point

AL w.r.t. chromatic

SRGB (cd/m?) displacement w.r.t
sRGB (AW CIE x,y)

Monitor L photopic

No. (cd/m?) W(X,y) Gamma

01 85 (0.287,0.300) 2.1 5 0.039
02 260 (0.321,0.335) - 180 0.010
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Fig. 2 shows the measured CIE x,y chromaticities for each primary color and each monitor
and the sRGB standard. Each visual display’s white point chromaticity (in CIE x,y
coordinates) and the relative difference when compared to the sSRGB standard are shown in
Table 1. The average displacement in CIE x,y white point chromaticity, across all monitors,
in initial and final study measurements was 0.002 + 0.001. Gamma values, measured for a
subset of the visual displays ranged, across all primaries, from 1.8 to 2.3 with a median [and
interquartile range (IQR)] of 2.2 [2.1-2.3].
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Fig. 2. A) The CIE x,y chromaticity coordinates for each of the primaries and white of the 20 visual displays used
in the study. B) The CIE x,y chromaticity for the white points of the 20 visual displays and C) the 10 visual
displays used for the CVS measurements in the latter part of the study. Plots D), E), and F) show the CIE x,y
chromaticity for the red, green, and blue primaries, respectively.

Participants recruited and assessed on the CVS test included 21 normal trichromats, 8
deutan, and 3 protan participants, as diagnosed by the CAD test. All cases of congenital
color deficiency were confirmed using the Nagel anomaloscope (5 deuteranomalous
trichromats, 3 deuteranopes, and 3 protanopes), with 100% agreement between the CAD
classification and the anomaloscope. Participants ranged from 19 to 69 years of age, with a
median age [IQR] of 29 [26-41] years. The median ages for normal trichromats and color
deficients were 29 and 30 years respectively. The normal trichromat population included 12

male and 9 female participants, all 11 color deficients were male.
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All participants were correctly classified by the CVS when carried out using a calibrated
visual display. All participants produced correct responses on all displays when presented
with ‘check’ trials (i.e., stimuli defined by a combination of color and luminance contrast
signals). As shown in Table 2, all normal trichromats assessed passed the CVS and were
correctly classified as having normal RG and YB color vision on all 10 uncalibrated visual
displays set up to use the standard or sSRGB color mode. Across all visual displays, between
25-75% of deutans and 33-67% of protans passed the CVS test. Three CVDs passed the
CVS test on all 10 visual displays and two CVDs failed the CVS test on all 10 visual displays.
Treating all 10 uncalibrated visual displays as one group, this corresponds to a RG
sensitivity and specificity (and 95% confidence intervals [CI]) of 0.56 (0.46 — 0.64) and 1.00
(0.98 — 1.00), respectively for the CVS test’s use on uncalibrated sRGB visual displays. The
sensitivity of the CVS ranged from 0.27 (0.01 - 0.57) to 0.73 (0.43 - 0.90) on each visual
display. For YB stimuli, the CVS specificity was 1.00 (0.99 - 1.00) and the sensitivity could
not be determined as no participants with YB loss were assessed.



173 Table 2. The outcome of 320 CVS tests for 32 participants across 10 uncalibrated visual displays configured with
174 their inbuilt SRGB color mode. A) The proportion of participants with normal color vision, deutan, and protan
175 deficiency who pass the RG component of the CVS on each sRGB display, along with the sensitivity and

176 specificity for each visual display. B) The proportion of RG stimuli correctly identified by the 11 participants with
177 color vision deficiency, sorted by type of color vision deficiency and red/green (RG) CAD threshold. The type of
178 CVD (DA — deuteranomalous, D — deuteranopic, P — protanopic) in color deficiency participants was determined
179 by the CAD test and the Nagel anomaloscope, with 100% agreement between both measures. Cells marked in
180 red indicate cases where participants failed the CVS.

181

182
The proportion of normal trichromats, deutans, and protans who pass the CVS

test on sRGB visual displays

Visual Display
Type of CVD N

117 12 13 14 15 16 17 18 19 20

Normal 21 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Deutan 8 25% 50% 38% 25% 25% 38% 75% 63% 75% 25%
Protan 3 67% 33% 67% 33% 33% 33% 33% 33% 67% 67%
Sensitivity 0.64 0.55 0.55 0.73 0.73 0.64 0.36 0.45 0.27 0.64
Specificity 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

B) The proportion of RG CVS stimuli correctly identified by CVD participants

CAD Visual Displ

isual Displa
CVD Age Thresholds e
(years)

YB 11 12 13 14 15 16 17 18 19 20

DA 21 342 082 70% 73% 68% 66% 73% 70% 75% 75% 91% 73%
DA 40 6.17 0.92 52% 64% 70% 50% 66% 61% 82% 59% 59% 59%
DA 23 9.65 0.96 82% 82% 84% 75% 89% 82% 84% 89% 84% 84%
D 26 15.85 0.74 91% 95% 98% 98% 100% 95% 100% 98% 95% 98%

34 1595 0.93 66% 89% 75% 70% 73% 80% 77% 84% 86% 86%
DA 22 1640 1.04 61% 64% 61% 70% 66% 61% 57% 77% 82% 70%
DA 46 2396 1.00 70% 77% 68% 68% 68% 64% 75% 73% 80% 70%

50 26.47 0.98 50% 64% 57% 61% 45% 66% 64% 64% 68% 57%

D

P 27 19.81 0.82 98% 89% 91% 82% 84% 89% 86% 86% 86% 86%
P 31 20.99 0.89 84% 68% 80% 59% 68% 66% 73% 68% 75% 73%
P

30 28.60 1.62 43% 59% 45% 52% 48% 43% 66% 55% 48% 57%
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Chromatic thresholds measured at different background chromaticities using the CAD test
paradigm are shown in Fig. 3. Variation in the ellipse parameters (other than the center
point) was not statistically significant at the 5% level, including a minimal change in the
ellipse orientation which varied between 63-70 degrees [within 95% CI for the mean]. When
the ellipse parameters are converted to RG and YB CAD units the observed variability is
within the established limits for within-subject variability on the CAD test. [26]
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Fig. 3. Ellipses fitted to CAD thresholds measured in 32 directions in CIE x,y color space at 6 different
background chromaticities. The 20 variation is shown graphically by the shaded region and the equivalent CAD
thresholds for each fitted ellipse are shown in each inset.

Discussion

The calibration of visual displays is the primary barrier and differentiator between robust,
established measures of display-based methods and at-home color screening. How methods
of color screening vary on sRGB visual displays in individuals with normal trichromacy and
congenital color deficiency is therefore of significant interest for at-home testing. When
carried out using SRGB visual displays the RG sensitivity [95% CI] of the CVS test is far
lower (0.56 [0.46 — 0.64]) than the outcome when the test is carried out on spectrally
calibrated visual displays (N=430, 1.00 [0.98 — 1.00]). [32] The specificity of the CVS test
when participants are tested on uncalibrated sSRGB visual displays is statistically equivalent
to visually calibrated displays (SRGB: 1.00 [0.98 — 1.00]; calibrated: 0.99 [0.97 — 1.00]). The

sensitivity does however vary markedly across different SRGB visual displays, ranging from
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0.27 (0.01 - 0.57) to 0.73 (0.43 - 0.90), highlighting the differences one may expect across

sRGB visual displays found in an at-home setting.

The variation between visual displays is not unexpected given the variability observed in
their photo- and radiometric properties as shown in Fig. 1, Fig. 2 and Table 1. Less
expected perhaps is the clear individual variation in CVS outcome observed in color deficient
observers when assessed using sSRGB visual displays (Table 2). Some color deficient
participants (1 deuteranomalous trichromat, 1 deuteranope, and a protanope as classified by
the Nagel anomaloscope) passed the CVS on sRGB visual displays, despite having
‘moderate’ or “severe’ color vision deficiency. [27] It should be noted that all of the
participants shown in Table 2 failed the CVS (and were correctly identified as having RG

loss) when the same CVS test was carried out using a spectrally calibrated visual display.

A source of variability across sRGB visual displays is the difference in the chromaticities of
primary colors, as shown in Fig. 2. Results from an exploratory investigation into the impact
of background chromaticity upon chromatic thresholds (shown in Fig. 3) revealed that
variations observed for different background chromaticities fall within the expected mean,
within subject variability of ~10% of the mean threshold. [26] Even at the same background
chromaticity, the estimated parameters of each ellipse may vary by as much as 2c. This
suggests that shifts in background chromaticities are unlikely to account for the unexpected
error patterns observed in subjects with congenital color deficiencies. Instead, subject-
specific factors—such as variations in cone optical density, differences in L/M cone ratios,
and residual luminance contrast signals—are more likely contributors to the observed
outcome. However, as noted by Regan et al., the discrimination ellipses for CVDs, not
normal trichromats, may rotate for different backgrounds [33] Further analyses with a larger
cohort, including both normal trichromats and CVDs, is required to quantify fully the

contribution of the different background chromaticities measured in this study.

Whilst variation in the maximum luminance of each display was observed, this alone may not
explain the results, unless this variation also causes different changes in the gamma values
of the primary colors of the display. We know that provided the chromaticity of the
background remains relatively unchanged, RG thresholds remain stable down to ~ 2.5 cd/
m?2. [34] Given the relatively high maximum luminances of the sRGB displays employed in
this study (see Table 1) one can be confident that any differences in the mean background
luminance amongst the sSRGB displays cannot cause the poor sensitivity for detection of

congenital RG deficiency observed in this study.

A limitation of the present work is that gamma values were only measured for a subset of

displays, limiting the generalizability of these findings. Whilst visual display 19 had the
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lowest sensitivity and differed most from the sRGB standard in terms of its white gamma,
displays 12 and 13 were measured to have white gamma values matching the sRGB
standard, yet both displays were found to have a low sensitivity (0.55). While deviations in
gamma values may affect results for mildly color-deficient individuals, they fail, at least in
isolation, to explain the significant variation in error responses among those with severe

color deficiencies.

Another limitation is the lack of individuals with YB loss. Further work with a population that
includes such individuals is required to establish the CVS’s efficacy in screening for acquired
color defects which result solely in YB loss. However, in cases of acquired loss where both
RG and YB chromatic systems are impacted, the current study provides a partial picture of
the CVS’s screening accuracy. The consistency between the classification made by the CAD

test and the Nagel anomaloscope further supports these findings.

An important finding that emerges from this study is the need to assess and test individuals
with confirmed color deficiency if one wishes to validate a new method of color assessment
using uncalibrated visual displays. The high specificity of the CVS on sRGB displays is in
stark contrast to the reduced sensitivity, determined by anomaloscopy and CAD test
classification. Modern validation studies often opt to use a screening test, such as the
Ishihara or American Optical Hardy-Rand-Rittler pseudoisochromatic plates, as the
reference measure. [8,10] The best outcome a test can achieve in a validation study is
100% agreement with the reference measure (or gold standard) used. As such, the choice
to use any test that, depending upon the protocol used, has been reported to have a
sensitivity as low as 0.80 or a specificity as low as 0.67, has clear limitations and cannot, nor

should be, overlooked.

This work highlights the importance of full display calibration in addition to the limitations
present in current methods of ‘at-home’ color screening. The reduction in sensitivity when
one moves from calibrated to uncalibrated sSRGB visual displays is significant and clinically
relevant. Full display calibration is therefore required to improve the RG sensitivity of the
CVs.

Conclusion

An investigation into at-home color vision screening was carried out to establish the types of
light scatter present in visual display measurements, the efficacy of the CVS test on SRGB
visual displays, and factors contributing to the variability observed in the CVS test outcome
on such displays. The effect of ‘dark light’ within the display and the light scatter within the

photometer head in particular should be minimized when calibrating visual displays. Whilst
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within-display scatter contributes a small and consistent baseline level of ‘dark light’, the
signal generated as a result of internal scattering of light within the photometer head
increases with background size and luminance and can affect significantly the measured

luminance of the area of interest during calibration.

In conclusion, the results suggest that full spectral and luminance calibration of visual
displays are needed in order to improve the RG sensitivity of the CVS. The specificity of the
test is statistically equivalent across sRGB visual displays and fully calibrated visual
displays. Variations in maximum luminance values across sRGB visual displays do not fully
explain the observed results, notably the within-participant variation. Different changes in the
gamma functions of the primary colors can introduce significant errors in both the luminance
and the chromaticity of the test stimuli and may account for the poor sensitivity of the CVS
when used with uncalibrated displays. Further work is needed to establish whether changes
in gamma functions account for poor RG sensitivity that can be achieved on uncalibrated
displays. This work highlights the limitations of current at-home color screening methods and

the necessity for improved calibration to enhance the accuracy of color vision assessments.
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