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ABSTRACT 24 

Color vision tests and multi-test protocols in current use often fail to detect small changes in 25 

red/green (RG) and yellow/blue (YB) color vision due to poor sensitivity. The tests also have 26 

low specificity. In this study we examine how improved understanding of within- and inter-27 

subject variability in RG and YB color vision and accurate assessment of the differences in color 28 

thresholds between the least-sensitive, age-matched normal trichromats and the least-affected 29 

deutans and protans can be used to design an efficient Color Vision Screener (CVS) test. To 30 

achieve this objective, we examined two extensive data sets from earlier studies and carried out 31 

new experiments to provide better estimates of within-subject variability in color thresholds and 32 

to validate the CVS test. The data sets provide essential information on inter-subject variability, 33 

the effects of normal aging on RG and YB thresholds1 and the spread in RG color thresholds in 34 

deutan and protan subjects2.   35 

A statistical model was developed to optimise the parameters of the CVS test and to predict the 36 

limits of what can be achieved in color assessment. The efficiency and repeatability of the CVS 37 

test was then assessed in 84 subjects. The results match model predictions and reveal close to 38 

100% test efficiency. The test takes between 140s to 160s to complete and has close to 100% 39 

repeatability. An efficient, ‘two-step’ protocol based on the initial use of the CVS test followed 40 

by full color assessment in only those who fail the CVS test is also described.   41 

 42 

Keywords: color assessment, red-green color deficiency, yellow-blue color deficiency, acquired 43 

color deficiency, CAD test, color vision screener  44 

 45 

1. INTRODUCTION 46 
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Color discrimination is arguably the most sensitive attribute of vision with only gradual changes 47 

as a result of normal aging1, 3-6. Congenital color deficiency affects mostly RG color vision in ~ 48 

8.8 % of males and ~ 0.4 % of females7, 8.  The severity of RG loss in congenital color deficiency 49 

varies from almost normal chromatic discrimination sensitivity to complete absence of RG color 50 

vision9.  Acquired color deficiency arises mostly as a result of diseases of the retina and the optic 51 

nerve with preferential loss of YB chromatic sensitivity during the earliest stages of disease10, 11. 52 

Preferential loss of RG chromatic sensitivity is less common, but has been reported in patients 53 

with Duchenne muscular dystrophy12 and congenital aniridia13. Although acquired deficiency is 54 

most common in older people, younger subjects can also be affected, particularly when systemic 55 

diseases are involved14, 15.  56 

Color vision carries useful information that can greatly enhance visual performance16, 17.  In 57 

some visually demanding occupations, the use of color signals is safety-critical and reliable 58 

assessment of severity of color vision loss becomes important18-20.  59 

Screening for normal, trichromatic color vision is most commonly carried out using one of the 60 

several editions of the Ishihara (IH) plates and other pseudoisochromatic tests followed by 61 

minimum hue discrimination tests such as the Farnsworth D15, City University test, lantern tests 62 

and RG color matching, usually based on Rayleigh’s yellow match21, 22. Although several 63 

parameters affect the outcome of each of the above color assessment tests, the wavelength 64 

separation, max, between the peak spectral responsivities of L and M cones contributes most to 65 

the level of RG chromatic sensitivity that can be achieved23. In normal trichromats, max, is ~ 28 66 

nm. The least-affected deutans can approach a maximum separation of ~ 10 to 12nm, but the 67 

least affected protans can only achieve a maximum of 6 nm24, 25. The relationship between the 68 

severity of RG color vision loss and max is also very nonlinear with only modest improvements 69 
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in sensitivity when max exceeds 12 nm23. Some subjects diagnosed genetically as RG 70 

dichromats continue to exhibit residual RG chromatic discrimination sensitivity which has been 71 

attributed to other factors such as differences in the optical densities of L and M cone pigments26. 72 

In the case of anomalous trichromats, other parameters such as the large variation in the relative 73 

numbers of L and M cones in the retina or the presence of variant cone pigments in addition to 74 

normal pigments in female carriers of color deficiency can also affect the outcome of color 75 

assessment tests27. The correlation between detection of and predictions of expression of variant 76 

pigment genes based on genetic tests and the deficiency of color discrimination remains poor28. 77 

Whilst the anomaloscope and CAD assessments of the type of color deficiency are in very close 78 

agreement, the correlation between the parameters of the yellow match and the subject’s red / 79 

green chromatic sensitivity is poor29. On those rare occasions when subjects classed as normal on 80 

the anomaloscope, within the variability associated with the parameters of the yellow match, are 81 

diagnosed with congenital deficiency on the CAD test, other parameters may be involved. Such 82 

outcomes are possible when in addition to small shifts in the peak spectral responsivity of L or M 83 

cone pigments, changes in their optical densities are also involved. The latter can cancel out the 84 

shift in the midpoint of the yellow match caused by the presence of variant pigments, making it 85 

difficult to diagnose the presence of mild congenital deficiency30.  In such cases, genetic testing 86 

can provide useful, definitive information on the presence or absence of congenital RG 87 

deficiency9, but less so on the expected severity of color vision loss.   88 

In this series of three papers we examine the outcome of the most common color assessment tests 89 

employed in the clinic to detect early changes in chromatic sensitivity, and also in occupations to 90 

screen for congenital and / or acquired loss of color vision. In the first paper31, we examine the 91 

stimulus related visual signals a subject can make use of to pass color arrangement tests such as 92 
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Farnsworth D15. We show conclusively that subjects can make use of RG, YB and even 93 

luminance contrast signals to judge minimum perceived ‘color’ differences between adjacent 94 

caps and to carry out the arrangement test with no errors. We also show that dichromats and even 95 

rod monochromats can carry out the cap arrangement tasks with no errors when the caps are 96 

presented in two subgroups that preserve monotonic changes in either S-cone or rod signals. In 97 

the second paper22, we examine the statistical outcomes of the most common clinical and 98 

occupational color assessment tests and calculate the efficiency of frequently used, single- and 99 

multi-test protocols with emphasis on sensitivity and specificity. Many multi-test protocols 100 

employ three or even four tests to reach an outcome. Analysis of color assessment outcomes21, 22, 101 

32, 33 and comparison of different tests and protocols show that none of the commonly used, color 102 

assessment protocols approach high sensitivity and specificity. These tests also fail to quantify 103 

reliably the severity of color vision loss. The overall efficiency of both single and multi-test 104 

protocols remains low since the tests can only achieve high sensitivity at the expense of 105 

specificity34. The results reported in the second manuscript also reveal the often unjust outcomes 106 

of multi-test protocols in current use. When the assessment protocols are designed to pass all 107 

normal trichromats, many subjects with congenital and / or acquired color deficiency also pass22, 108 

31, some with severe loss of RG color vision and at the same time, many less severe subjects 109 

fail22. 110 

Complete color assessment requires full isolation of color signals and also selective stimulation 111 

of RG and YB chromatic mechanisms. High sensitivity is required to separate the least-sensitive 112 

normal trichromats from the least-affected deutans and also to detect the smallest changes in 113 

color vision during disease progression or treatment. The ideal test should be able to detect 114 

acquired loss in patients with congenital RG deficiency, classify accurately the applicant’s class 115 
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of color vision with 100% sensitivity and specificity and also quantify reliably the severity of RG 116 

and YB loss.  117 

No current conventional test or protocol fulfills all of these requirements, mainly because the 118 

tests fail to isolate the use of only RG or only YB color signals, do not eliminate the potential use 119 

of other cues and fail to achieve close to 100% sensitivity and specificity22, 31, 35. When used 120 

appropriately, some color threshold tests developed more recently, such as CAD23 and the 121 

Cambridge Color Test (CCT)36, 37 come close to achieving the ideal test requirements. These 122 

tests are, however, disadvantaged by the high costs of using expensive equipment which requires 123 

calibration. As a result, they are not commonly available and the thorough examinations needed 124 

to classify accurately the class of color vision and the severity of loss take long to complete 125 

(usually between 12 and 15 minutes on the CAD test).  126 

The third manuscript in the series describes an efficient ‘two-step’ color assessment protocol 127 

designed to overcome many of the disadvantages associated with conventional color assessment 128 

protocols22.   129 

Step 1 requires screening for normal RG and YB loss of chromatic sensitivity. The ideal color 130 

vision screener must be inexpensive, take little time to administer and must pass all normal 131 

trichromats and fail those with congenital and / or acquired color deficiency.  132 

Step 2 requires all applicants who fail the screener to take the full CAD test (or equivalent).  If 133 

rapid ‘screening’ for congenital and / or acquired color deficiency can be carried out with 100% 134 

sensitivity and specificity, only ~ 6% of all those tested require full color vision assessment. This 135 

estimate assumes equal numbers of males and females being tested and ~ 2% prevalence of 136 

acquired color deficiency. The latter may be even higher than 2%, particularly in older 137 

subjects38. A ‘two-step’ protocol based on the initial use of a color vision screener test followed 138 
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by full color assessment in only those applicants who fail the screener test has many advantages, 139 

but this requires the availability of an inexpensive and rapid screener with close to 100% test 140 

efficiency.  141 

In this manuscript we describe a new CVS test which comes close to meeting the desired 142 

requirements.  The stages involved in this test have been modelled statistically with parameters 143 

derived from measured data in normal trichromats and in subjects with congenital color 144 

deficiency. The model allowed optimum selection of remaining test parameters. When the least-145 

sensitive normal trichromats are compared with the least-affected deutan subjects, the model 146 

predicts close to 100% sensitivity and specificity. The less sensitive, least-affected protan 147 

subjects always fail the CVS test. We report preliminary color assessment results, including the 148 

outcome of the new CVS test in 84 subjects examined before the imposition of restrictions on 149 

face-to-face examinations as a result of the pandemic. The results are completely consistent with 150 

model predictions. In addition to predicting the high efficiency of the CVS test, the statistical 151 

analysis carried out also reveals the limits of what one can achieve experimentally as a result of 152 

inter-subject and within-subject variability.   153 

 154 

2. METHODS 155 

2.1 Participants  156 

The study participants attended the Advanced Vision and Optometric Tests (AVOT) clinic at 157 

City, University of London. Color assessment was carried out in each subject using IH, CAD, 158 

and the Nagel anomaloscope. Although the participants attended the clinic for color vision 159 

assessment, informed consent was obtained from each participant to allow anonymous inclusion 160 

of their results in our research investigations. The analysis carried out in this study includes two 161 
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sets of data measured over several years in addition to data from experiments designed 162 

specifically for this study. The first set of data examined the effects of normal aging on RG and 163 

YB color vision in normal trichromats. The data provided upper-normal, threshold limits as a 164 

function of age for both RG and YB color vision and a measure of inter-subject variability. The 165 

study involved 215 females and 197 males, age range 4 to 90 years1. The second study measured 166 

the loss of RG sensitivity in color deficient subjects in relation to age. In total, 268 deutans (age 167 

range: 9 to 58 years), and 132 protans (age range: 7 to 58 years) were examined. The rankings of 168 

RG thresholds in the deutan and protans groups have been reported previously38. Within-subject 169 

variabilities in RG and YB color thresholds were estimated in three normal trichromats, labelled 170 

as subjects S1, S2 and S3 in Figure 4(a). The analyses of age-matched thresholds in normal 171 

trichromats and in least affected deutans and protans and the estimated within- and inter-subject 172 

variabilities aided the development of the new screener test and the formulation of the statistical 173 

model needed to understand and to predict the sensitivity and specificity of the test. Finally, the 174 

efficiency and repeatability of the screener were assessed experimentally in a separate, multi-175 

center study involving a number of CAD test centers who were able to include the CVS test in 176 

their own color assessment procedures based on CAD. The same informed consent was 177 

employed. 84 subjects were investigated before the imposition of restrictions on face-to-face 178 

examinations as a result of the pandemic, but it is our intension to resume the study as soon as it 179 

is safe to do so. The sample included 27 normal trichromats (age range: 17 to 51), 41 deutans 180 

(age range: 18 to 56), 14 protans (age range: 19 to 52) and two deutan subjects who also had 181 

acquired loss of color vision (age 27 and 32 years). The study followed the tenets of the 182 

Declaration of Helsinki and was approved by the Research and Ethics Committee of City, 183 

University of London.  184 
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 185 

 186 

2.2 The Color Vision Screener test 187 

The CVS test was designed to be rapid, simple and easy to use. This test has not been described 188 

previously. The test employs a ‘two-alternative’ forced choice procedure which links two 189 

keyboard buttons (numbers 7 and 9, Fig. 2 (b)) with the ‘top-left’ and ‘top-right’ motion 190 

directions of a color-defined stimulus buried in dynamic luminance contrast noise (Fig. 2 (a)). 191 

The test includes an interactive learning step followed by a short test with suprathreshold trials 192 

which all subjects must pass before proceeding with the full test. The stimulus parameters are 193 

similar to those developed for the CAD test38, 39 to ensure that the subject can only make use of 194 

either RG or YB color signals to produce a correct response, but the testing procedure is much 195 

simplified.  There are 88 trials with ‘signal colors’ to assess the normal functioning of RG and 196 

YB chromatic mechanisms and 22 suprathreshold trials when RG and YB colors are added to 197 

stimuli defined by luminance contrast to ensure that all subjects, including dichromats are able to 198 

detect the moving test stimuli and to produce a correct response (Fig. 2, (d)). The suprathreshold 199 

trials help reinforce correct responses, particularly in subjects with color deficiencies and provide 200 

a means of assessing the subject’s response reliability. The latter is determined by the number of 201 

errors the subject makes (i.e., the error score, E) in suprathreshold trials when the probability of a 202 

correct response is expected to be 1. The subject’s response reliability is classified as follows: 203 

‘Excellent’: E=0; ‘Good’: E=1;  ‘Poor’: 3 ≥ E ≥ 2; ‘Unusable’: E ≥ 4 204 

‘Unusable’ is often linked to a total lack of attention during the test. Before proceeding with the 205 

color vision screener test, each subject has to pass a ‘short test’ with suprathreshold stimuli. A 206 

‘Pass’ on this test ensures full understanding of test requirements, the ability to see motion and to 207 
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respond appropriately to moving stimuli. A ‘Pass’ also rules out inability to learn the task or the 208 

presence of extremely poor vision as a result of severe retinal or systemic disease affecting 209 

stimulus attributes such as motion which could also be used to explain an ‘Unusable’ outcome.   210 

The diagnosis of normal RG, normal YB or the presence of color deficiency is based on the 211 

correct response scores to the 44 RG and 44 YB signal colors (Table 2). The scores are governed 212 

by a binomial distribution and determined entirely by the mean probabilities of a correct 213 

response to RG (prg) and YB (pyb) stimuli. These probabilities are in turn determined by the 214 

subject’s sensitivity to color signals, normally quantified by measuring the subject’s RG and YB 215 

color thresholds. 216 

  217 

2.3 The CAD test 218 

The CAD test is based on results of studies on camouflage which revealed how the use of color 219 

signals can be isolated using dynamic luminance contrast noise39. The colored stimuli employed 220 

have a space-averaged luminance that matches that of the flickering field. This is only true for 221 

the standard CIE observer40, but the use of dynamic luminance contrast noise ensures that even 222 

dichromats cannot make use of residual luminance contrast signals to detect the direction of 223 

motion of the colored stimulus 23, 41.  The standard CAD test uses 16 interleaved color directions 224 

specified in the CIE 1931 (x, y) color space. Following each presentation, the subject’s task is to 225 

press one of four buttons, to indicate the direction of motion of the color-defined 226 

stimulus.  The CAD test has evolved over several decades and is currently in use in many 227 

visually demanding occupations. One important advantage of the CAD test is the introduction of 228 

CAD units.  The standard normal CAD units for RG and YB color vision are based on mean 229 

color thresholds measured in 330 healthy, young, normal trichromats34. For convenience all color 230 
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thresholds measured in this study are expressed in CAD units. One CAD unit defines the 231 

standard CAD observer. In comparison, a RG or YB threshold of 4 CAD units indicates that the 232 

applicant requires  four times as large color signal strength, when compared to young normal 233 

trichromats, to achieve the same level of chromatic discrimination sensitivity. The measured 234 

thresholds are directly proportional to the cone contrast generated by the colored stimulus23. 235 

3. RESULTS AND DISCUSSION 236 

3.1 The Ishihara test 237 

The ‘two-step’ protocol requires the initial use of a sensitive color vision screener test to separate 238 

subjects with congenital deficiency from normal trichromats. Before the development of the 239 

CVS test, we searched for the ideal color vision screener, and with this aim in mind, we 240 

examined the sensitivity of many of the conventional color vision tests and found that the IH 38-241 

plates edition had the highest sensitivity, when no errors are allowed on plates 1 to 25 (Figure 242 

1(a)). The high sensitivity is, however, achieved by sacrificing specificity with just over 18% of 243 

normal trichromats also failing the test. On the assumption that equal numbers of males and 244 

females are tested for color deficiency, just under 22% of all applicants fail and require full color 245 

assessment when using IH as a screener. This percentage is 3.6 times larger than what can be 246 

achieved with a screener test of close to 100% sensitivity and specificity.  There are also other 247 

disadvantages of using the IH test either as a screener or for full color assessment. The IH test 248 

does not screen for YB color vision and cannot therefore separate acquired from congenital loss 249 

or acquired loss in patients with congenital RG deficiency. Since acquired loss of color vision 250 

affects predominantly YB chromatic mechanisms, subjects with acquired loss may pass 251 

undetected. The test misclassifies some deutans and protans with many left indeterminate (Fig. 252 

1(a)). It is also well established that determined applicants can learn to use other cues to pass the 253 
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IH test, even when severely deficient42. Finally, the correlation between the number of plates the 254 

subject fails and the severity of RG color vision loss is very poor34. Although in general subjects 255 

with reduced chromatic sensitivity tend to make more errors on the IH test, the correlation 256 

between the number of errors the subject makes and the severity of RG loss remains poor (Fig. 1 257 

(b)). When four or fewer errors are accepted as a pass in order to pass all normal trichromats, 258 

many subjects with RG color deficiency also pass, some with severe loss of RG color vision (see 259 

highlighted area in Fig. 1 (b)). 260 

 261 

3.2 Age dependence and inter-subject variability 262 

Fig. 3 (squares) shows how RG color thresholds vary as a function of age in healthy subjects 263 

with normal trichromatic color vision1. The green and red circles show data measured in subjects 264 

diagnosed with congenial deutan or protan color deficiency, using the CAD test. Those with 265 

congenital deficiency vary in severity of loss from close to normal upper thresholds, to complete 266 

absence of color vision with thresholds limited only by the gamut of the visual display (usually 267 

around 34 CAD units23 for the stimulus conditions employed in the test). For completion, the 268 

same subjects were also examined for RG congenital color deficiency and classified as deutan- 269 

or protan-like using the Nagel anomaloscope. The CAD and Nagel classifications in this study 270 

were found to be in 100% agreement.  271 

The results shown in Fig. 3 capture the effects of normal aging as well as the inter (I) and 272 

within-subject (w) variabilities for RG color vision. Very similar results have also been found in 273 

normal trichromats for YB color vision, but with a slightly more rapid increase in thresholds with 274 

increasing age1. The CAD test employs interleaved two-up / one-down staircases which yield the 275 

RG and YB color signal strengths that correspond to 0.71 probability of a correct response23. 276 
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Although the mean probability is 0.71, the within subject variability causes a spread in this 277 

probability and consequently a spread in repeated thresholds with standard deviations (w) in the 278 

range ~ 5 to 15 percent of the mean threshold. The CVS test employs a fixed color stimulus 279 

strength set just below the upper normal limit for the applicant’s age (Figure 3). The outcome of 280 

the screener test is determined entirely by the applicant’s probability of a correct response to the 281 

stimulus strength employed selected for the test.  282 

 283 

3.3 Within- and inter-subject variability 284 

Typical results derived from repeated RG and YB measurements are shown in Fig. 4 (a). Fig. 4 285 

(b) shows inter-subject variability which also includes the spread caused by within-subject 286 

variability. The measured thresholds are approximately normally distributed and not 287 

unexpectedly, the measured inter-subject variability is significantly larger, with I values in the 288 

range 21 to 25 % of the mean (Fig. 4 (b)). These data are important in predicting the expected 289 

outcome of the CVS test in normal trichromats and also in congenital and acquired color 290 

deficiency. A number of observations can be made based on the data shown in Fig. 3 and 4. 291 

a. The ‘least-sensitive’ normal trichromats with thresholds at the upper normal limit (UNL) 292 

of 2.5 overlap with the ‘least-affected’ deutans. Subjects with thresholds close to this 293 

limit represent only a small percentage within both the normal and the deutan classes. 294 

Only subjects at the extreme ends of their inter- and within-subject variability (Fig. 4 (a, 295 

b)) approach the UNL, indicated by the upper, red, dotted line in Fig. 3. 296 

b. The ‘least-affected’ protan-like subjects have thresholds much higher than the UNL (Fig. 297 

3, red circles) and are therefore guaranteed to fail the CVS test for any RG color signal 298 

strength below the UNL.  299 
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c. The within-subject variability is subject-specific with values of ~ 10% of the mean 300 

threshold (Fig. 4 (a)) and virtually eliminates the threshold difference between the ‘least-301 

sensitive’ normal trichromats and the ‘least-affected’ deutans.  302 

These observations suggest that a color signal strength just below the UNL for the ‘least-303 

sensitive’ normal trichromats, would be appropriate for use in the CVS test to separate the latter 304 

from the least-affected deutans. A color signal strength equal to I +2, where I represents the 305 

median threshold for the subject’s age (indicated by the black dotted line in Fig. 3) and, I, the 306 

inter-subject variability, was selected for use in the CVS test.   307 

 308 

3.4 CVS test results - preliminary findings 309 

Table 1 summarises preliminary CVS test classification outcomes measured in 84 subjects 310 

(section A). Section B shows the results of a short repeatability study based on 24 repeated CVS 311 

tests in six normal trichromats and three deutans. The results show that all normal trichromats 312 

pass both the RG and the YB assessments. All protan and the deutan subjects fail the RG 313 

assessment, but they all pass the YB. The repeatability study shows 100% outcome repeatability 314 

for deutan subjects for both RG and YB assessment and 100% RG and 99.3% YB repeatability 315 

in normal trichromats. Only one normal trichromat fails the YB assessment in one, out of 24 316 

trials.  317 

3.5 Statistical model to predict the outcome of the CVS test 318 

The screener test employs a two-alternative, forced-choice procedure with constant, RG and YB 319 

color signal strengths. The correct response scores are governed by a binomial distribution and 320 

determined by the mean probability, p, of a correct response. The latter is in turn determined by 321 

the subject’s sensitivity to RG or YB color signals. Fig. 5 (a) shows the expected distribution of 322 
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RG CAD thresholds in a ‘least-sensitive’ 40-year-old normal trichromat (black) and the least-323 

affected deutan (green), when the within-subject variability is assumed to be 10% of the mean 324 

threshold. The mean values of these distributions indicate 71% probability of a correct response. 325 

The probability of a correct response, p, was also measured as a function of color signal strength 326 

in normal trichromats and in subjects with congenital RG deficiency. Figure 5 (c) shows the 327 

probability of a correct response as a function of color signal strength in a least-sensitive, normal 328 

trichromat (black diamonds) and the model prediction for a least-affected deutan (green squares). 329 

The Weibull functions fitted to the data were of the form, P(s) = 1-exp(-(s/a)b). s represents the 330 

color signal strength and a and b are the constants needed to provide the optimum fit. The curves 331 

were fitted using the Gauss-Newton analytic method in JMP (SAS Institute Inc.) program. The 332 

deutan data are based on the assumption that the within-subject variability is 10% of the mean 333 

threshold.  The fitted functions enable us to predict the mean color signal strengths for 71% 334 

correct response which corresponds to the thresholds measured using the two-down, one-up 335 

staircase procedure43 in the CAD test.  In order to predict the outcome of the CVS test, we need 336 

to calculate the probability of a correct response, p, for the least-sensitive normal trichromat and 337 

also for the least-affected deutan and protan subjects, for the color signal strength of, I +2, 338 

employed in the CVS test.   339 

The following is a statistical analysis of expected outcomes for the CVS test. Fig. 3 also provides 340 

age data for the UNL to describe the least sensitive normal trichromat. The experimentally 341 

established normal, age-matched limit reflects the measured inter-subject variability1 and was 342 

originally computed for I+2.5I.  343 

3.6 Example calculations for a 40-year-old subject 344 
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For illustration purposes, we have chosen data for a subject, 40 years of age, but the same 345 

analysis is valid for any age. The only assumption made is that the within subject variability (w) 346 

is 10% of the subject’s mean color threshold, w= 0.1Tm, where Tm represents the subject’s mean 347 

threshold. This assumption is based on the measured within-subject variabilities shown in Fig. 4 348 

(a). The key to understanding why the CVS test approaches 100% efficiency is the realisation 349 

that the mean threshold for the least sensitive normal trichromat is not at the UNL because of 350 

within-subject variability (Fig. 4 (a)). Since there are very few subjects ending up with a 351 

threshold 2.5I above the mean1, we have decided to extend the analysis to all subjects with 352 

thresholds 2I above the mean (I). It follows that I +2 must therefore equal, Tm + 2w, where 353 

Tm represents the subject’s mean threshold for 71% probability of a correct response and w is 354 

the standard deviation of subject’s repeated measurements. Since w = 0.1Tm, Tm = (I +2)/1.2. 355 

This equation provides us with the mean color signal strength for 71% probability of correct 356 

response on those few cases when the subject’s measured threshold is close to I +2. Similarly, 357 

the deutan subjects with measured thresholds close to the UNL in Fig. 3 (green symbols) must 358 

have a mean threshold, Tm, equal to I +2.5+2w, where w represents the standard deviation 359 

which describes repeated thresholds in the deutan subject. Since w is taken to be 10% of the 360 

subject’s mean threshold, it follows that Tm = (I +2.5)/0.8.  361 

This analysis enables us to predict the mean color signal strengths (for 71% correct response 362 

score) for the least-sensitive normal trichromats and the least affected deutans, based on their 363 

expected mean color signal thresholds. The model assumes the same probability values, but the 364 

corresponding color signal strengths are multiplied by the constant needed to ensure that the 71% 365 

probability of a correct response corresponds to the mean thresholds predicted for the least-366 

sensitive normal and the least-affected deutan. The optimum Weibull function parameters are 367 
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again evaluated and the results plotted for the normal trichromat (black diamonds) and for the 368 

deutan subject (green squares) in Fig. 5 (c). The horizontal dotted line if Fig. 5 (c) indicates the 369 

0.71 probability of a correct response and the vertical dotted red line shows the color signal 370 

strength employed in the CVS test for a 40 years old subject (i.e., I+2I). The probability of a 371 

correct response for the color signal strength employed in the CVS test can now be calculated for 372 

both the least-sensitive normal trichromat as well as for the least-affected deutan. The computed 373 

values are then corrected for the chance probability of a correct response and the corresponding 374 

binomial probability distribution functions with the predicted p-values for normal and deutan 375 

subjects calculated.  376 

 377 

3.7 Expected outcomes for the least-sensitive normal trichromats and for the least-affected 378 

deutans  379 

The binomial functions showing the probability of, n, correct responses (PDF) and the 380 

probability of n or fewer correct responses (CDF) are shown in Fig. 5 (b) and (d) for the least-381 

sensitive normal and for a least-affected deutan subject, respectively. The plots indicate that 382 

based on this analysis, the CVS test can achieve close to 100% sensitivity and specificity. The 383 

computations assume that the within subject variability, w, is 10% of the mean threshold (Fig. 5 384 

(c)). Since the within-subject variability, w, affects the expected probability of a correct 385 

response for the color signal strength employed in the CVS test, which in turn affects the 386 

corresponding binomial predictions, it is of interest to establish how the binomial predictions 387 

change, if the computation is based on measured probability of correct response data, with no 388 

assumptions made about within-subject variability. The corresponding percentage correct scores 389 
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and the measured data points for a least-affected deutan are shown in Fig. 5 (e), together with the 390 

corresponding binomial predictions shown in Fig. 5 (f). The same analysis was carried out based 391 

on measured data for a least-affected protan subject (Fig. 5 (g) and h)). Not unexpectedly, the 392 

‘least-affected’ protans have thresholds much higher than the color signal strength employed in 393 

the CVS test and as a result the test efficiency is close to 100%.   394 

Table 2 summarises the predicted outcomes of the CVS test based on the measured data for 395 

normal trichromats and for the least affected deutan and protan subjects. The analysis was 396 

carried out separately based on both model assumptions and also on data measured for least-397 

affected deutan and protan subjects.  The results show shows that all normal trichromats and all 398 

protan subjects are classified correctly and that 97.5% of the least affected deutans (~ 5% of the 399 

total deutan population) are also classified correctly. This means that only 0.13% of deutans are 400 

expected to pass as normal trichromats.  401 

In practical terms, less than 5% of subjects within each category can be described as ‘least-402 

sensitive’ normal trichromats and ‘least-affected’ deutans with thresholds close to the UNL. This 403 

means that the number of deutans that can potentially be misclassified is extremely small. These 404 

findings suggest that the CVS test has close to 100% test efficiency.  405 

 406 

The high efficiency of the screener makes possible the introduction of a ‘two-step’ protocol for 407 

use both in the clinic and in occupations. The new protocol enhances greatly the efficiency of 408 

color assessment by reducing the number of subjects who require full color assessment using 409 

CAD or equivalent tests to only 6% of all applicants. This estimate assumes equal numbers of 410 

male and female applicants and 2% prevalence of acquired loss of color vision. The CVS test is 411 

also available as a Menu option in the CAD test.  412 
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The screener has two built in limitations, it does not classify the patient’s class of color vision 413 

deficiency and does not quantify the severity of loss. These limitations confer some advantages 414 

in that only small chromatic displacements are involved and accurate calibration of the computer 415 

display is not a strict requirement. Small changes in background luminance and chromaticity do 416 

not affect significantly the measured RG and YB color thresholds23, 44. The aim is to make the 417 

CVS available for use on home computers with only minor adjustments to the computer display, 418 

such as the selection of the sRGB color mode and the need for low mesopic ambient lighting 419 

during the test. The use of the test on home computers will greatly expand color vision 420 

assessment within schools and visually-demanding occupations. The test may prove extremely 421 

useful clinically to detect the presence of significant changes in YB and RG color vision as a 422 

result of early-stage diseases of the retina and the optic nerve with immediate advantages to 423 

neuro-ophthalmologists in online consultations. In addition, the color vision screener can also be 424 

used regularly by patients on home computers to monitor the progression of vision changes 425 

caused by diagnosed systemic diseases such as diabetes or to detect the earliest significant 426 

changes in color vision that, in some patients, can precede the clinical diagnosis of disease.   427 

 428 

4 CONCLUSIONS 429 

The new CVS test is rapid and easy to use by both children and adults. The CVS test detects both 430 

congenital and acquired loss of chromatic sensitivity, provided the subject’s thresholds fall 431 

outside the upper, age-specific limits that describe normal RG and YB color vision. A knowledge 432 

of within- and inter-subject variability and the use of age-specific color signal strengths make it 433 

possible to separate the least-sensitive normals and the least affected deutans and protans with 434 

close to 100% test efficiency and repeatability. This makes the new screener ideal for use in the 435 
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proposed ‘two-step’ color assessment protocol by providing rapid and accurate color screening to 436 

reduce the number of applicants needing full assessment to only ~ 6% of all the subjects tested.  437 
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Figures and captions  478 

 479 

  480 

Fig. 1. Classification outcomes based on zero errors using the first 25 plates of the Ishihara 38 plates test 481 
edition (a). The results are based on 1363 subjects examined with Ishihara, Nagel anomaloscope and 482 
CAD. In the absence of acquired loss of color vision, there is close to 100% agreement between CAD and 483 
the anomaloscope in classifying the subjects as normal or RG deficient. This Ishihara test protocol yields 484 
the highest sensitivity in detecting subjects with congenital RG color deficiency. Almost all deutans and 485 
protans fail the test, but just over 18% of normal trichromats also fail. Only 60% of deutans and 38.5% of 486 
protans are classified correctly, the remaining subjects are either misclassified or indeterminate (i.e., 487 
classification not possible). Section (b) shows the relationship between the severity of RG color vision 488 
loss and the number of errors a subject makes on plates 2 to 25 of the Ishihara test.  Normal trichromats 489 
are plotted as grey diamonds, protans as red squares and deutans as green circles.  Exceptionally, normal 490 
trichromats can make up to a maximum of four errors. The shaded area along the axis shows the subjects 491 
who pass with four or fewer errors (modified from Barbur and Rodriguez-Carmona 2017)23.  492 
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 495 

 496 

 497 

 498 

 499 
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 503 

 504 

 505 

 506 

 507 

 508 

Fig. 2. Illustration of the motion directions (a) associated with the colored stimuli (c), the 509 

subject’s task (b) and the colors employed in the CVS test (c, d). During each trial the 510 

chromaticity of the threshold ‘signal colors’ rotates smoothly over a range of angular directions 511 

that isolate the RG and YB chromatic mechanisms. The ‘suprathreshold colors’ consist of 512 

combined suprathreshold colors and luminance contrast signals to ensure detection by all 513 

subjects, including dichromats. In total, the test employs 110 stimulus presentations (i.e., 88 514 

signal colors and 22 suprathreshold colors).   515 

 516 

 517 
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 518 

Fig. 3. RG color thresholds in healthy, normal trichromats1 and in subjects with congenital RG 519 

color deficiency, plotted as a function of age. The dotted black curve indicates the change in 520 

mean threshold with age whilst the upper dotted, red curve indicates the UNL (i.e., 2.5 above 521 

the mean threshold, where  reflects largely the inter-subject variability). The RG thresholds in 522 

deutans (green circles, n=268) and protans (red circles, n=132) extend up to the upper limits of 523 

the display gamut for the parameters used in the CAD test (~ 34 standard normal CAD units). 524 

The least affected protans have thresholds around 4 CAD units, whilst the least affected deutans 525 

approach the UNL (~ 2 CAD units depending on age). The YB color thresholds in normal 526 

trichromats are similar to those shown above, but the thresholds increase faster with age, at 1.6% 527 

/ year1 528 
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 540 

 541 

Fig. 4. Examples of within- (w) and inter-subject variability (I) when using the CAD test. 542 

Estimates of w are based on 16 repeated threshold measurements of RG and YB chromatic 543 

sensitivity in three normal trichromats measured in this study. The S1 (19 years old male), S2 (42 544 

years old female) and S3 (21 years old female). The inter-subject variability was estimated in 545 

two groups of normal trichromats: 40 to 50 years old, n=126, and 50 to 60 years old, n=148. The 546 

percentages shown in the graphs represent the coefficient of variation (100*/). These 547 

estimates are based on a data set obtained in a previous study1 (b). Note the different limits used 548 

along the ordinate for clarity of illustration in (b). Mean values, , are shown as black squares 549 

and median values as filled dots. There are only small differences between these two parameters. 550 

The results show much larger inter-subject variability with I values ~ 2.7 times greater than w 551 

values for both RG and YB thresholds. It is also of interest to note that the inter-subject 552 

variabilities in RG and YB thresholds remain relatively unchanged in the two age groups.    553 
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 563 

 564 

 565 
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 567 

 568 

 569 

 570 

  571 

Fig. 5. Measured data and model predictions of sensitivity and specificity in the CVS test. 
Section (a) shows the expected distributions of repeated RG CAD thresholds in a ‘least-
sensitive’ 40 years old normal trichromat (black) and the least-affected deutan (green), 
when the within subject variability (w) is assumed to be 10% of the mean threshold. This 
assumption also applies to the predicted probability of a correct response for the least-
affected deutan shown in (c). The Gaussian functions describe the expected distribution of 
CAD thresholds which correspond to the color signal strength that yields 71% probability of 
a correct response (indicated by the dotted, horizontal, red like in (c)).  This analysis applies 
to any other age, but the color signal strength employed in the CVS test (indicated by the 
dotted vertical lines) varies with age. The Weibull function fitted to the actual data points 
for a least-affected deutan measured in the study is shown in (e). Each fitted function is then 
corrected for the 0.5 chance probability of a correct response to reflect the outcome of the 
CVS test and then used to compute the probability of a correct response, p, for the color 

signal strength employed in the test (i.e., I +2, see text). This p-value, the chance 
probability of a correct response (0.5) and the number of trials (44) are then used to 
compute the binomial predictions that describe the outcome of the CVS test for a least-
sensitive normal trichromat (b), for the model predictions for a least-affected deutan (d), for 
the measured data in a least-affected deutan (f) and for a least-affected protan (h). The 
dotted, vertical, red lines in sections b, d, f and h show the minimum number of correct 
responses needed to pass the CVS test (see text for full explanations of the graphs). 
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 572 

 573 

  574 

Section A

Red / Green Yellow / Blue

Normal Trichromats 27 100.0% 100.0%

Deutan-like  deficiency 41 0.0% 100.0%

Protan-like deficiency 14 0.0% 100.0%

Tritanopia 0 N/A N/A
Acquired loss in subjects 

with congenital deficiency
2 0.0% 0.0%

84

CVS Validation Study

% of subjects who PASS the CVS testClassification of CV 
Class based on CAD

Number 
assessed

Section B

Red / Green Yellow / Blue

Normal Trichromats 6 100.0% 99.3%

Deutan-like  deficiency 3 0.0% 100.0%

Protan-like deficiency 0 N/A N/A

Tritanopia 0 N/A N/A
Acquired loss in subjects 

with congenital deficiency
0 N/A N/A

9

Classification of CV 
Class based on CAD

Number 
assessed

Repeatability Study: 24 repeated CVS tests / subject

% of  PASSES in repeated tests

Table 1. Preliminary test results in 84 subjects investigated as part of the multi-center CVS 
validation trial started in December 2019.  The trial will continue when the Covid-19 
restrictions on face to face clinical assessment are removed. Every subject repeated the CVS 
test 24 times, for both RG and YB screening. All normal trichromats pass the CVS for RG 
assessment in every trial. One normal trichromat fails the YB assessment in one, out of 24 
trials. All deutan subjects fail RG and pass YB in every trial.  
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