Accurate diagnosis of color vision deficiency in young children using ColourSpot, a new gamified tablet-based test

-Supplementary Information-

Table S1
A summary of existing adult color vision tests which have been used in children, outlining the test type, adult sensitivity and specificity values with their sample size and comparison test, rates of successful test completion in children with sensitivity and specificity if available, the recommended minimum age for test completion and the limitations of each test
	Test name
	Adult sensitivity/ specificity, numbers of adult test participants and comparison test
	Details of tests on children including number of participants and sensitivity/specificity where available  
	Recommended minimum age for test
	Limitations

	Anomaloscope 
(Nagel, 1907)
	1.00/1.00
Gold standard
	7-year-olds able to complete the test (Jurasevska et al., 2014)
	7 years (Jurasevska et al., 2014; Verriest, 1982) 
	†, §, ||
Too demanding for young children

	Pseudo-isochromatic
	
	
	

	Ishihara 
(Ishihara, 1917)
	0.99 (Birch, 1997)/0.94 (Birch & McKeever, 1993)
(CVD=401(Birch, 1997), CVN=471(Birch & McKeever, 1993))
Anomaloscope (Birch, 1997)
Ishihara 1989 edition (Birch & McKeever, 1993; Ishihara, 1989)
	79–97% of 2–6-year-old children successfully completed the test (Choi & Hwang, 2009; Mäntyjärvi, 1991a)
	 7 years (Verriest, 1982)
	†, ‡, § 
Requires number knowledge

	Richmond Hardy-Rand-Rittler 
(Hardy et al., 1954)
	1.00/0.98 (Cole et al., 2006) 
(CVD=100, CVN=50)
Anomaloscope
	N/A
	3 years (Hardy et al., 1954) 
	†, ‡, § 
Requires shape knowledge

	Standard Pseudo-isochromatic Plates  
(Ichikawa et al., 1979; Tanabe et al., 1978)
	0.67/1.00 (Mäntyjärvi, 1987)
(CVD=21, CVN=205)
Anomaloscope
	6–9 years
(CVD=23, CVN=292)
0.87/0.99 (Haskett & Hovis, 1987)
Ishihara 1974 edition (Ishihara, 1974)
	N/A
	†, §
Requires number knowledge

	Velhagen Pflügertrident Test
(Velhagen, 1980)
	0.61/1.00 (Mäntyjärvi, 1991b) 
(CVD=31, CVN=394)
Anomaloscope
	71% of 2–6-year-old children successfully completed the test (Mäntyjärvi, 1991a)

	4 years (Birch & Platts, 1993)
	†, ‡, §
Requires identification of a trident “E” figure orientated in different directions

	KAMS
(Jurasevska et al., 2014)
	N/A


	7–19 years 
1.00/1.00 (Jurasevska et al., 2014)
(CVD=8, CVN= 265)
Anomaloscope
	7 years (Jurasevska et al., 2014)
	†, §
Requires shape, symbol and number recognition

	Arrangement

	Farnsworth Munsell 100-Hue
(Farnsworth, 1943)
	1.00/0.83 (Seshadri et al., 2005) 
(CVD=30, CVN=30)
Anomaloscope
	N/A
	5 years (Kinnear & Sahraie, 2002) 
	†, ‡, ||
Performance is correlated with IQ (Cranwell et al., 2015)

	Farnsworth Munsell D-15
(Linksz, 1966)

	0.59/0.98 (Oliphant & Hovis, 1998)
(CVD=70, CVN=81)
Anomaloscope
	8–15 years
0.92/0.99 (Shrestha & Shrestha, 2015) 
(CVD=24, CVN=1090)
Ishihara 
	5 years (Kinnear & Sahraie, 2002)
	†
Performance is correlated with IQ (Cranwell et al., 2015)

	Lanthony Desaturated D-15
(Lanthony, 1978)
	0.79/1.00 (Marechal et al., 2018) 
(CVD=29, CVN=23)
Anomaloscope
	N/A
	5 years (Lanthony, 1978)
	†, ‡


	Oddity
	
	
	
	

	City University Test
(Fletcher, 1984)
	0.95/0.83 (Oliphant & Hovis, 1998) 
(CVD=70, CVN=81)
Anomaloscope
	N/A
	4 years (Fanlo Zarazaga et al., 2019)
	†, ‡, §
Requires knowledge of identifying orientation (up, down, left, right) verbally

	Computerized
	
	
	
	

	Cambridge Colour Test
(Regan et al., 1994)
	0.94/0.92 (Shinomori et al., 2016) 
(CVD=32, CVN=162)
Anomaloscope

	Modified version tested in 2–7 year old children (Goulart et al., 2008) 

	 7 years (Goulart et al., 2008; Ventura et al., 2002) 
	†, ‡, §
Identifying the orientation of the Landolt C stimulus by pressing corresponding keys on a keyboard

	Rabin Cone Contrast Test 
(Rabin et al., 2011)
	1.00/1.00 (Rabin et al., 2011) 
(CVD=49, CVN=92)
Anomaloscope
	N/A
	N/A
	†, ‡, §
Requires knowledge of letters 

	Colour Assessment and Diagnosis (CAD)
(Barbur & Rodriguez-Carmona, 2015)

	0.93/1.00 (Seshadri et al., 2005) 
(CVD=30, CVN=30)
Anomaloscope
	N/A
	4 years (Barbur & Rodriguez-Carmona, 2015)
	†, ‡



Note. Definitions. Anomaloscope: The anomaloscope is an optical instrument where individuals are asked to match different mixtures of red and green monochromatic light to different luminance levels of a yellow monochromatic light. It is the gold standard for assessing color vision; CVD: Participants with color vision deficiency (any CVD type, e.g. anomalous trichromacy, dichromacy); CVN: Participants with normal color vision; N/A: Not available; Pseudo-isochromatic tests: These tests have an array of colored dots that form a figure (digits, pathways, letters, animals or shapes) against an isoluminant background which individuals are asked to identify; Arrangement tests: Individuals are required to sort a set of colored stimuli by hue or saturation; Oddity tests: An odd-one-out task where individuals are asked to identify a colored target amongst other distractors; Sensitivity: The rate at which a diagnostic test identifies true positives (i.e. individuals with a condition are correctly identified). For example, in the table, against the comparison test (in this example, the anomaloscope), the Ishihara has a sensitivity of 0.99, indicating that 99% of individuals are correctly diagnosed as having a CVD (of any type) and 1% are false negatives (i.e., the Ishihara diagnosed the individual as having normal color vision (CVN) but the anomaloscope diagnosed the same individual as CVD); Specificity: The rate at which a diagnostic test identifies true negatives (i.e. correctly identifies individuals with absence of a condition). For example, in the above table, when compared with the comparison test (in this example, the Ishihara 1989 edition), the Ishihara test has a specificity of 0.94, indicating that 94% of individuals of CVN individuals were correctly categorized as CVN, and 6% of individuals were false positives (i.e., where the Ishihara Unlettered diagnosed the individual as CVD but the Ishihara diagnosed the same individual as CVN).
Symbols. † Inaccessibility. The test is inaccessible for the public and/or requires specialized equipment and/or resources and/or a trained specialist administrator. ‡ Unknown validity. The sensitivity and specificity values of the tests are unknown in children. § Unsuitability. The test requires an understanding of numbers, orientation, shapes, and/or animals or the task is so demanding that it is unsuitable for young children and children with additional educational needs. || Technical Limitations. The test design or instructions do not address general and non-visual task demands that could make it difficult for young children to complete, for example, test duration is longer than 5 minutes, no gamification and no adaptive staircase procedure.

Distribution of errors on the Ishihara test for Unlettered Persons
Figure S1 shows the distribution of errors (≥1) on the Ishihara Unlettered test for participants in the discovery and validation cohorts. The distribution for participants that have at least one error looks bimodal, with a peak in errors at 4, but a second peak at 1. Participants with 1 or 2 errors were assigned to an ‘Inconclusive’ group and retested at a later date whenever practicable (n=6). 
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Fig. S1 Percentages of participants who made errors on the Ishihara Unlettered test in the discovery cohort (N=236) and the validation cohort (N=536)

Of the six children in the discovery cohort retested, four children who made one or two errors on their first attempt later passed without error and were reassigned to the control group, and two children who again made one or two errors remained in the Inconclusive group. 

Calibration
[bookmark: _GoBack]We investigated whether the protan, deutan and tritan thresholds measured from our participants differed between different iPad models. Mauchly’s test of sphericity indicated the assumption of sphericity had been violated, (χ2(2) = 0.54, p < 0.001), and therefore a Greenhouse-Geisser correction was used. A mixed ANOVA (within-subjects factors: color confusion axis (protan, deutan, tritan)); between-subjects factor: iPad models (iPad Air 2, 2014; iPad Pro 9.7”, 2016; iPad (5th Generation), 2017) showed no significant interaction between the color confusion axes and iPad model (F2.74, 371.16 = 0.18, p = 0.90) on thresholds, suggesting that protan, deutan and tritan thresholds do not significantly differ between iPad models.

Optimization of fit parameters for categorizing CVD versus normal color vision in the discovery cohort.
We did a systematic search of the optimal bandwidth and percentage correct criterion for defining threshold, which maximized the distance in threshold ratio between the CVD and control groups for the discovery cohort (Fig. 5). The optimal parameters were determined as having a fixed bandwidth of 0.70 for the model-free (Żychaluk & Foster, 2009) local linear fit, and a performance level of 0.21 (21%) on which to base threshold estimates. Figure S2 shows the separation between groups in threshold ratio (Z) against the two parameters (X and Y). 
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Fig. S2  Results of a search for fit parameters that were optimal for distinguishing CVD from control participants. The Z-axis shows “separation” in threshold ratios between the participant in the CVD group with the largest threshold ratio and the participant in the control group with the smallest threshold ratio. The two fit parameters that were varied were the proportion correct at which threshold was defined (“Threshold criterion”) and the bandwidth (“Fit bandwidth”) for the local linear fit made using model-free (Żychaluk & Foster, 2009). The optimal parameters were defined at peak separation 

Raw protan and deutan thresholds
ColourSpot’s tritan thresholds allowed us to quantify performance using the minimum ratio of tritan to protan thresholds or tritan to deutan thresholds. This offers an improvement in classification accuracy on many existing tests because non-visual influences on task performance (such as attention and task engagement) are factored out as they influence all three thresholds equally. The threshold ratio measure (Fig. 6) successfully separated those who were classified as CVD by the Ishihara Unlettered test and those who were classified on that test as having normal color vision into two different groups. By contrast, if raw thresholds were used, as is the case for many existing tests, classification accuracy was poorer (Fig. S3), since non-visual influences confer large individual differences in protan and deutan thresholds independently of color vision status.
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Fig. S3 Histogram showing raw thresholds for participants in the discovery cohort grouped by color vision status assigned by the Ishihara Unlettered test. Plotted for each participant is the minimum of the protan or deutan threshold

ColourSpot Sensitivity and Specificity

Discovery Cohort
Using the Ishihara Unlettered test as a pseudo gold standard, we identified a threshold ratio of 0.59 to be the classification criterion that distinguishes best between CVD and normal color vision, where a ratio smaller than 0.59 is indicative of a CVD. This threshold ratio was calculated by taking the average of the largest threshold ratio from the CVD group (0.52) and the smallest threshold ratio from the control group (0.66).

Excluding inconclusive participants, the criterion threshold ratio of 0.59 was applied to the discovery cohort (N=93) to estimate sensitivity and specificity values. 

Table S2
Contingency table comparing the ColourSpot classification of CVD and normal color vision with that of the Ishihara Unlettered in the discovery cohort
	ColourSpot
	Ishihara test for Unlettered Persons

	
	CVD
	Normal

	CVD 
	19
	0

	Normal
	0
	74

	Total
	19
	74




Sensitivity = 19/19 = 1.00
Specificity = 74/74 = 1.00

Validation Cohort 
For participants classified by the Ishihara Unlettered either as CVD or as having normal color vision (N = 155), the threshold ratio value of 0.59 was independently applied to the validation cohort to estimate sensitivity and specificity for ColourSpot. 

Table S3
Contingency table comparing the ColourSpot classification of CVD and normal color vision with that of the Ishihara Unlettered in the validation cohort
	ColourSpot
	Ishihara test for Unlettered Persons


	
	CVD
	Normal

	CVD 
	37
	3

	Normal
	0
	115

	Total
	37
	118




Sensitivity= 37/37= 1.00
Specificity= 115/118= 0.97

For the validation cohort, ColourSpot classified three participants as having CVD which the Ishihara Unlettered had classified as having normal color vision. Two of these participants lie near the boundary between the normal and CVD group and cannot be classified with confidence. However, it appears that one of these participants (see Fig. S4 for their psychometric function) was likely a false negative diagnosis by the Ishihara Unlettered (classified as having normal color vision but in fact has CVD). Based on their performance on ColourSpot, we can see that this participant had much poorer performance for protan and deutan targets than tritan, suggesting that a CVD diagnosis is appropriate.
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Fig. S4 The psychometric functions of a participant in the validation cohort who was diagnosed as having normal color vision (made no errors) by the Ishihara Unlettered test but was diagnosed as CVD by ColourSpot

Neitz Test of Color Vision 
Only 111 boys (47.0%) completed the Neitz Test without any errors in the discovery cohort and 246 (45.9%) in the validation cohort. The breakdown of errors by type is given in Fig. S5. The large number of errors is well above those expected from an 8% male prevalence for CVD, suggesting that the Neitz Test does not have good specificity for detecting CVD.  
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Fig. S5 Percentage of participants that made errors of each type on the Neitz Test in the discovery and validation cohorts. “Moderately Unspecified” is where CVD errors were made but the classification of error type cannot be made, and “Other” is where errors were made that were not classified as a CVD error (e.g., an error due to misidentification of shape)

To further investigate the Neitz Test, the scoring classifications for the Neitz Test were compared to those of the Ishihara Unlettered test (Fig. S6). It can be seen that over 20% of children diagnosed as having normal color vision by the Ishihara Unlettered test (discovery and validation control groups) were classified as having deutan deficiencies by the Neitz Test. Additionally, about 17% of children who were diagnosed as having normal color vision by Ishihara Unlettered test made other errors on the Neitz Test. Furthermore, approximately 7% of children classified as CVD by the Ishihara Unlettered test were classified as having CVD that was “moderately unspecified” by the Neitz Test. These comparisons further suggest the Neitz Test over-diagnoses young children with CVD.  [image: Timeline
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Fig. S6 Scoring classifications on the Neitz Test against classifications made from the Ishihara Unlettered test in the discovery and validation cohorts
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