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Purpose: The primary aim of this study was to evaluate the level of agreement in color vision assessment between the smartphone 
application Farnsworth D-15 (FD-15) test and the standard FD-15 test.
Materials and Methods: A cross-sectional study was conducted involving participants aged ≥ 18 years. Inclusion criteria included 
the ability to follow test instructions and provide informed consent. Eyes with visual acuity worse than 20/200 were excluded. 
Standardized score sheets were used for both tests to calculate the color confusion index (CCI). Agreement between the two tests was 
assessed using the Pearson correlation coefficient, adjusted R-squared (R2), calibration slope, calibration-in-the-large (CITL), and root 
mean square error (RMSE), and Bland–Altman plots.
Results: A total of 200 eyes from 101 participants were included in the study. The CCI data showed a strong correlation (Pearson 
correlation coefficient = 0.9924). The adjusted R2 of 0.9839 indicated high explanatory power. A calibration slope of 0.9861 and CITL 
of 0.0957 indicated minimal proportional and systematic bias, respectively. RMSE was 0.1211, within acceptable limits. The Bland– 
Altman analysis demonstrated limits of agreement within clinically acceptable range.
Conclusion: The smartphone application FD-15 test demonstrated high agreement with the standard FD-15 test. This study serves as 
a pilot validation demonstrating the potential of the smartphone-based FD-15 application for color vision screening. However, the 
current findings should be interpreted considering the use of a single smartphone model and the low prevalence of color vision defects. 
These findings support its potential utility as a practical and accessible tool for remote care and occupational health assessments.
Keywords: color vision, color vision deficiency, farnsworth D-15 test, smartphone application farnsworth D-15 test

Introduction
Color vision deficiency (CVD) is a global public health concern. It may be congenital or acquired. The prevalence of 
congenital CVD is approximately 8% in men and 0.4% in women of European Caucasian descent and 4.97% in Chinese 
men.1–3 CVD can have considerable socioeconomic implications, impacting employment, independence, quality of life, 
education, and safety.2

Color vision assessment is essential in ophthalmic practice, aiding clinicians in evaluating CVD severity, guiding 
investigations, determining treatment urgency, and monitoring progression. Although the anomaloscope is considered the 
gold standard for color vision testing, it is expensive and requires specialized expertise.4
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The standard Farnsworth D-15 (FD-15) test is a widely used screening tool for moderate to severe CVD.5 It can also 
distinguish types of CVD—protan, deutan, and tritan—based on color confusion axes. However, it requires physical 
color caps and clinical personnel, limiting accessibility for individuals in rural areas, older adults, or those with mobility 
limitations6 It is less suitable for young children and cannot reliably differentiate mild CVD from normal trichromacy.

Smartphone-based color vision testing offers potential advantages in accessibility, portability, and remote monitoring, 
particularly for teleophthalmology and occupational vision screening. The smartphone application FD-15 test has rarely 
been validated against the standard FD-15 test. Accordingly, the primary objective of this study was to evaluate the level 
of agreement in color vision assessment between the smartphone application FD-15 test and the standard FD-15 test. 
Several studies validating digital versions on tablets or monitors, limited evidence exists for smartphone-based valida
tion. However, validation of color rendering accuracy across different smartphone models remains necessary, as display 
characteristics may vary between devices.

Materials and Methods
Ethical Approval
This study protocol adhered to the tenets of the Declaration of Helsinki and was approved by the Ethics Committee of the 
Burapha University Institutional Review Board, Chonburi (HS073/2567). All participants provided informed consent 
prior to inclusion, and their privacy was protected. The purpose of the study and the examination process were clearly 
explained to all participants.

Participants
This cross-sectional study was conducted at the outpatient clinic of Burapha University Hospital, Chonburi. Participants 
aged 18 years or older were recruited from November 2024 to January 2025. Inclusion criteria included the ability to 
follow test instructions and provide informed consent. Eyes with visual acuity worse than 20/200 and those with other 
ocular pathologies that could affect color vision, such as nuclear sclerosis or media opacity, were excluded to minimize 
confounding effects from ocular diseases were excluded. Demographic data, including age, sex, and family history of 
CVD, were collected.

Color Vision Assessment
Participants underwent color vision testing using the standard FD-15 test in each eye, beginning with the right eye 
followed by the left eye. Participants underwent color vision testing using the standard FD-15 test first, followed by the 
smartphone application FD-15 test. Both tests were performed under the same room and lighting conditions by a single 
examiner. Presbyopic correction was also provided all participants when necessary to reduce the influence of age-related 
refractive changes.

The standard FD-15 test (Figure 1) consists of 16 color caps, including one fixed reference cap. Participants were 
presented with a fixed reference cap and were instructed to arrange the remaining caps in order of closest color similarity 

Figure 1 The standard FD-15 test.
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to the reference cap. Once the arrangement was complete, the sequence was transcribed onto a standardized score sheet to 
determine the number of “crossings”, defined as connections between caps separated by four or more positions in the 
correct sequence. The standardized score sheet is a circular chart in which caps are numbered and lines are drawn 
between consecutively selected caps, allowing visual identification of error patterns and crossing lines. Connections 
between caps fewer than four positions apart were considered “small errors” Swapped adjacent caps were not counted as 
errors. A test was considered passed if (1) all caps were arranged in the correct order, (2) only one crossing was present, 
or (3) two small errors occurred without any crossings.4,5,7

The smartphone application FD-15 test (Figure 2) was developed as a mobile-based tool using a multicolor display 
and installed on an iPhone 14 (iOS 17.1). Screen brightness was set to maximum and both the True Tone and Night Shift 
functions disabled to ensure consistent color rendering. The smartphone application FD-15 test consists of 16 color caps, 
including one fixed reference cap. Participants were presented with a fixed reference cap and were instructed to arrange 
the remaining caps in order of closest color similarity to the reference cap. After the arrangement was completed, the 
sequence was transcribed onto a standardized score sheet (similar to the standard FD-15 test). The definitions of 
“crossings” and “small errors” were the same as for the standard FD-15 test. The scoring rule followed the original 
Farnsworth method: test was considered passed if (1) all caps were arranged in the correct order, (2) only one crossing 
was present, or (3) two small errors occurred without any crossings. Standardized score sheets from both tests were used 
to calculate the color confusion index (CCI).

The CCI was calculated as the ratio of the subject’s total color difference score to the mean score of normal observers 
The calculation method followed the quantitative approach, in which the total color difference score was derived from the 
vector distance between adjacent caps in the Farnsworth D-15 arrangement.8–10

The CCI is an indication of the severity of color-vision defect. Normality of continuous variables was assessed using 
the Shapiro–Wilk test. The main outcome measure was the level of agreement between the smartphone application FD- 
15 test and the standard FD-15 test. Color vision error was defined as the inability to correctly arrange all 15 color caps in 
perfect sequential order.

Statistical Analysis
Normally distributed continuous data are presented as mean ± standard deviation (SD), while non-normally distributed 
continuous data are shown as median and interquartile range. The paired t-test or the Mann–Whitney U-test, as 
appropriate, was used to compare continuous variables. Categorical variables are reported as frequency and percentage. 
Normality of continuous variables was assessed using the Shapiro–Wilk test.

Agreement between the two tests was assessed using multiple complementary approaches. The Pearson correlation 
coefficient (r) was calculated to evaluate the linear association between the CCI values from the smartphone-based and 
standard FD-15 tests, while the adjusted R-squared (R2) was used to quantify the proportion of shared variance between 

Figure 2 The smartphone application FD-15 test.
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the two datasets, accounting for model complexity.11 Correlation plots and Bland–Altman scatterplots were used to show 
the relationships between CCI data sets.

We also included calibration analyses to assess predictive agreement: the calibration slope reflects proportional bias, 
and the calibration-in-the-large (CITL) indicates systematic offset. Values close to 1 for slope and 0 for CITL suggest 
good calibration and minimal systematic error.11 The root mean square error (RMSE) was calculated to measure the 
absolute average deviation between paired CCI values; lower RMSE values indicate closer correspondence between 
methods.

Diagnostic accuracy indices—including sensitivity, specificity, positive predictive value (PPV), and negative pre
dictive value (NPV)—were calculated using the standard FD-15 test as the reference, with 95% confidence intervals 
(CIs). In this study, PPV and NPV values referred to classification discrepancies between the Smartphone Application 
FD-15 Test and the Standard FD-15 Test. Statistical analyses were performed using STATA version 16.1 (StataCorp LLC, 
College Station, TX, USA). A p-value of < 0.05 was considered statistically significant.

Results
Demographic Data
A total of 101 participants were enrolled, including 35 males (34.7%) and 66 females (65.3%). Although 202 eyes were 
initially assessed, one eye from each of two participants was excluded due to visual acuity of no light perception. Thus, 
200 eyes were included in the final analysis. The mean age was 47.81 ± 17.02 years. A family history of CVD was 
reported in two participants (2.0%). Detailed demographic data is summarized in Table 1.

Comparison of Color Vision Test Performance
CCI results showed no statistically significant difference between the two tests (mean ± SD: 1.07 ± 0.36 vs 1.08 ± 0.38 
for the smartphone application FD-15 test and the standard FD-15 test, respectively; p = 0.053).

Diagnostic Accuracy
Among the 200 eyes, seven eyes did not pass both tests (true positives), one eye was a false positive, and no false 
negatives were observed. Thus, 192 eyes passed both tests. The smartphone application FD-15 test demonstrated high 
diagnostic accuracy. Sensitivity was 100.00% (95% CI: 59.00–100.00), and specificity was 99.50% (95% CI: 
97.10–100.00). PPV was 95.50% (95% CI: 73.00–99.30), and NPV was 100.00%. A summary of the diagnostic accuracy 
of the smartphone application FD-15 test compared with the standard FD-15 test is provided in Table 2.

Agreement Metrics
The CCI values obtained from both the smartphone-based and standard FD-15 tests showed a positive correlation. The 
CCI data points demonstrated strong correlation (Pearson correlation coefficient = 0.9924). The adjusted R2 value of 
0.9839 indicates high explanatory power. A calibration slope of 0.9861 and CITL of 0.0957 indicated minimal 
proportional and systematic bias, respectively. RMSE was 0.1211, which was within acceptable limits. Agreement 

Table 1 Demographic Data

Demographic – n (%) Total (n=101) %

Sex
Male (participants) 35 (34.7) 34.7

Female (participants) 66 (65.3) 65.3

Age (years), mean ± SD 47.81 ± 17.02

Family history of CVD (participants) 2 (2) 2.0

Abbreviations: n, number; SD, standard deviation; CVD, color vision 
deficiency.
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metrics between the smartphone application FD-15 test and the standard FD-15 test are summarized in Table 3. Scatter 
plot showing the relationship between the CCI results from the smartphone FD-15 test and the standard FD-15 test 
(Figure 3). Figure 3 is presented alongside Table 3 to visually complement the numerical agreement metrics, allowing 
readers to better appreciate the consistency between the two tests. The correlation plots and Bland–Altman difference 
plots for these comparisons are shown in Figure 4.

Correlation of CCI Between the Two Tests in 18 Eyes with Color Vision Errors Tested 
by the Standard FD-15 Test
Among 18 eyes identified with color vision errors using the standard FD-15 test, scatter plots (Figure 3) illustrated the 
correlation between the smartphone application FD-15 test and the standard FD-15 test. The data showed tight clustering 
around the identity line, reinforcing the high agreement between both tests.

Type of CVD Identification Between the Two Tests
Among these, 18 eyes showed imperfect color arrangement on the standard FD-15 test. Of these, 11 eyes achieved scores 
within the pass criteria and were considered normal, while 7 eyes demonstrated arrangement errors that did not meet the 
pass criteria and were therefore classified as having CVD.

Of the seven eyes that did not pass the standard FD-15 test, five eyes were consistent with deuteranopia, one eye with 
protanopia, and one eye showed non-specific color confusion axes. The smartphone application FD-15 test correctly 

Table 2 Diagnostic Accuracy of the Smartphone Application FD-15 Test Compared with the 
Standard FD-15 Test

Standard FD-15 TestSmartphone Application FD-15 Test

Not Passed (Eyes) Passed (Eyes) Total (Eyes)

Not passed (eyes) 7 1 8
Passed (eyes) 0 192 192

Total (eyes) 7 193 200

Diagnostic indices Point estimate 95% CI

Sensitivity (%) 100.00 59.00–100.00
Specificity (%) 99.50 97.10–100.00

PPV (%) 95.50 73.00–99.30

NPV (%) 100.00 -

Abbreviations: FD-15, Farnsworth D-15; CI, confidence interval; PPV, positive predictive value; NPV, negative pre
dictive value.

Table 3 Agreement Metrics Between 
the Smartphone Application FD-15 
Test and the Standard FD-15 Test

Metrics CCI

Pearson correlation coefficient 0.9924

Adjusted R-squared 0.9839

Calibration slope 0.9861
CITL 0.0957

RMSE 0.1211

Abbreviations: FD-15, Farnsworth D-15; CCI, 
color confusion index; CITL, calibration-in-the- 
large; RMSE, root mean square error.
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identified all these eyes, except for one eye, which was incorrectly classified as deuteranopia (which was classified as 
protanopia by the standard FD-15 test).

Figure 3 Correlation of CCI between the smartphone application FD-15 test and the standard FD-15 test in 18 eyes with color vision errors identified by the standard FD- 
15 test (Pearson r = 0.9924).

Figure 4 A Bland–Altman plot demonstrating the differences in CCI between the smartphone application FD-15 test and the standard.
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Safety
No adverse events related to color vision assessment were reported.

Discussion
This study demonstrates the reliability of the smartphone application FD-15 test compared with the standard FD-15 test. 
Our results show high agreement between the two tests.

The smartphone application FD-15 test showed high diagnostic accuracy with a sensitivity of 100.00% and 
a specificity of 99.50%, with both PPV and NPV exceeding 95.00%. The agreement between the CCI obtained from 
the smartphone application FD-15 test and the standard FD-15 test was high. All agreement metrics in our study 
confirmed that the CCI values obtained from the smartphone application FD-15 test were highly comparable to those 
from the standard FD-15 test. In a subgroup analysis of 18 eyes with color vision errors, tested by the standard FD-15 
test, high agreement between the two tests was also observed.

The Bland–Altman analysis further confirmed this finding, showing that the mean difference between the two tests 
was small and that the limits of agreement were within the clinically acceptable range. However, as previously noted, 
caution is warranted when interpreting results near the lower CCI values (approximately <1.5), since the standard FD-15 
test has recognized limitations in detecting mild color vision deficiencies. These findings suggest that while the 
smartphone application FD-15 test provides highly comparable results to the standard FD-15 test, its use in individuals 
with subtle or borderline color discrimination deficits should be interpreted with care.

Our findings are consistent with previous studies showing high agreement between digital versions of the FD-15 
test. (eg, iPad and computer) and the standard FD-15 test, which reported comparable accuracy and 
repeatability.12,13 However, unlike those studies, we specifically validated a smartphone-based FD-15 test. 
However, our study extends this evidence to a smartphone-based platform, offering greater portability and potential 
for remote screening.

This study has several strengths. First, it directly compared the smartphone application FD-15 test with the standard 
FD-15 test. The use of comprehensive agreement metrics (Pearson correlation coefficient, adjusted R2, calibration slope, 
CITL, and RMSE) provides a robust statistical validation. Additionally, the study was conducted under controlled 
conditions, with consistent lighting, a single trained examiner, and appropriate refractive correction, which strengthens 
internal validity. Finally, the smartphone application FD-15 test offers a scalable and practical solution for diverse 
applications, including remote care and occupational health assessments. It may also be beneficial for occupational vision 
screening in industrial settings and for periodic monitoring of patients with optic neuritis or those receiving color vision– 
affecting medications such as ethambutol.

Despite these promising findings, some limitations should be acknowledged. First, only one type of smartphone 
device was used (iPhone 14, iOS 17.1), which may limit generalizability to other devices or platforms. Second, our study 
had a relatively low proportion of eyes that did not pass the standard FD-15 test. Lastly, the study was conducted under 
controlled indoor lighting by a single trained examiner, which may not reflect real-world variability. The future studies 
should include multiple smartphone models, variable lighting conditions.

Conclusions
The smartphone application FD-15 test demonstrated high agreement with the standard FD-15 test. This study serves as 
a pilot validation demonstrating the potential of the smartphone-based FD-15 application for color vision screening. 
However, the current findings should be interpreted considering the use of a single smartphone model and the low 
prevalence of color vision defects. These findings support its potential utility as a practical and accessible tool for remote 
care and occupational health assessments.
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