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Color vision assessment can be done using pseudoisochromatic stimuli, which has a
luminance noise to eliminate brightness differences between the target and background
of the stimulus. It is not clear the influence of the luminance noise on color discrimination.
We investigated the effect of change in the luminance noise limits on color discrimination.
Eighteen trichromats and ten congenital dichromats (eight protans, two deutans) had
their color vision evaluated by the Cambridge Colour Test, and were genetically tested for
diagnostic confirmation. The stimuli were composed of a mosaic of circles in a 5° circular
field. A subset of the circles differed in chromaticity from the remaining field, forming a
letter C. Color discrimination was estimated in stimulus conditions differing in luminance
noise range: (i) 6-20 cd/m?; (i) 8-18 cd/m?; (i) 10-16 cd/m?; and (iv) 12-14 cd/m?.
Six equidistant luminance values were used within the luminance noise limits with the
mean stimulus luminance maintained constant under all conditions. A four-alternative,
forced-choice method was applied to feed a staircase procedure to estimate color
discrimination thresholds along eight chromatic axes. An ellipse model was adjusted to
the eight color discrimination thresholds. The parameters of performance were threshold
vector lengths and the ellipse area. Results were compared using the Kruskal-Wallis
test with a significance level of 5%. The linear function model was applied to analyze
the dependence of the discrimination parameters on the noise luminance limits. The
first derivative of linear function was used as an indicator of the rate of change in color
discrimination as a function of luminance noise changes. The rate of change of the ellipse
area as a function of the luminance range in dichromats was higher than in trichromats
(p < 0.05). Significant difference was also found for individual thresholds in half of the
axes we tested. Luminance noise had a greater effect on color discrimination ability of
dichromats than the trichromats, especially when the chromaticities were close to their
protan and deutan color confusion lines.
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INTRODUCTION

Several psychophysical protocols for assessment of color
discrimination have been developed using pseudoisochromatic
design, such as the Ishihara Test, the AO HRR
pseudoisochromatic plates and the Cambridge Colour Test
(Regan et al., 1994). This approach allows elimination contour
and luminance cues from the presentation of chromatic stimuli.
It is therefore important for the unbiased evaluation of color
vision necessary in research and in diagnosis of congenital or
acquired color vision losses (Regan et al., 1994; Moura et al,
2008; Paramei, 2012; Paramei and Oakley, 2014; Shinomori et al.,
2016).

Pseudoisochromatic stimulus, usually, are composed by
a mosaic of circles of different sizes (spatial noise) and
luminance (luminance noise). Changes in luminance noise
impact color discrimination thresholds (Souza et al, 2014;
Cormenzana Méndez et al., 2016; Linhares et al., 2016) and
the decrease in number of noise luminance values and the
increase in contrast between luminance noise and the mean
luminance impaired the color discrimination thresholds (Souza
et al., 2014; Cormenzana Méndez et al, 2016). Linhares
et al. (2016) investigated the influence of the dynamic
luminance contrast noise (flickering at 10 Hz) on the color
discrimination thresholds of normal trichromats and anomalous
trichromats. They observed that the presence of the dynamic
noise had no effect on the color discrimination thresholds
of normal trichromats but improved the color discrimination
thresholds of the anomalous trichromats. These findings
indicate the need to understand how several parameters of
the pseudoisochromatic stimulus could influence color vision
and to guide future protocol standardization that would permit
comparisons between laboratories.

The present investigation aims to extend the previous studies
on the influence of changes in luminance noise parameters on
the color discrimination thresholds. We changed the luminance
noise range of the stimulus, without changing the mean
luminance or luminance noise level, to estimate the color
discrimination thresholds of normal trichromats and congenital
dichromats. We observed that luminance noise had a greater
effect on the color discrimination ability of the dichromats than
the trichromats.

MATERIAL AND METHODS
Subjects

The participants were 18 trichromats (13 female, 5 male,
25.55 =+ 1.5 years-old) and 10 congenital dichromats (seven male
and one female protans, 24.75 =+ 4.5 years-old; two male deutans,
24.5 £ 2.1 years-old). All individuals had normal visual acuity
or corrected to 20/20 with no history of visual or neurological
diseases. The authors evaluated the red-green color vision
genotype of those participants that has color discrimination
performance, suggestive of color deficiency in the Cambridge
Colour Test and Ishihara assessment. All participants gave
written informed consent to participate in the experiments, and
the Ethical Committee for Research in Humans approved the

experimental procedures (Center of Tropical Medicine, Federal
University of Pard, Brazil, report #570.434).

Apparatus

We used the Cambridge Colour Test (Cambridge Research
System, CRS, Rochester, United Kingdom; CCT) to estimate
the color discrimination thresholds of participants. The test
ran in the ViSaGe system (CRS) with gamma-correct driven
CRT display (spatial resolution: 1600 x 1200 pixels, temporal
resolution: 75 Hz, color depth: 14 bits per gun; Diamond Pro
2070SB model, Mitsubishi, Australia). The gamma correction
was done using vsgDesktop software, version 2.10 (CRS) and
ColorCal chromameter (CRS).

A mosaic of circles in a 5° circular patch composed
the stimulus (Figure 1). The circles had different sizes and
luminance. We used four different stimulus conditions differing
in luminance noise range: (i) luminance noise between 6 cd/m?
and 20 cd/m? (range of 14 cd/m?); (ii) luminance noise between
8 cd/m? and 18 cd/m? (range of 10 cd/m?); (iii) luminance
noise between 10 cd/m? and 16 cd/m? (range of 6 cd/m?); and
(iv) luminance noise between 12 cd/m? and 14 cd/m? (range
of 2 cd/m?). We kept the same mean luminance at all stimulus
conditions (13 cd/m?). Figure 1 shows examples of stimuli for
each luminance noise range. Six luminance values composed the
luminance noise.

A subset of circles (target) in the shape of a Landot-C
(outer diameter: 4.4°; inner diameter: 3.3°; C gap: 1°) differed
in chromaticity from the background circles. The chromaticity
of the field (CIE1976 color space, v’ = 0.1977 e v’ = 0.4689)
was compared to the target chromaticity that could be
presented at eight different chromatic axes as shown in the
Figure 2. The observer’s task was to indicate the orientation
of the C-gap (right, left, top and down). The threshold
estimation was conducted using a four-alternative, forced-choice
method and a staircase controlled the distance between the
field and target chromaticities in the CIE1976 color space.
The rule of the staircase case was 1 hit:1 error, and after
10 reversals the procedure was terminated. The average of the
last six reversals was used to estimate the color discrimination
thresholds.

Data Analysis

We fitted an ellipse model using the Khachiyan Ellipsoid Method
(Khachiyan, 1979) with programmed routines in MATLAB
language environment (Mathworks, Natick, MA, USA). We
considered the ellipse area and the color discrimination threshold
vector lengths as indicators of the psychophysical performance
of the chromatic discrimination task. Thresholds were expressed
relative to the largest threshold value obtained among the
four-luminance noise conditions.

We assessed the relative threshold distribution using
D’Agostino-Pearson omnibus test. Kruskal-Wallis test was
used to compare the results obtained by the different stimulus
conditions for dichromats and trichromats. This was followed by
the Dunn’s multiple comparisons test adjusting the significance
level for the multiple comparisons. We fitted a straight-line
function to the thresholds as a function of the luminance
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FIGURE 1 | Pseudoisochromatic stimulus examples with different luminance
noise range conditions. (A) Luminance noise ranged between 6 cd/m? and
20 cd/m? (amplitude of 14 cd/m?). (B) Luminance noise ranged between

8 cd/m? and 18 cd/m? (amplitude of 10 cd/m?). (C) Luminance noise ranged
between 10 cd/m? and 16 cd/m? (amplitude of 4 cd/m?). (D) Luminance
noise ranged between 12 cd/m? and 14 cd/m? (amplitude of 2 cd/m?).
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FIGURE 2 | Location of the target chromaticities in the CIE 1976 color
diagram. Eight chromatic axes, equally spaced in 45° related to a horizontal
axis that cross the reference chromaticity coordinate, had the length controlled
by a staircase protocol to estimate the color discrimination threshold related to
the background chromaticity. Crosses represent the greater chromatic vector
in each axis. Dotted lines represent the protan (o), deutan (d) and tritan (t)
confusion lines.

noise amplitude. The slope of the best-fit straight-line function
quantified the influence of luminance noise range upon the
chromatic thresholds. We evaluated the linear correlation
coefficient, coefficient of determination, and the p-value
of the linear regressions. Significance was considered if
p < 0.05).

Color Vision Phenotype and Genotype
The color vision phenotype was defined by the combined
evaluation of the CCT in the luminance range of the luminance

noise between 8 cd/m? and 18 cd/m? and the genetic
evaluation verification. The authors only evaluated the red-green
color vision genotype of those participants that had color
discrimination performance suggestive of color deficiency in the
CCT and Ishihara Test. A total of 10 subjects were genetically
evaluated. We extracted DNA samples from buccal swabs using
the GentraPuregene Buccal Cell Kit (Gentra Systems, Inc.,
Minneapolis, MN, USA). The presence of L-opsin and M-opsin
genes was investigated in the X chromosome array (Neitz and
Neitz, 1995). Blood samples from trichromat, protanope and
deuteranope subjects were used as either negative or positive
controls.

RESULTS

Color Discrimination Thresholds as a
Function of the Luminance Noise
Amplitude

The genetic analysis of the six dichromat subjects confirmed
the CCT results. Figure 3 illustrates the color discrimination
ellipses of a trichromat and dichromats (one protan and one
deutan subject) for two luminance noise ranges (6-20 cd/m? and
12-14 cd/m?).

For both trichromats and dichromats, there was statistically
significant difference between the areas of the ellipses estimated
by the luminance noise stimulus condition (Hp) = 37.96,
p < 0.001). The ellipse area at the luminance noise range of
2 cd/m? was smaller than in the luminance noise range of
14 cd/m? (Figure 4, for trichromats: adjusted-p value = 0.04; for
dichromats: adjusted-p value = 0.007).

Concerning the chromatic vector lengths, it was found that
there was no statistically significant difference in the trichromats
(p > 0.05) for chromatic thresholds estimated by the luminance

TABLE 1 | Results of the linear regression between chromatic thresholds and
luminance noise amplitude.

Slope (95%Cl) r r? P
Trichromats
Ellipse area 0.021 (0.013-0.028) 0.54 0.29 0.001
Vector 0° length 0.004 (—0.004-0.012) 0.11 0.013 0.344
Vector 45° length 0.013 (0.003-0.021) 0.31 0.096 0.008
Vector 90° length 0.013 (0.005-0.021) 0.36 0.1302 0.002

Vector 135° length 0.006 (—0.001-0.014) 0.19 0.036 0111
Vector 180° length 0.0074 (—0.005-0.015) 0.22 0.047 0.066
Vector 225° length  0.012 (0.005-0.019) 0.36 0.127 0.002
Vector 270° length 0.006 (—0.002-0.014) 017 0.029 0.1476
Vector 315° length  0.012 (0.004-0.019) 0.35 0.125 0.002
Dichromats

Ellipse area 0.036 (0.021-0.051) 0.61 0.378 0.0001
Vector 0° length 0.030 (0.014-0.046) 0.52 0.274 0.0005
Vector 45° length 0.024 (0.004-0.038) 0.45 0.199 0.002
Vector 90° length 0.022 (0.008-0.036) 0.50 0.254 0.0033
Vector 135° length  0.020 (0.004-0.035) 0.37 0.140 0.017
Vector 180° length 0.016 (—0.006 t0 0.038)  0.22 0.052 0.158
Vector 225° length  0.019 (0.005-0.032) 0.41 0.172 0.008
Vector 270° length 0.004 (—0.016-0.023) 0.06 0.004 0.690
Vector 315° length  0.018 (0.003-0.032) 0.37 0.140 0.017

95% Cl: 95% confidence interval; r = correlation coefficient; r?
determination; p = p-value. Significant values are in bold.

= coefficient of
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FIGURE 3 | Color discrimination ellipses for one trichromat (black ellipse), one protan subject (red ellipse) and one deutan subject (green circle). Panels (A,C)
represent color discrimination in the luminance noise amplitude of 14 cd/m?, while (B,D) represent color discrimination in the luminance noise amplitude of 2 cd/m?.
Circles represent the threshold coordinates for the protanope (red circles) and deuteranope (green circles).
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noise stimulus at any of the different chromatic axes (Figure 5).
Conversely a statistically significant differences (p < 0.05)
was observed in the dichromats for the chromatic thresholds
estimated by the luminance noise condition at four chromatic
axes (0°, 45°, 90° and 135°) (Figure 6). For dichromats, at the
chromatic axis 0°, the threshold vector length was smaller at
the luminance noise amplitude of 2 cd/m? than at luminance
noise amplitude at 14 cd/m? (Dunn’s multiple comparison test,
adjusted-p value < 0.05). Additionally, we observed at the
chromatic axis 135°, the threshold vector length at the luminance
noise range of 10 cd/m? was also smaller than at the luminance
noise range of 14 cd/m? (Dunn’s multiple comparison test,
adjusted-p value < 0.05).

Linear Regression Analysis of the
Chromatic Thresholds as a Function of

Luminance Noise Amplitudes
Figure 7 illustrates the violin plots comparing the slope of the
fitted lines to the ellipse area as a function of luminance noise

amplitude for the trichromats and dichromats. It was observed
that the functions from dichromats data had larger slopes than
those from trichromats (Mann-Whitney test, p < 0.05). For the
chromatic vectors, only in the chromatic axes 0°, a statistically
significant difference was observed between the slopes of the
fitted lines to the chromatic discrimination data as a function
of the luminance noise amplitude (Figure 8, H(5 = 27.31,
p = 0.03). These data showed that the dichromats had larger
slopes than the trichromats (p = 0.003). Table 1 shows the linear
regression results between chromatic thresholds and luminance
noise amplitude.

DISCUSSION

In this current study the main result was luminance noise
changes of a pseudoisochromatic stimulus had a greater influence
on color discrimination in congenital dichromats than in
trichromats. Moreover, there was a preferential effect at the
chromatic axes between the deutan and protan color confusion
lines.
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FIGURE 4 | Violin plots of relative ellipse area estimated from trichromats and congenital dichromats as a function of the luminance noise amplitude. Low luminance
noise amplitude improved the color discrimination compared to high luminance noise amplitude. Shaded gray areas are the kernel density plot that represents 95%
of the data distribution, and the box plot comprises horizontal lines that represent third quartile (upper line), median (middle line), first quartile (lower line) and whiskers
represents the maximum and minimum values. *p < 0.05.
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FIGURE 5 | Violin plots of chromatic thresholds estimated from trichromats as a function of the luminance noise amplitude at each chromatic vector. No difference
was found in the multiple comparisons from trichromats data. Shaded gray areas are the kernel density plot that represents 95% of the data distribution, and the box

plot comprises horizontal lines that represent third quartile (upper line), median (middle line), first quartile (lower line) and whiskers represents the maximum and
minimum values.

Changes in the luminance noise have been shown to  reported from our laboratory, compared stimuli with different
have significant influence on color discrimination in normal  quantities of luminance noise levels and observed that color
and anomalous trichromats (Souza et al., 2014; Cormenzana  discrimination of normal trichromats improved with a greater
Méndez et al, 2016; Linhares et al., 2016). Previous data  number of levels (Souza et al., 2014). We also observed that color
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FIGURE 7 | Violin plots comparing the slopes estimated from the best
individual linear fits to the ellipse area as a function of the luminance noise
amplitude from trichromats and congenital dichromats. Dichromats had larger
slopes than trichromats. Shaded gray areas are the kernel density plot that
represents 95% of the data distribution, and the box plot comprises horizontal
lines that represent third quartile (upper line), median (middle line), first quartile
(lower line) and whiskers represents the maximum and minimum values.

*p < 0.05.

discrimination followed Weber’s contrast between the maximum
and minimum noise luminances when the mean luminance
of the stimulus was changed (Cormenzana Méndez et al., 2016).

Linhares et al. (2016) observed that dynamic luminance
noise improved color discrimination of anomalous trichromats
and had no significant effect in the color discrimination
of normal trichromats. In the present investigation, as the
luminance noise range decreased, Weber’s contrast of the
noise and value of local luminance contrasts also decreased,
while the color discrimination improved. It is not clear which
indicator (Weber’s contrast, local luminance contrast or even
some homogeneity measurements of the luminance noise) or
combination of indicators is more important to influence the
color discrimination using a pseudoisochromatic stimuli.

Luminance noise in the chromatic stimulus was introduced
by Stilling (1877) to exclude or decrease a bias on color
discrimination due to different brightness from different colors
(Stilling, 1877; Mollon, 2003). In our experimental set up, the
decrease of luminance noise range made luminance noise more
homogeneous and thus probably facilitated discriminating target
from the mosaic field. For trichromats, we observed a small decay
in the ellipse area as the luminance range decreased, although
this change was non-significant. Also in this current study, a
significant difference was observed between the conditions with
higher and lower luminance range in congenital dichromats, and
there was a significant difference between the slopes estimated
from congenital dichromats and trichromats. It is reasonable to
assume that the decrease in luminance noise range has facilitated
color discrimination in congenital dichromats.
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Luminance Noise Effects on Color Discrimination

In a stimulus with high homogeneity in luminance values (low
luminance noise range), the difference between the target and the
mosaic field could be defined both in chromaticity (absent for
congenital dichromats, but present for normal trichromats) and
in apparent color brightness (present for congenital dichromats
and trichromats). We interpreted the increased performance
in the low luminance range condition as mainly due to the
Helmholtz-Kohlrausch effect, in which two colors with the
same luminance but different chroma have different apparent
brightness (Wyszecki and Stiles, 1967; Nayatani, 1998; Corney
et al., 2009). Supposedly, the performances of both trichromats
and dichromats benefited from the Helmholtz-Kohlrausch effect
(a perceptual bias that motivates the use of luminance noise in the
first place), but the facilitation was more evident for dichromats
since trichromats already displayed high discrimination at all
chromaticity vectors.

An additional result, that confirmed our interpretation that
luminance bias contributes to target discrimination at low
luminance range conditions, was that we could only observe the
improvement of the color discrimination performance in the
congenital dichromats for the half of the chromatic vectors. The
other vectors also had a better performance, however they were
not statistically significant. In the conditions of low luminance
noise range, some apparent color brightness differences could
be present and possibly assisted them to determine the correct
targets for the chromatic axes from 0° to 135°. For the other
chromatic vectors, as well as for all chromatic vectors in
trichromats, the difference in chromaticity alone was enough to
guide discrimination at all luminance noise range conditions.
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