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Throughout the lifespan, humans exhibit varying abilities in perceiving color and luminance with
sensitivity peaking at different stages. The interaction between luminance and color perception is likely
influenced by the distinct developmental trajectories of the respective visual psychophysical channels.
This study aimed to investigate how chromatic noise affects luminance discrimination thresholds

in adolescents, young adults, and elderly individuals. Sixty participants with no visual complaints
(20/20 or corrected binocular visual acuity, and no indication of color vision impairment in the Ishihara
pseudoisochromatic plate test) were divided into three age groups: adolescents (15.7 + 0.8 years),
young adults (20-40 years), and elderly adults (60 + years). Participants underwent a luminance
contrast discrimination task with chromatic noise masking using a mosaic stimulus, where four
chromatic noise protocols were applied (protan, deutan, tritan, and a no-noise protocol). The results
showed that luminance contrast thresholds were significantly elevated with the addition of chromatic
noise in all groups compared to those without chromatic masking noise, but adults exhibited smaller
differences in thresholds between the conditions with and without noise compared to participants

in the adolescent and elderly groups (p <0.05). The intergroup comparisons revealed that young
adults had the lowest thresholds, followed by adolescents and elderly individuals (p<0.01). Elderly
participants exhibited higher luminance thresholds than young adults in all chromatic noise conditions,
especially under the tritan protocol. These findings suggest that the maturation of luminance and
color interaction is consolidated after adolescence, with sensitivity peaking of the mechanisms of
color-luminance interaction in adulthood and declining in the elderly. The study provides insights into
the developmental and aging processes of color-luminance interaction mechanisms, highlighting the
continued maturation of color processing mechanisms in adolescence and their subsequent decline
with age.

Keywords Luminance discrimination, Chromatic noise, Age-related vision changes, Color-luminance
interaction, Visual sensitivity, Adolescence and aging

Perceptual interactions between color and luminance have been described under various experimental
conditions'>. One method for studying these interactions is visual masking, which involves presenting spatial
color noise over a luminance signal®’. Miquilini et al.* developed a mosaic stimulus in which a target defined by
a contrast in luminance was masked by chromatic noise, allowing the study of the threshold discrimination of
the masked target. It was found that the luminance threshold contrasts were influenced by the saturation of the
colors present in the color noise, with lower threshold contrasts observed in conditions of low color saturation
or in the absence of color noise, indicating a suppressive effect of chromatic noise on luminance discrimination.
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The results of Miquilini et al.* reveal a mechanism of interactions between color and luminance that has been
evaluated under conditions of absent or diminished color vision in samples with congenital color vision loss or
deterioration of color vision due to the natural aging process®®.

Despite extensive literature describing that parallel visual processing pathways for luminance and color extend
from the retina to the primary visual cortex without interaction between these information streams!%~'4, there is
a growing body of literature that details cortical mechanisms of interaction between color and luminance®!>1°.
There are cells in the primary visual cortex that respond only to color, others that respond only to luminance,
and still others that respond to both color and luminance, which are thought to form the anatomophysiological
substrate for the mechanisms of color and luminance interaction in the primary visual cortex'®. Xing et al.
(2015) identified the presence of interaction between brightness and color in the primary visual cortex through
the recording of chromatic visual evoked potentials, this interaction arises in an inhibitory network generated
by local brightness contrast at the boundary between the target and the background.

Moreover, recent evidence also indicates that the relationship between these mechanisms may not be
restricted to the primary visual cortex but may involve higher-order cortical regions and be related to
illumination processes and global scene analysis?, just as individual variations in luminance sensitivity can
predict differences in chromatic axes?!.

Various studies indicate different trends of development, maturation, and aging of the achromatic and
chromatic visual pathways (red-green and blue-yellow) throughout life (e.g.,>>"%°). Studies using visual evoked
potentials have assessed the development and maturation of the opponent pathways for luminance and
color?>227_ The results showed that the main components of the achromatic response are already mature by
as early as 3 months, while the components of the chromatic responses continue to change throughout the first
year.

Similarly, psychophysical studies®>?%?? have demonstrated the presence of chromatic discrimination in the
red-green pathways as early as two months of age. However, findings regarding the development of the blue-
yellow opponent system remain controversial, with some studies reporting discrimination at two months and
others suggesting it emerges at later stages of development.

Psychophysical studies suggest a similar maturation of chromatic pathways starting around the age of
102%. Both electrophysiological and psychophysical studies have suggested that the performance of chromatic
pathways in children only resembles that of adults after puberty, indicating a continuous development of color
vision from childhood?>%.

Despite the existing knowledge about the development of chromatic and achromatic visual pathways, little
is known about the maturation of mechanisms related to the interaction between these two visual subsystems.
Considering that protocols for assessing luminance discrimination masked by chromatic noise represent
mechanisms of interaction between color and luminance, they can be used to evaluate how chromatic and
achromatic pathways interact across different age groups throughout life. In the present study, we compared
luminance contrast discrimination under and without chromatic masking in adolescents, young adults, and
older adults.

Methods

Ethical aspects

This research was approved by the Ethics Committee of the Federal University of Pard (#6.546.671). All methods
were performed in accordance with relevant guidelines and regulations. Consent from the legal guardians for
the participation of minors in the study was obtained through the signing of an informed consent form, and
the assent of the adolescents was obtained through their own signatures accompanied by consent of their legal
guardians. Participants and their guardians were informed about the research objectives, the protocols to be
applied, the potential benefits and risks involved, and the possibility of withdrawing from the study at any time
according to their expressed wishes.

Participants

The present study recruited 20 adolescents aged 15-17 years old (mean age: 15.7+0.8 years) and 20 young
adult individuals aged 20-40 years old (mean age: 28.5+9.8 years). Additionally, 20 older adults over 60 years
(mean age: 60.2+2.4 years) were included. All participants exhibited normal or corrected visual acuity of
20/20, assessed using the Freiburg Visual Acuity Test (FrACT), and had normal color vision based on the
Ishihara pseudoisochromatic plate test*’. Participants also had no systemic diseases that could influence vision,
congenital or acquired color blindness, or frequent exposure to solvents. Individuals were recruited through
direct invitation or referrals from selected subjects.

Luminance contrast discrimination test

The experiment was conducted using a MacBook Pro LCD 1700 (1690 1050 pixel spatial resolution, frame
rate of 75 Hz, and 10-bit color resolution). A program was written in MATLAB R2017b (Mathworks, Natick,
MA, USA) to conduct the test. A CS-100A colorimeter (Konica Minolta, Osaka, Japan) was used to calibrate the
monitor and for all color calculations in the test with all chromaticities calculated for a 2° observer angle and a
D65 illuminant.

The test stimulus consisted of mosaics made up of 428 circles with diameters ranging from 0.12 to 0.49°
of visual angle, viewed at a distance of 234 cm from the monitor. Sixteen different mosaic arrangements were
created, with one of these arrangements randomly selected each time the stimulus was presented.

Four configurations of stimuli were presented similarly to previous studies by our group®®. In three of the
four conditions, a luminance contrast in the shape of a Landolt C (external diameter 4.4°, internal diameter 2.2°,
gap 1°) was shown in the mosaic, masked by chromatic noise. Three types of chromatic noise were used (protan,

Scientific Reports |

(2025) 15:35616 | https://doi.org/10.1038/541598-025-19430-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

deutan, tritan) (Fig. 1. Each type of chromatic noise consisted of 10 chromaticities with a vector magnitude of
0.04 w'V’ units, radially projected from a reference chromaticity (CIE 1976: u’=0.1947; v'=0.4639. To ensure
a more uniform distribution of chromaticities along each confusion line, five chromaticities were spaced by 2
degrees in hue angle on either side of each color confusion line, resulting in five chromatic axes per protocol (see
Fig. 2 for chromaticity distribution in the u'v’ color space). These axes were centered on the protan confusion line
(protan protocol), the deutan confusion line (deutan protocol), and the tritan confusion line (tritan protocol).
An additional condition without chromatic noise (non-noise protocol) was included, using only the reference
chromaticity across the mosaic. These confusion lines represent directions in color space along which individuals
with color vision deficiencies have difficulty discriminating chromatic differences. They correspond to the main
axes of color confusion for protan (associated with L-cones), deutan (M-cones), and tritan (S-cones). These
noise types were chosen because they align with the red-green and blue-yellow opponent channels, which are
fundamental to human color perception.

The initial luminance of the target was set at 4 cd/m?, while the background had a fixed luminance of 40 cd/
m? A four-alternative forced-choice method (up, down, right, left) was applied to feed a two down/one up
adaptive staircase procedure, as seen in Sousa et al.” and Brito et al.?, corresponding to approximately 71% correct
responses. Briefly, an error would lead to a decrease in the target’s luminance, increasing the contrast relative to
the background, while two correct responses would result in an increase in the target’s luminance, decreasing the
contrast between target and background. A total of 10 reversals were considered for the completion of the test in
each protocol, with the last six reversals used to calculate the threshold contrast.

More details on the methodology can be found in previous studies by our group that utilized similar
approaches®’.

Data analysis

To evaluate the effects of age group and protocol (protan, deutan, tritan, and achromatic) on estimated contrast
thresholds, we applied Linear Mixed-Effects Models (LMMs). The main model included age group, protocol,
and their interaction as fixed effects, with subject ID as a random effect to account for repeated measures. p-
values were calculated using Type-III Wald chi-square tests. Post-hoc pairwise comparisons were performed
using estimated marginal means, and Tukey’s method was applied to correct for multiple comparisons. Model
assumptions were evaluated through visual inspection of residuals using diagnostic plots along with the Shapiro-
Wilk normality test and a Bartlett test of homogeneity of variance. Separate models were also fitted for threshold
differences, following the same structure of fixed and random effects.

Fig. 1. Stimuli utilized in each experimental protocol: (A) protan, (B) deutan, (C) tritan, and (D) no-noise
protocol. The luminance contrast of the stimuli was represented by a C-shaped target, with chromatic noise
applied in protocols (A), (B), and (C) to mask the luminance contrast. In protocol (D), chromatic noise was
absent.
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Fig. 2. Chromaticities used to compose the color noise for protan (red line), deutan (green line), and tritan
(yellow line) in the CIE 1976 chromaticity diagram. The black crosses represent chromaticities spaced by 2
degrees in hue angle on either side of each color confusion line.

All statistical analyses and visualizations were performed using R software version 4.4.2, along with the
following packages: Ime4 for model building, ImerTest for p-value computation, car for Type-IIT Wald chi-square
tests, performance for residual diagnostics, emmeans for post-hoc comparisons, and ggplot2 for data visualization.
The significance level was set at a=0.05.

For the statistical analysis, consistent with the approved work plan, the luminance discrimination thresholds
in relation to the saturation of the color noise were analyzed using a one-way ANOVA with Tukey’s post hoc test
to compare the estimated thresholds in the protan, deutan, tritan, and achromatic protocols of the luminance
contrast discrimination test with color masking. A significance level of 0.05 was considered.

Results
The Fig. 3 displays box plots of the estimated luminance contrast thresholds across different stimulus conditions
for each age group.

Table 1 shows the results of the comparison of discrimination thresholds considering the factors of stimulation
protocols and age group. The results indicated a significant interaction between the age group and stimulation
protocol factors.
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Fig. 3. Comparison of luminance contrast thresholds across different stimulus conditions for each age group.
Box plots illustrate the distribution of luminance contrast thresholds. Each color corresponds to the protocol
under which the thresholds were measured: gray for the no-noise protocol, red for the protan protocol, green
for the deutan protocol, and blue for the tritan protocol. *Luminance contrast thresholds are significantly lower
than those estimated for all three protocols with chromatic noise (p <0.05). **Luminance contrast thresholds in
the tritan protocol are significantly lower than those measured in the protan and deutan protocols (p <0.05).

X Df | p
Intercept 516.008 | 1 <0.001
Age group 27.722 | 2 <0.001
Protocol 175.734 | 3 | <0.001
Age group: Protocol | 23.505 | 6 | <0.001

Table 1. Results of the Linear Mixed-Effects Model (LMM) for comparing luminance threshold across age
groups and protocols. p-values were estimated using Type-IIT Wald chi-square tests.

Post-hoc comparisons showed that for all three age groups significantly lower thresholds were observed in
the absence of noise compared to the other stimulus conditions. In the elderly group, not only were significantly
lower thresholds noted in the absence of noise compared to the other stimulus conditions, but also a difference
was found between thresholds estimated using the tritan protocol and those estimated using the protan and
deutan protocols, with thresholds from the tritan protocol being lower than those from the other conditions
with chromatic noise.

When considering the fixed factor of the type of stimulation protocol and comparing thresholds across age
groups, it was observed that elderly participants exhibited higher threshold contrasts than both young adults
and adolescents across all stimulation conditions (p <0.05). In all stimulation conditions with the presence of
chromatic noise, the adolescent group also demonstrated higher threshold contrasts compared to the adult group
(p<0.001); however, this was not observed in the no-noise condition, where adolescents and adults presented
threshold contrasts without significant difference (p=0.738). Figure 4 shows the comparison of luminance
thresholds among the different age groups within each stimulation condition.

When assessing the difference between the thresholds estimated in conditions with and without chromatic
noise, it was observed that there was a significant effect for the factors age and stimulation protocol, but no
significance for the interaction of these factors, as seen in Table 2. Adults exhibited smaller differences in
thresholds between the conditions with and without noise compared to participants in the adolescent and
elderly groups (p <0.05). Additionally, a significant difference was noted between the threshold differences when
considering the protan and tritan protocols (p=0.007).

Discussion
This study presented results on the interaction between color and luminance across different age groups
(adolescents, adults, and elderly individuals), showing that the mechanisms of color-luminance interaction
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Fig. 4. Intergroup comparison of luminance contrast thresholds across different age groups within each
protocol. *Luminance contrast thresholds in older participants were significantly higher than those in
adolescent and adult participants (p <0.05).

differ across these age ranges. The findings indicate that the presence of chromatic noise significantly elevated
the luminance discrimination thresholds in all age groups, with the largest increase observed in the adolescent
and elderly groups. This pattern of results reflects the complexity of the development and aging of the visual
systems responsible for processing luminance and color information, which is consistent with previous studies
conducted by our research group.
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X Df | p
Intercept 180.375 | 1 <0.001
Age group 18.541 | 2 <0.001
Protocol 10.205 |2 | 0.006
Age group: Protocol | 7.7776 |4 | 0.1

Table 2. Results of the Linear Mixed-Effects Model (LMM) for comparing luminance threshold differences
between conditions with and without chromatic noise across age groups and protocols. p-values were
estimated using Type-III Wald chi-square tests.

Our group has previously investigated the influence of chromatic masking on luminance threshold
discrimination using mosaic stimuli*®’. The findings indicate that discrimination thresholds are strongly
modulated by the saturation of colors in the noise®, Sousa et al., 2020), and are significantly elevated under
mosaic conditions compared to non-mosaic conditions?. This effect may reflect the perceptual strategy employed
by observers, as mosaic patterns likely require a scanning process to identify the C-gap orientation. This process
could lead to loss of information within the target stimulus, as proposed by Watanabe et al.*!. Additionally, the
elevated thresholds may also be influenced by the task demands, which involve integrating visual information
across spatially distributed elements. This integration likely engages visual grouping mechanisms, and the
interaction of these processes with chromatic noise may impose additional perceptual demands, further
contributing to the increased thresholds observed.

In previous investigations, we explored how age might affect color-luminance interaction mechanisms, finding
that especially under blue-yellow chromatic noise conditions, aging can interfere with chromatic suppression
on luminance discrimination. The current study extended the investigation of color-luminance interaction to
adolescents. In addition to confirming results previously observed in Brito et al.® for adult and elderly data, we
showed here that adolescents differ significantly from adults in quantitative parameters indicating the interaction
between color and luminance.

The similarity in luminance threshold discrimination between adolescents and adults in the absence of
chromatic noise suggests that the achromatic mechanism is fully developed, as indicated by earlier studies?>262732,
However, it was observed that when exposed to chromatic masking, adolescents exhibited greater chromatic
suppression on luminance threshold discrimination than adults, as evidenced by higher threshold contrasts
in as evidenced by higher threshold contrasts in the color noise stimulation conditions. This indicates that the
mechanisms of color or the interaction between color and luminance in adolescents” brains have not yet reached
full development, as suggested by some studies?2-2433,

These findings are also corroborated by studies like those by Fiorentini et al.*4, who demonstrated that aging
leads to a general decline in contrast sensitivity for both luminance and chromatic signals. In our study, we
observed a significant increase in luminance discrimination thresholds in the presence of chromatic noise,
especially in elderly individuals, which may be explained by the deterioration of the visual pathways responsible
for processing these signals over time. This suggests that the impact of aging on visual perception mechanisms,
both for luminance and color, may be interconnected, and the interaction between these mechanisms may be
similarly affected with age.

The study by Richardson et al.2!, on the other hand, highlighted that individual differences in spectral
sensitivity can influence both luminance and chromatic processing. Their findings suggest that these variations
may impact the interaction between chromatic axes and luminance, which aligns with our observation that
sensitivity to chromatic noise may be mediated by individual differences, especially between adolescents and
adults. This interdependence between luminance and color is an important characteristic for understanding how
different age groups process chromatic and achromatic stimuli.

Furthermore, Conway®”s research on the role of S-cones in the visual pathways, particularly in the dorsal
and ventral cortical areas, offers a crucial perspective for understanding our findings. Conway argues that
the activation of S-cones, involved in chromatic contrast perception, is essential for analyzing illumination
variations, such as shadows. Aging and the incomplete development of the visual system during adolescence
may affect the ability to perceive these illumination variations, which would explain the differences in luminance
discrimination thresholds observed between adolescents and adults.

These results indicate that while the achromatic mechanisms are already consolidated in adolescence, the
chromatic systems and the interaction between color and luminance continue to develop throughout adolescence
and into adulthood, as suggested by Knoblauch et al.”* and Paramei & Oakley*?. The gradual deterioration of
chromatic sensitivity observed in aging may impact luminance discrimination, particularly under chromatic
masking conditions, as observed in our study.

There is an agreement in the literature that throughout adolescence, the brain undergoes significant changes
in its volume, gray and white matter, plasticity, and neurotransmitter systems**~3”. More specifically regarding
the visual pathways, studies show that the ventral temporal cortex, which processes information related to faces,
size, and color, may undergo important changes during adolescence, such as reduced volume compared to the
same region in adults®®. Although we do not have direct anatomical or physiological data from the brains of the
adolescents tested, the structural and biochemical differences in the adolescent brain may potentially indicate
changes in the mechanisms of color and luminance interaction that we have been studying.

A limitation of the present study is the restricted age range of adolescent participants, which was 15-
17 years. Future studies should include a broader age range within childhood and adolescence to determine
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whether this finding represents a continuum of developmental changes. In addition, the differences observed
in luminance discrimination thresholds may be attributed to general differences in noise sensitivity rather than
specific interactions between color and luminance. Further investigations are needed to explore this possibility,
particularly by considering different types of masking.

The mechanisms of color and luminance interaction studied through color masking on the luminance
threshold perception show potential for evaluating adolescent neurodevelopment, paving the way for the
development of new evaluative methods for assessing the integrity of pathways across different age groups.

Conclusion

The present study, by comparing luminance contrast sensitivity with and without color masking, allowed for
a better understanding of how interactions between chromatic and achromatic pathways occur throughout
different life stages, extending the investigation to the adolescent age range.

The findings reinforce the hypothesis that the mechanisms of interaction between color and luminance
undergo changes throughout life, highlighting the occurrence of a decrease in the suppressive effect of color
on the luminance contrast threshold discrimination between adolescence and adulthood. This result suggests
that while the achromatic mechanisms (related to luminance perception) are fully developed in adolescence,
chromatic mechanisms are still maturing during this phase and may later show a decline due to aging. These
findings are important for understanding how visual development and aging impact visual perception and pave
the way for future research on visual neurodevelopment and age-related sensory processes.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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