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Effect of the chromaticity of stimuli 
on night vision disturbances
José J. Castro‑Torres 1*, Miriam Casares‑López 1, Sonia Ortiz‑Peregrina 1, Francesco Martino 1, 
Luis Gómez‑Robledo 2 & José R. Jiménez 1

The perception of halos and other night vision disturbances is a common complaint in clinical 
practice. Such visual disturbances must be assessed in order to fully characterize each patient’s visual 
performance, which is particularly relevant when carrying out a range of daily tasks. Visual problems 
are usually assessed using achromatic stimuli, yet the stimuli encountered in daily life have very 
different chromaticities. Hence, it is important to assess the effect of the chromaticity of visual stimuli 
on night vision disturbances. The aim of this work is to study the influence of the chromaticity of 
different visual stimuli on night vision disturbances by analyzing straylight and visual discrimination 
under low‑light conditions. For that, we assessed the monocular and binocular visual discrimination 
of 27 subjects under low illumination using the Halo test. The subjects’ visual discrimination was 
assessed after exposure to different visual stimuli: achromatic, red, green, and blue, both at the 
monitor’s maximum luminance and maintaining the same luminance value for the different visual 
stimuli. Monocular straylight was also measured for an achromatic, red, green, and blue stimuli. 
The blue stimulus had the greatest effect on halos in both monocular and binocular conditions. 
Visual discrimination was similar for the red, green, and achromatic stimuli, but worsened at lower 
luminance. The greatest influence of straylight was observed for the blue stimulus. In addition, visual 
discrimination correlated with straylight measurements for achromatic stimuli, wherein greater 
straylight values correlated with an increased perception of halos and other visual disturbances.

The parameter most widely used in clinical practice to characterize visual function is visual acuity (VA) as it 
can be used, together with the visual field, to classify visual  impairment1. Visual acuity also fulfills an important 
clinical application because it is used as the main metric to assess vision after refractive  surgery2. Besides VA, 
interest has been growing in other visual functions, such as contrast sensitivity and stereopsis, which are not 
only important in the assessment of visual performance, but also when performing various daily tasks, such 
as reading or fine motor  skills3,4. All these visual functions are usually measured under photopic conditions. 
However, under low illumination, the pupils dilate; consequently, halos and other night vision  disturbances5 
are more readily perceived by subjects exposed to intense light  sources6,7. Even subjects with healthy eyes may 
also be affected by certain night vision disturbances in the presence of intense light  sources8,9, including halos, 
because they are not diffraction-limited eyes and as the pupils dilate, they are affected by ocular aberrations 
and intraocular  scattering9,10. In clinical practice, one of the main complaints of patients who have undergone 
refractive surgery are night vision disturbances (halos, glare, and starbursts), as changes to the ocular media 
can increase the amount of ocular aberrations, especially when the pupil is enlarged in low light  conditions11,12. 
Furthermore, these visual symptoms can also be observed in some eye  diseases13–15. Several studies indicate the 
importance of studying visual disturbances for a more complete characterization of visual  performance11,16 or 
even in the diagnosis of certain eye  diseases17. Although these positive dysphotopsias, i.e. photic phenomena or 
introduction of bright artifacts onto the  retina18, are often assessed through  questionnaires12, increasingly more 
tests are being developed to characterize  them15,19–21. These tests for night vision disturbances have been used 
to assess normal  vision10,19 and some clinical  conditions15,17,22. Thus, as cataract patients often complain about 
postoperative halo perception, night vision tests can be used to analyze the outcomes of implanting different 
IOLs (intraocular lenses)22,23. Night vision disturbances following LASIK (Laser In Situ Keratomileusis) surgery 
have also been studied and were found to deteriorate under several experimental  conditions24,25. With other 
techniques such as small incision lenticule extraction (SMILE), halo symptoms appeared early after surgery, but 
improved within 3  months26, showing the importance of studying the evolution of night vision disturbances 
after refractive surgery. Pupil size is another factor to consider, as pupil dilation exacerbates ocular aberrations 
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and intraocular  scattering27,28, which may affect visual function and contribute to increased halo  perception6 and 
other  dysphotopsias29. Pupil size is also an important parameter following corneal refractive surgery, given that 
patients with larger pupils report higher rates of night vision disturbances. Furthermore, these visual symptoms 
had a negative effect on certain tasks, such as night  driving30. The tests used to assess night vision disturbances are 
mostly designed and performed with achromatic stimuli. However, different chromatic stimuli, e.g., streetlights, 
illuminated signs, headlights, taillights, etc., are regularly encountered during everyday nighttime activities. 
Several studies have also shown that intraocular scattering and straylight depend on the  wavelength31,32. On the 
other hand, it has been reported that retinal image quality affects night vision  performance10. Considering these 
findings, we believe it is important to assess visual performance in dim environments using not only achromatic 
stimuli, but also with stimuli of different chromaticities.

The aim of this work is to assess the influence of the chromaticity of visual stimuli on night vision distur-
bances and intraocular straylight. To that end, we measured and compared visual discrimination and intraocular 
straylight under low illumination (halo perception) in a group of subjects with healthy eyes using achromatic 
and chromatic luminous stimuli (red, green, and blue) and by analyzing the effects of chromaticity in different 
situations.

Methods
Subjects
A total of 27 subjects (16 females, 11 males) with a mean age of 22.9 ± 4.0 years were enrolled in the study. All 
participants gave their informed consent in accordance with the Declaration of Helsinki, and the study was pro-
spectively approved by the Human Research Ethics Committee of the University of Granada (1256/CEIH/2020). 
The subject inclusion criteria were decimal best-corrected visual acuity ≥ 1.0 in both eyes and no pathologi-
cal conditions or pharmacological treatments that could affect visual performance. Subjective refraction was 
performed in both eyes at distance using an endpoint of maximum plus for best visual acuity. The assessment 
of monocular refraction was followed by a binocular balance using the prism-dissociated red-green balance 
 technique33. Corrected distance visual acuity (CDVA) was measured at a working distance of 5.5 m using the Pola 
VistaVision Visual Acuity Chart System (DMD Med Tech, Torino, Italy). The mean refractive error (spherical 
equivalent) was − 1.00 ± 1.60 D. All observers completed the Ishihara test (Kanehara Shuppen Company, Ltd., 
Tokyo, Japan) and none had any color vision deficiency.

Visual discrimination (halo perception)
Visual discrimination is referred to in the present study as the ability of the visual system to detect luminous 
stimuli around a main high-luminance stimulus over a dark  background15. We assessed halo perception (i.e., the 
subject’s perception of an area of diffused light around an intense light) and other night vision disturbances by 
studying visual discrimination under low-light conditions (in a dark room). Halos and positive dysphotopsias 
have been extensively studied in clinical applications and are mainly caused by forward  scattering34, although 
defocus and ocular aberrations are also  involved19,35. Here we used the Halo test to analyze these visual distur-
bances. The test is based on the freely available software Halo v1.0 (http:// hdl. handle. net/ 10481/ 5478, University 
of Granada, Granada, Spain), and has been extensively validated in different clinical applications, including 
for eye  diseases15,36, and after refractive  surgery22,23,25, but also under diverse experimental conditions, such as 
 anisocoria6, after inducing forward  scattering10,37 or under the influence of diverse  substances38,39. The visual 
task consists of detecting peripheral luminous stimuli around a central high-luminance stimulus. To perform 
the test, the subjects were positioned 2.5 m in front of the test monitor with their visual axis aligned with the 
center of the monitor using a chin rest and a forehead support. Subjects were instructed to maintain visual fixa-
tion on the central stimulus throughout the test. The task of the subject was to detect peripheral spots around 
the central stimulus by pressing the left mouse button of the test computer. An initial trial run was performed to 
check they understood the test correctly. The central and peripheral stimuli subtended visual angles of 0.390 and 
0.013°, respectively. The assessment area comprised a ring concentric to the central stimulus limited by minimum 
and maximum radii of 0.195 and 0.390°, respectively, hence the test was performed under conditions of foveal 
vision. A total of 60 peripheral stimuli, distributed along 15 semiaxes (4 stimuli/semiaxis), were displayed around 
the central stimulus and within the area being assessed. The monitor’s background luminance was 0.27 cd/m2. 
Subjects were tested in a completely darkened room (mesopic conditions) after completing a dark adaptation of 
3 min plus 1 min to adapt to the central stimulus luminance. The peripheral stimuli were randomly displayed 
in the assessment area after a randomly selected interval of between 0.8 and 2.5 s. Each peripheral stimulus was 
displayed once with a duration of 0.8 s at each position. Each time the subject perceived a peripheral stimulus (by 
pressing the mouse button), the response was stored for subsequent analysis and calculation of the correspond-
ing index. The metric obtained is the visual disturbance index (VDI), which is calculated from the number of 
undetected stimuli versus the total number of luminous stimuli (weighted by the square of the distance between 
each peripheral stimulus and the center of the main stimulus)15 using the Eq. (1):

where  ri is the distance (in pixels) from the center of the central stimulus to the center of the i-peripheral stimulus, 
for a concrete semi-axis; N is the total number of peripheral stimuli (N = 60); and  pi take values of 0 or 1 if the 
i-stimulus is detected or non-detected by the subject, respectively. The VDI takes values from 0 (all peripheral 
stimuli detected) to 1 (none detected) and, therefore, a higher VDI is indicative of poorer visual discrimination 
and a greater influence of halos and other dysphotopsias. The halo test also provides a results graph showing, for 
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each of the positions in which a peripheral stimulus was displayed, whether the participant detected it or not, 
using the character 1 in green or the character X in red, respectively.

The visual stimuli were presented on an LCD monitor (Benq Mobiuz EX2510 IPS FHD, 24.5 inches), which 
was characterized using the spectroradiometer CS-2000 (Konica Minolta, Inc. Osaka, Japan), in which a field 
of 1° was previously selected. Luminance measurements were made at the center of the monitor by varying the 
electrical driving level (EDL), from the maximum value (EDL of 255) to the dark state (EDL of 0) in steps of 
5-EDL-units displaying on the monitor the visual stimulus used in the Halo test. As a result of these measures, 
Fig. 1a shows the electro-optical transfer functions (EOTFs) of the monitor for the achromatic (A) state and 
for the red (R), green (G), and blue (B)  channels40. Figure 1b shows the spectral radiance for achromatic and 
chromatic stimuli (R, G, B) for maximum EDL values.

Considering the experimental conditions used in previous studies, the Halo test uses achromatic stimuli, 
i.e., stimuli devoid of tone (grayscale), in such a way that the main stimulus shows the highest luminance, with 
EDL values for R, G, B all equal to 255, and the peripheral stimuli emitting less luminance. In the present study, 
we performed the Halo test using an achromatic stimulus and three chromatic stimuli (red, blue, and green) 
for two luminance conditions: (1) maximum luminance for each chromatic stimuli (an EDL of 255 for the cor-
responding channel of the main stimulus), and (2) constant luminance for the different stimuli (Table 1). The 
blue channel was considered for the latter scenario, since it achieved the lowest luminance for each EDL. EDL 
values that provided the same blue channel luminance were interpolated for the red and green channels using 
the EOTFs (Fig. 1a). In all cases, the peripheral stimulus had the same luminance reduction (about 40%) as the 
central stimulus.

Figure 1.  (a) Electro-optical transfer functions (EOTFs) of the display used in the Halo test for the red, green, 
and blue channels and an achromatic state. (b) Spectral radiance for achromatic and chromatic stimuli (R, G, B) 
at maximum EDL values.

Table 1.  Color configuration (in terms of EDL values and chromaticity coordinates, CC) and luminance (cd/
m2) of the main and peripheral stimuli for the different experimental conditions: maximum luminance, Lmax, 
and maximum luminance of the blue channel, L_Bmax. A: achromatic; R: red; G: green; B: blue.

Luminance condition

Main stimulus Peripheral stimulus

EDL (R, G, B)
CC (x, y) L (cd/m2)

EDL (R, G, B)
CC (x, y) L (cd/m2)

Lmax

Amax (255, 255, 255)
(0.3120, 0.3227) 358.2 (198, 198, 198)

(0.3120, 0.3227) 210.2

Rmax (255, 0, 0)
(0.6455, 0.3404) 79.1 (199, 0, 0)

(0.6447, 0.3403) 46.5

Gmax (0, 255, 0)
(0.3095, 0.6398) 259.2 (0, 198, 0)

(0.3104, 0.6389) 151.4

Bmax (0, 0, 255)
(0.1508, 0.0443) 21.2 (0, 0, 196)

(0.1508, 0.0455) 12.4

L_Bmax

A_Bmax (68, 68, 68)
(0.3108, 0.3213) 21.2 (54, 54, 54)

(0.3100, 0.3200) 12.4

R_Bmax (138, 0, 0)
(0.6410, 0.3395) 21.2 (108, 0, 0)

(0.6364, 0.3383) 12.4

G_Bmax (0, 80, 0)
(0.3088, 0.6282) 21.2 (0, 63, 0)

(0.3076, 0.6197) 12.4
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Pupil size under the experimental conditions of the Halo test was measured using a Colvard pupillometer 
(OASIS Medical, Inc., Glendora, USA). For conditions in which the luminance of the central stimulus was 
the same, only the pupil size for the blue central stimulus was measured. Therefore, pupil size was measured 
at maximum luminance for each stimulus, i.e., under Lmax conditions. We also measured the illuminance at 
the observer’s position under the Halo test conditions using a PCE-170A light meter (PCE Instruments, PCE 
Deutschland GmbH, Germany). The Halo test display was the only light source in the room (dim environment) 
and displayed the corresponding central stimulus (Halo test running). An illuminance of 0.01 lx was measured 
for the achromatic stimulus when under conditions of maximum luminance, which coincides with the sensitivity 
of the instrument. The device did not register any values for the other conditions (0.00 lx).

Intraocular straylight
Intraocular straylight was measured using a commercial straylight meter (C-Quant, Oculus GmbH, Wetzlar, 
Germany). The device employs the psychophysical compensation comparison method and has been extensively 
validated for clinical  applications41–44. The meter returns results in terms of the straylight parameter [log(s)], 
which is the ratio between the scattered and unscattered light reported by the subject. A high value of the log(s) 
indicates a higher amount of forward intraocular straylight and, therefore, a stronger luminous veil over the 
retinal image. According to the normal straylight  formula41, log(s) takes values of about 0.90 for young healthy 
eyes, 1.03 at 50 years of age, and 1.42 for 80-year-old patients. The analysis only included values that met the 
reliability criterion, i.e., all values with an expected standard deviation (ESD) in each individual measurement of 
less than 0.08. This device has been shown to be repeatable and reliable for intraocular straylight  assessment45. 
Straylight measurements were performed monocularly under natural viewing conditions (achromatic stimulus) 
and using three different additive dichroic filters (red, green, and blue), whose spectral transmittance is shown 
in Fig. 2. We also evaluated whether the filter material induced light scattering. For that, we used the OQAS 
II double-pass device (Visiometrics, Terrassa, Spain) which uses an infrared laser diode (780 nm) to obtain 
the double-pass image. We measured the objective scattering index (OSI) of an artificial eye, as made in other 
 studies10, and interposing each of the chromatic filters. It was found that the OSI did not vary (OSI = 0.0), except 
for the blue filter, which could not be measured due to its low spectral transmittance above 750 nm.

Procedures
The Halo test was performed monocularly in both eyes and binocularly following a random pattern and using 
different stimuli (achromatic, red, green, and blue at the maximum luminance of the central stimulus, i.e., for 
EDL values of 255; and achromatic, red, and green with a central stimulus luminance equal to the maximum 
luminance of the blue channel). During the test, the participants wore their best optical correction (obtained in 
subjective refraction). We completed one Halo test measurement for each experimental condition. The partici-
pants performed a preliminary trial in the first session to familiarize themselves with the visual test. Straylight 
measurements were performed monocularly under natural viewing conditions and those created by placing 
each of the colored filters (red, green, and blue) on the device’s eyepiece, whose spectral transmittance is shown 
in Fig. 2. The experiment was scheduled over different sessions to avoid subject fatigue.

Statistical analysis
SPSS v.26 software (SPSS Inc., Chicago, IL) was used to analyze the raw data. The Shapiro–Wilk test was applied 
to check the normality of the data distribution for the measured parameters [VDI and log(s)]. To study how the 
two parameters were affected by each type of stimulus, we applied a repeated measures ANOVA test for normally 
distributed data and Friedman’s ANOVA test for non-normally distributed data. In both cases, we also carried out 

Figure 2.  Spectral transmittance for the colored filters used in the straylight measurements: red, green, and 
blue.
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post-hoc pairwise comparisons with a Bonferroni correction. To determine the effect size, Hedges’g was calcu-
lated for non-normally distributed data. A correlation analysis was conducted to study the relationship between 
VDI and log(s) using the Pearson correlation test (r). Statistical significance was set at a p-value of 0.05 (p < 0.05).

Results
Figure 3 shows the graphical results of the Halo test for a participant with a low halo perception under normal 
conditions (Amax), a result that is within the normal  range6. However, as the luminance of the stimuli decreased, 
the halo perception increased, with the worst result obtained for the blue stimulus, where the halo covered 
almost the entire assessment area. Under binocular conditions, the perceived halo was smaller for all stimuli 
and luminance levels compared to monocular tests, i.e., visual discrimination capacity improved under natural 
viewing conditions (binocular vision). The figure also shows that some zones of the evaluated area with good 
visual discrimination maintained the same level under the different experimental conditions (see the zone on the 
left for each graphical result) and, therefore, these were also the areas where the subject had their best peripheral 
stimuli detection results.

The visual discrimination results are shown in Fig. 4, which includes mean values of the monocular and bin-
ocular visual disturbance indices (VDI). Both luminance conditions are shown: Lmax and L_Bmax. Monocularly, 
we found significant differences in the VDI under both luminance conditions, Lmax (χ2(3) = 44.393; p < 0.001; 
g = 1.744) and L_Bmax (χ2(3) = 44.151; p < 0.001; g = 1.409). Pairwise comparisons showed that the VDI for the 
blue stimulus was significantly higher (p < 0.001) than that of the achromatic, red, and green stimuli in both 
luminance conditions, Lmax and L_Bmax. This indicates a poorer visual discrimination for the blue stimulus 
compared to the rest of the conditions. In addition, according to the Wilcoxon test, the monocular VDI was 
significantly higher at the lower luminance, L_Bmax, for the achromatic (Z = 3.772; p < 0.001; g = 0.788) and for 
the green chromatic condition (Z =  − 2.946; p = 0.003; g = 0.601) compared to the high-luminance condition, 
which indicates that halos have a stronger influence.

Binocularly, we found similar results. The Friedman test revealed significant differences in VDI between the 
two luminance conditions, Lmax (χ2(3) = 44.393; p < 0.001; g = 1.744) and L_Bmax (χ2(3) = 44.154; p < 0.001; 
g = 1.409), with pairwise comparisons showing a significantly higher VDI for the blue stimulus (p < 0.001) than 
that of the achromatic, red, and green stimuli. Comparisons of the different luminance conditions using the Wil-
coxon test indicated significant differences in the binocular VDI for the achromatic state (Z =  − 3.772; p < 0.001; 
g = 0.788) and the green stimulus (Z =  − 2.946; p = 0.003; g = 0.601). The average VDI for the red stimulus, on 
the other hand, was higher under lower luminance conditions compared to Lmax condition (Fig. 4), although 
differences were not significant. Comparing the VDI of each monocular condition with its corresponding bin-
ocular VDI, the VDI was significantly lower in all cases for binocular viewing, which indicates a greater degree 

Figure 3.  Graphical results of the Halo test and VDI values for one subject under the different conditions 
studied (achromatic/chromatic), monocularly (right eye) and binocularly. Red X: peripheral stimulus not 
detected; green number 1: peripheral stimulus detected.
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of visual discrimination. This underlines the superiority of the binocular system over monocular vision, as the 
visual discrimination was better in binocular viewing conditions.

Pupil size is another important parameter, considering the luminance of the stimuli changed during the 
Halo test. Table 2 shows the mean monocular VDI and pupil diameter (in mm) for the four different stimuli 
(achromatic/chromatic) under the two luminance conditions. For the L_Bmax condition, pupil size was only 
measured for the blue stimulus (equal luminance for the four stimuli) and we found that stimuli chromaticity 
had a significant effect (χ2(3) = 51.371; p < 0.001; g = 0.617). Pairwise comparisons of pupil diameter showed no 
significant differences between the achromatic, red, or green stimuli (p > 0.05). However, we obtained a signifi-
cant increase in pupil diameter in response to the blue stimulus compared to the achromatic (p < 0.001), red 
(p = 0.002), and green (p = 0.001) ones.

With respect to the intraocular straylight measurements, Fig. 5 shows the mean log(s) under natural, achro-
matic conditions, as well as with each of the additive filters (red, green, and blue). We found that chromaticity 
had a significant effect on log(s) (χ2(3) = 120.277; p < 0.001; g = 0.883). Pairwise comparisons showed that log(s) 
was significantly lower for the achromatic stimulus compared to the three chromatic stimuli (p < 0.001), and no 
significant differences were found between the red and green filters (p = 0.340). Furthermore, log(s) while wear-
ing the blue filter was significantly higher than that of the achromatic, red, and green stimuli (p < 0.001), which 
indicates the blue filter produces a greater degree of intraocular straylight.

Considering the achromatic and three chromatic conditions separately (Fig. 6), we found that there was only 
a significant, direct correlation between the monocular VDI and log(s) for the achromatic condition (p = 0.013; 
r = 0.323) (Fig. 6a), which means the subject’s visual discrimination declined more when their eyes showed a 
stronger effect of straylight.

Discussion
The subjects’ visual discrimination was worse for the blue stimulus under both monocular and binocular testing. 
This impairment increased as the luminance of the stimuli was reduced, as a larger pupil diameter deteriorates the 
optical quality of the  eye27. In addition, the visual disturbance index was lower under binocular viewing condi-
tions for each of the experimental conditions. Other studies have reported that this binocular visual function is 

Figure 4.  Bar graph showing the mean values of the monocular and binocular visual disturbance indices 
(VDI) under different conditions (achromatic, red, green, and blue) for the maximum luminance of the central 
stimulus, Lmax (EDL values of 255) and for the maximum luminance of the blue channel, L(Bmax). Standard 
deviations are shown by the vertical bars.

Table 2.  Mean monocular visual disturbance indices (VDI) and pupil sizes (in mm) under the different 
experimental conditions.

Achromatic Red Green Blue

Monocular VDI
Lmax 0.20 ± 0.09 0.18 ± 0.08 0.21 ± 0.12

0.69 ± 0.21
L_Bmax 0.33 ± 0.17 0.25 ± 0.12 0.34 ± 0.19

Pupil size (mm) Lmax 5.2 ± 1.1 5.5 ± 0.8 5.5 ± 0.9 5.9 ± 1.0
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better than the monocular equivalent under different experimental conditions with achromatic stimuli, observing 
a positive binocular summation for the  function6, which is in line with our results for different chromatic stimuli.

The increase in intraocular straylight observed with the blue filter agrees with the results of Coppens et al. 
who found a strong dependence of straylight on  wavelength31. These authors suggested that straylight has three 
important components: a predominant, base component that follows the Rayleigh scattering pattern (greater 
degree of straylight at shorter wavelengths); a second component that depends on pigmentation, where less than 
perfectly pigmented eyes experience greater straylight at longer wavelengths; and a third, age-related component 
which means that intraocular straylight increases with age at all wavelengths. Our study population comprised 
young adults within a small age range, so we did not expect to find any significant age-related  differences41. Fur-
thermore, all participants were Caucasian, although in general they cannot be considered perfectly pigmented, so 

Figure 5.  Mean log(s) for normal achromatic conditions and using different colored filters (red, green, and 
blue). Standard deviations are shown by the vertical bars.

Figure 6.  The monocular visual disturbance index (VDI) for maximum EDL as a function of intraocular 
straylight, log(s) under achromatic conditions (a) and for three chromatic settings: red (b), green (c), and blue 
(d).
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straylight might increase at longer wavelengths. In this regard, we generally observed that subjects experienced 
more straylight through the red filter, although the differences were not statistically significant compared to 
straylight produced by the green filter, which is in line with Coppens et al.31. One contribution to the increased 
straylight with the blue filter could be the Rayleigh pattern due to forward scattering. Although the C-Quant 
straylight meter is known to have good  repeatability45, the differences in straylight between the green and red 
stimuli should be studied in more detail by increasing the number of measurements for each stimulus because 
they were close to the criterion reliability value and to confirm, therefore, that there was a slight increase in 
straylight for red stimuli. C-Quant measurements depends on subjective factors, since it uses a psychophysi-
cal method, and this aspect could have influenced a greater variability of the straylight especially for the blue 
condition. However, some authors have corroborated a good repeatability and reproducibility of the C-Quant 
in healthy eyes, but also a significant correlation between the straylight parameter and an objective scatter index 
(OSI) measured objectively using a double-pass  device46, both parameters being good for clinical applications, 
as quantifying  cataracts47. It is also observed that for the achromatic condition the straylight is lower than for 
the chromatic filters, a trend that is also observed in the Halo test. That is, both straylight and VDI are increased 
for chromatic stimuli. This may be due to a higher spectral sensitivity in the retina produced by the L, M and 
S  cones48 when white light is used. For each chromatic condition (R, G or B), the sensitivity would be mainly 
limited by the spectral radiance of the luminous stimulus.

Other authors have used the double-pass technique to analyze the chromatic dependence of straylight at 
different angles, demonstrating that small angle straylight is affected by the wavelength-dependent properties 
of the fundus for wavelengths between 500 and 650  nm32. The same study also found a significant contribution 
from straylight at longer wavelengths because of light diffusing at the fundus, which depends on the subject’s 
pigmentation and could have a considerable impact in poorly pigmented  eyes32. For wide angles, they found that 
the point spread function (PSF) and intraocular straylight had a weak dependence on wavelength. The authors 
also observed a minimum in straylight at approximately 550 nm, which is in line with our present findings. 
These results can be explained by the fact that the spectral sensitivity curve reaches a maximum at around the 
same wavelength, but they could be also caused by the combined effect of increased straylight for short (Ray-
leigh pattern for forward scattering) and long wavelengths (due to light diffusing at the fundus). These authors 
did not provide results for wavelengths shorter than 500 nm but analyzed the wavelength dependence of the 
ocular straylight for angles from 0.5 to 6.0° (Coppens et al. analyzed angles greater than 3.5°). In our work, the 
blue stimulus used in the C-Quant was centered at 450 nm. However, they observed an increase in straylight at 
500 nm for wider angles (6°), both in dark and less pigmented eyes. For the dark-eyed individuals, the straylight 
values were higher at 500 nm compared with straylight at longer wavelengths (650 nm). These results are in agree-
ment with our work, as we obtained high straylight levels for the blue stimuli compared to the other chromatic 
stimuli, indicating that the fundus contribution to straylight was lower. In this sense, it should be considered to 
include eyes with different pigmentation levels in the studies, especially for smaller angles, since in lighter eyes 
the fundus contribution for long wavelengths is expected to be more important. In addition, Fernandes-Costa 
et al. reported an increase of straylight and poorer chromatic discrimination thresholds with age, although they 
indicated a small effect of straylight impact on chromaticity  thresholds49. In our work, age is not expected to 
produce a significant impact on visual discrimination or straylight, since the participants were young individu-
als, within the groups in which these authors indicated that there were no significant changes except for the 
blue-yellow axis (tritan). Another factor to take into account is pupil size, since the increased pupil diameter 
observed in the Lmax condition for the blue channel contributes to increased halo perception, which is in line 
with previous  studies6. In a similar vein, other authors have shown that pupil miosis reduces some night vision 
 disturbances29 and some drugs are being developed to alleviate the symptoms in patients with severe night vision 
 disturbances50. In our study, we also observed the increase in halo size for the blue stimulus while maintaining 
the same luminance level, although somewhat less intensively. In the condition of equal stimulus luminance, no 
changes in pupil diameter with stimulus chromaticity are expected, as some authors have  shown51. This indicates 
that while pupil size has an important effect, there are other important causes that increase the perception of 
night vision disturbances. Moreover, some authors have shown that straylight has a weak dependence on pupil 
size (for diameters from 2 to 7 mm), whereby increasing pupil diameter slightly increases the straylight  value52. 
However, the authors concluded that straylight values measured under photopic conditions are also valid for 
mesopic and scotopic conditions.

The direct significant correlation between the achromatic VDI and straylight parameter is similar to that 
which we have reported in previous studies wherein forward scattering was induced using Bangerter foils and fog 
 filters10,37. Using an achromatic stimulus, a direct correlation between the VDI and the objective scattering index 
(OSI) was found in these studies, but also with the straylight parameter evaluated using white light. This led to 
subjects reporting a greater perception of halos and other positive dysphotopsias when increasing the forward 
scattering and straylight. It is important to highlight differences in the way OSI and straylight are measured, 
given that infrared light is used to objectively measure intraocular scattering through the OSI, while white light 
is used to measure intraocular  straylight10. On the contrary, in the present work, we did not find any significant 
correlation between VDI and straylight for the chromatic conditions, showing a high variability in the results. 
This indicates that a possible limitation of the study may be that both parameters are dependent on subjective 
factors, but also the sample size analyzed. On the other hand, it could be studied whether the dark adaptation 
has any influence on the dispersion of VDI data, considering that the cones are the photoreceptors involved in 
the task of perceiving the stimuli around the central stimulus (foveal vision). In this regard, further research 
should be conducted with larger samples and including objective ocular measurements, as ocular aberrations 
and optical quality of the eye, as well as taking into account different dark adaptations.

Impaired visual discrimination associated with a blue stimulus can also be explained, at least partially, by 
optical aberrations of the eye. Ocular aberrations should be considered, as they affect the central part of the point 
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spread function (PSF), within a visual angle of 1°, at which visual discrimination capacity was assessed. Some 
authors have shown a slight increase of higher order aberrations with wavelength using different  methods53,54 
and, however, an increases or decreases in optical quality depending on the metrics  used53. Other authors have 
also demonstrated an important effect of longitudinal chromatic aberration, showing little change in higher-order 
aberrations, which are predominantly due to the primary spherical  aberration55. In this sense, one study reported 
an average longitudinal chromatic aberration of 1.82 D over a range of 420 to 660  nm56, being 1.26–1.33 D for 
a range of 450 to 650 mm according to other  authors53, a range that is better adapted to the chromatic stimuli 
of the halo. While light is being focused to form images inside the eye, short wavelengths would focus in front 
of the retina, becoming myopic, thus producing a defocus for these stimuli, and contributing to the perception 
of halos. In the present study, we performed a subjective refraction with binocular balance and took the lens 
power that gave the first response with letters of equal clarity on both the red and green sides as the endpoint. 
Therefore, the greatest defocus was caused by the blue stimulus (myopic defocus), while the green and red stimuli 
presented myopic and hypermetropic defocus, respectively, of approximately equal magnitudes. Some authors 
demonstrated a significant effect of defocus on foveal detection thresholds for white circular stimuli of differ-
ent sizes, especially for hyperopic refractive errors in small  simuli57. More specifically, a contrast sensitivity of 
slightly less than 20, threshold contrast of 5%, was found for a myopic defocus of 1.0 D and a stimulus size of 
0.2°. In our study, the minimum contrast condition in central and peripheral simuli was for the L_Bmax condi-
tions (Michelson contrasts of 0.975 and 0.957, respectively), which would correspond to much higher contrast 
levels compared to the contrast thresholds reported by means of contrast sensitivity, although lower contrast 
sensitivity would be expected for smaller stimuli according to the results of these authors. Differences in VDI 
have been reported for defocus levels of 0.75 and 1.25 D, but under less favorable conditions, as the monovision 
conditions were  simulated6. Detection of the small stimuli around the central stimulus could be also influenced 
by cone distribution in the retina (Halo test was performed in foveal vision) since only 7% of the cones in the 
central fovea correspond to S cones (short wavelength sensitive cones)58, which contributes to a worse detection 
of small blue stimuli in foveal vision, an aspect that would be more affected in the Halo test conditions under the 
influence of the central stimulus of higher luminance. Therefore, the low density of S cones in the fovea and lower 
contrast thresholds for small stimuli due to defocus, together with a contribution of the Rayleigh pattern due 
to forward scattering, could explain the increased in halo perception and straylight with blue stimuli, although 
further research is needed in this regard.

Regarding night myopia, Artal et al. found that it is mainly due to an accommodation shift at low luminance 
levels, while the effect of chromatic aberrations is quite  limited59. They demonstrated that myopic shifts were 
moderate and a defocus of more than 0.50 D was only achieved in abnormally low light conditions, which are 
uncommon in everyday life. Another study found that straylight is not influenced by dioptric  blur60, so the 
effect of night myopia due to defocus is not expected to have a significant impact on our visual discrimination 
and straylight results. It should be noted that Artal et al. only studied white light and green light at 550 nm, nor 
did they perform any comparisons using discrimination tasks under night vision  conditions59. However, the 
authors indicated the need for studies to assess vision under natural conditions, i.e., binocular vision, as they only 
assessed visual function monocularly. In our study, we assessed an important aspect of visual performance under 
night vision conditions, i.e., visual discrimination (halo perception), both monocularly and binocularly with 
different stimuli using white, red, green, and blue light. Our results show that, under natural viewing conditions 
(binocularly), the visual discrimination ability improves with respect to monocular results.

Our findings are relevant to night vision scenarios where color information is important, such as environ-
ments with streetlights, illuminated signs, LED advertising displays, and vehicle headlights, as many of these 
light sources have a blue component due to the increasing use of LEDs. Our results could be of special interest 
in terms of night driving, as the driver’s visual performance is affected by the headlights of oncoming cars. In 
this regard, the background luminance of the Halo test monitor is within the range of the spatial luminance 
distribution in the forefield of a vehicle without considering oncoming  traffic61. The headlights of oncoming cars 
produce varying lighting conditions, so it is important to assess night vision disturbances under the influence of 
a bright light source, just as the Halo test does, although with a dimmer light source than car headlights.

The use of LEDs in vehicle headlights has become widespread in recent  years62. LED headlights have a spectral 
distribution with a peak in the blue region, typically at a wavelength of ~ 460 nm. Some studies have demonstrated 
that the light emitted from LED headlamps produces more glare than conventional headlamps, such as those with 
halogen or discharge  bulbs63. This is due to a higher luminance and the contribution of shorter wavelengths. At 
this point we should include the findings of our work: a stronger intraocular straylight and a greater perception 
of halos at these wavelengths. To minimize the negative effects of glare from vehicle headlights, research is cur-
rently underway to develop adaptive high-beam controlling systems in headlamps composed of LED  modules64 or 
anti-glare rear view  mirrors65, among other innovations. However, besides work on possible solutions for lighting 
systems, it is important to assess how drivers’ night vision is affected by the headlights of oncoming vehicles, 
either because of glare or the perception of halos and other visual disturbances. These disturbances depend on 
the visual quality of the observer’s eyes (eye diseases, ocular media, binocular vision, etc.)13,15,41. Thus, driving 
performance could be  affected39,66, as could the perception of traffic signs or the detection of pedestrians cross-
ing the road or on the  sidewalk67,68, subsequently increasing the risk of road traffic accidents. Accordingly, more 
research is needed into driver visual performance while also considering the vehicle lighting system (headlights, 
taillights, type of headlights, etc.) and not just the driver’s visual condition. The participants in our study were 
young and had optimal visual performance in terms of visual acuity, visual discrimination, and intraocular 
straylight. We would also like to highlight that night vision tests for chromaticity should be performed in subjects 
with different characteristics, at least for achromatic and blue stimuli. It is particularly important to study night 
vision performance in diseased  eyes13,15 but also after different refractive surgery techniques (IOL implantation, 
LASIK, SMILE, etc.), as halo perception and other dysphotopsias are one of the main postoperative complaints 
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of these  patients12,69,70 and some multifocal IOLs can influence spatio-chromatic  vision71. There is also a growing 
research interest in the effect of blue-light filtering intraocular  lenses72,73 and optimizing new refractive surgery 
techniques to minimize positive dysphotopsias.

Conclusions
The results of our study indicate that visual discrimination under low illumination conditions (perception of 
halos, night vision disturbances) depends on the chromaticity of the stimuli, wherein both the monocular and 
binocular visual impairment is greater for the blue stimulus. The same trend was observed when the visual stimuli 
were under equal luminance, but also under conditions of maximum luminance (provided by the test monitor 
for each stimulus). However, the perception of halos was greater at lower luminance, indicating the important 
influence of increasing pupil size, but not as significant as the influence of the blue stimulus (which produced 
the greatest halo perception effect) compared to other stimuli. This visual function was better under binocular 
viewing conditions for all the stimuli (achromatic, red, green or blue) and luminance levels we tested, underlining 
the superiority of binocular compared to monocular vision. We observed an important increase in intraocular 
straylight for blue light, demonstrating a major contribution of shorter wavelengths, thus resulting in a stronger 
luminous veil over the retina and, therefore, more glare. We also found that the visual disturbance index cor-
related positively with intraocular straylight in the achromatic condition, in such a way that as intraocular 
straylight increases, visual discrimination declines and, therefore, visual halos become more prominent. While 
these results are of interest in everyday activities, such as the mobility of pedestrians in the city at night, where 
there are various chromatic visual stimuli and intense light sources, our findings could be of greater relevance 
to driving and the automotive sector, as driver vision may be affected by the type of headlights of oncoming 
cars which are increasingly incorporating the use of LED modules. Our results may also be of interest to drivers 
who have undergone some type of refractive surgery or who have some type of ocular pathology and that it is 
important to evaluate night visual symptoms both with white light and taking into account some stimuli with 
a specific chromaticity.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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