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Abstract

:

Background: It is well-known that non-pathological axial myopic eyes present physiological and functional differences in comparison with emmetropic eyes due to altered retinal anatomy. Photostress tests have shown very significant capabilities to discriminate a normal retina from an abnormal retina. Accordingly, the aim of this work was to investigate the differences between myopic and emmetropic eyes in the measured photostress recovery time (PSRT) after retinal light-flashing in a population of young healthy subjects. Methods: A coaxial illumination total disability glare instrument was employed to measure the recovery time after photostress was induced by a 240 milliseconds flash-lighting (535 nm) exposure on 66 myopic and 66 emmetropic eyes. The measurements were carried out for different combinations of glare angles and contrasts of the visual stimuli. Results: In general terms, PSRT in myopic eyes was found at a statistically higher than in emmetropic eyes (Bonferroni correction). For both groups, the measured recovery strongly depends on the contrast of the test object used to measure baseline recovery function and markedly less on the source of glare angles explored. When the PSRTs obtained for different glare angles are averaged, the differences between PSRTs drastically increase with the reduction in the contrast of the stimuli between both groups of study. Conclusions: PSRT is higher for myopic than for young healthy emmetropic eyes (1.2 s and 0.2 s for 5% and 100% contrast test object, respectively). Though seemingly small, the magnitude of this finding can be relevant when flash-lighting happens while driving a car or while performing actions where the reaction time after a visual stimulus can be critical.
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1. Introduction


Myopia is a very common vision condition in which central far vision is impaired due to a lack of concordance between the eye’s refractive power and axial length [1]. In a myopic eye, the image of a far vision object is formed before the retina, and so blurred vision is expected unless a proper refractive correction is used. The main myopia cause is related to an excessive axial globe elongation and, even in the absence of pathology, myopic eyes are associated with important retinal anatomic differences in relation to emmetropic eyes, including [2]: reduced photoreceptor density, thinning of scleral and choroidal layers at the posterior pole, peripapillary atrophy, and a reduced density of retinal pigment epithelium (RPE) [3,4,5,6].



Probably caused by this differential retinal anatomy, differential performances and/or deficits in visual function have been reported in myopic eyes, in comparison with emmetropic control groups, as: visual acuity [7,8], contrast sensitivity [9], altered electroretinograms (ERG) [10], altered first-class Stiles–Crawford effect (SCE) [11] or altered spatial summation (SS) [12].



For the same differential anatomic reasons and, in addition to that, static visual function differences, it can also be expected that myopic eyes will present different retinal temporal dynamics in comparison with emmetropic eyes. Photostress recovery time (PSRT) is the minimum time for the visual system to recover the baseline visual function, performed after retinal photobleaching by means of an intense light source. It has been traditionally measured by photostress tests including electrophysiological approaches [13], retinal ophthalmoscopic illuminators [14], scanning laser ophthalmoscopy [15] or, macular stressometers [16].



PSRT provides invaluable information to clinically assess visual functioning in age-related maculopathy eyes [17,18,19] and to differentiate retinal from some post-retinal diseases, via inconclusive eye fundus image [20] or screening, as diabetic retinopathy or glaucoma [21,22,23].



Out of retinal diseases, PSRT has been also successfully used as a nighttime driving performance predictor in disability glare conditions [24], as an indicator of aging [25], and to measure possible benefits of short wave-absorbing filters in pseudophakic eyes [26] and nutritional supplements as Lutein and Zeaxanthin [27] due to light and retinal physiology interaction.



One important and recognized drawback of PSRT measurement is the lack of a standardized technique for bleaching, as well as for measuring baseline and recovery visual function [28]. As a result, it is difficult to compare the PSRT results obtained in different studies. Nonetheless, according to the scientific literature, photostress is very useful to discriminate the ability to recover visual function between two different groups when it is suspected that a retinal cause might be involved in those PSRT differences.



In this work, taking into account myopic and emmetropic anatomical retinal differences, it was hypothesized that young non-pathological myopic eyes may present different PSRT values than non-pathological young emmetropic eyes.



To our knowledge, there are only two published studies [28,29] focused on finding PSRT differences due to the eye refraction condition, with apparent opposite results. On the one hand, the study reported by Magrain et al. [28] was focused on the comparison of different photostress test devices. However, with the suspicion that axial length can be a noticeable factor to achieve a smaller light density exposition, the authors also took advantage of the opportunity to study the relation between PSRT and myopia level in their sample study (range −1.50 D to −4.50 D). They hypothesized that PSRT should be smaller as myopia increases, establishing a non-significant relation between them.



On the other hand, Mashige’s study [29] was focused on finding differences between hypermetropic and myopic subject populations. A commercial glare tester (Night Sight Meter) was used to induce photostress and to measure baseline and recovery visual function. In this case, significant PSRT differences were found between hyperopic and myopic groups (male, black race), and a statistically significant PSRT increasing trend with myopia was found in opposition to the expectations of Magrain et al. [28]. Out of the specific racial and gender population study limitation exposed by the authors, we thought that glare source, test object, and methodology became additional important limitations for the results of the study. In Mashige’s study [29], the glare source of the tester was out of the line of sight and it was not possible to change their size or angular position or to control the time that the tested eye was illuminated. Regarding the test object, due to the methodology adopted to measure PSRT, contrast and mean luminance were not the same for all the observers. Finally, due to its normal retinal anatomy, the emmetropic sample was also considered to be the best reference sample to compare with.



In that sense, a custom-built optical system, previously developed to measure disability glare with variable glare source conditions [30], was adapted to measure PSRT in young non-pathologic emmetropic and myopic groups. According to other researchers who wanted to minimize patient collaboration requirements [31,32], retinal bleaching was achieved by means of a coaxial short-time exposition bright source of light (240 ms). In addition, the influence of the glare angle of the light source and the contrast of the object used to control the visual function on the PSRT difference between myopes and emmetropes was also researched.




2. Materials and Methods


2.1. Subjects


Sixty-six myopic (−2.77 ± 2.36 Diopters) and sixty-six emmetropic (spherical equivalent −0.75 D to +0.75 D) young adult subjects (25 ± 7 years old) with similar average ages were recruited from the Sciences Faculty of the University of Zaragoza (Spain). Exclusion criteria were any ocular pathology and/or visual acuity lower than 20/20 (Snellen) with the best spectacle correction.



All subjects were informed about the experimental procedures of the study and signed an informed consent. The study adhered to the tenets of the Declaration of Helsinki and was approved by the Local Ethical Committee of the Health Sciences Institute of Aragon, reference: C.P.-C.I. PI20/377.




2.2. Experimental System


An optical system was designed (see Figure 1a) to allow both coaxial and optical conjugation of a variable disk glare source. Additionally, visual stimuli were used to induce total disability glare with photostress and measure baseline visual function (more details about the experimental system can be found elsewhere [30]). The glare source consisted of a bright, uniform disk centered at the fovea with a fixed exposure time of 240 milliseconds. The glare angle of the source was set by means of removable 3D printed masks with different aperture sizes. The wavelength of the disabling source was 535 nm. The reason for choosing this spectrum was due to the peak spectral sensitivity of the M-cone photoreceptors [33]. Table 1 shows the subtended angles of the glare source at the retina and the maximum illuminance of the disabling source at the entrance pupil plane for the 5 glare conditions tested in this work.




2.3. Measurement Procedure


First, with the light room off, the participants were instructed by an experienced clinical optometrist to fix monocularly (right eye) on a single visual stimulus, with cross appearance (average illuminance of 170 lux) displayed at a Super 6.4 inches (1080 × 2400 pixels) AMOLED color display image at a far vision by means of a collimation lens (f′ = 100 mm). Figure 1b shows in grayscale the cross-like visual stimuli that subtended 14º degrees of angular field. The object does not present a differentiation between spatial frequencies but a visual stimuli with different Michelson contrast levels.



Second, the examiner ensures that the subject’s contrast sensitivity allows the perception of the stimulus that is considered the visual reference baseline.



Then, the glare source is triggered (240 milliseconds exposure time) to induce the retinal photobleaching of a particular glare angle.



The timing of the PSRT starts when the examiner triggers the disabling source and ends when the subject presses a stop bottom once the observer considers that the original baseline image is recovered. Five minutes were allowed for total disability glare recovery [34] before changing glare or contrast conditions to make the next measurement.



Finally, PSRT for each observer was measured for 5 glare incident angles (3°, 5°, 7°, 11°, and 14°) and 5 levels of Michelson’s contrast levels (5%, 10%, 25%, 50%, and 100%). For each observer, the entire measurement procedure was carried out in one single session lasting for approximately 35 min. Photometric measurements were carefully taken at the observer pupil plane using a lux meter (PCE-174 model) to ensure the same illumination conditions for all the participants of this study.




2.4. Graphical and Statistical Analysis


In order to obtain a quick overview of the experimental PSRT results for myopic and control groups, mean PSRT values were plotted together with their corresponding standard deviation error bars in three different groupings: (1) PSRT values for each glare angle depending on each corresponding object contrast (Figure 2a); (2) PSRT values for each glare angle depending on the object contrast for each corresponding glare angle (Figure 2b); and (3) PSRT variation between myopic and control groups for PSRT, averaged for all glare angles using the object contrast function.



To check if there are statistically significant differences between myopic and control groups, first, Shapiro–Wilk tests were performed to test for normal distribution. Then, depending on the result of the normality test, Bonferroni corrected (p value 0.05/5) Student’s t or Mann–Whitney rank sum tests were carried-out.



Furthermore, minimum squares regressions were applied to analyze the non-linear behavior of the recovery time as a function of the stimulus contrast for series (1) and (3).



Graphical representations and statistical tasks were fully performed using Sigmaplot software (Systat Software, Inc., Palo Alto, CA, USA).





3. Results


3.1. PSRT as a Function of the Stimuli Contrast and Glare Angle for Myopic and Emmetropic Groups


Figure 2 shows the averaged PSRT values for myopic (green dots) and control (blue dots) groups as a function of the glare angle for each contrast studied. The PSRT for a given object contrast remains almost constant for both groups despite changing the angle of the glare source.



Figure 3 shows the averaged PSRT values for myopic and emmetropic groups as a function of the stimuli contrast for a given glare angle (these are the same data used as in the previous figure, albeit represented differently). According to nonlinear regression analysis, both myopic and control groups show exponential decay behavior in PSRT values as a function of the stimulus contrast for all incident angles at the glare source.



Since the Shapiro–Wilk test showed that the PSRT in both groups did not follow a normal distribution in most of the cases studied, the non-parametric Mann–Whitney Sum Rank test was performed to test whether the differences between myopic and control groups were significant. Table 2 shows the mean PSRT values (mean ± std) obtained for the two groups for the different object contrasts and angles of the glare source studied, as well as the p value derived from the hypothesis testing. According to Bonferroni’s correction, the myopic group showed statistically higher PSRT values than the control group, especially when the stimulus contrast is low.




3.2. Myopia and Variation in PSRT


Finally, the PSRT values were averaged for all glare angles, after which the differences between both groups were calculated and shown in Figure 4. Results showed that the lower the contrast of the stimuli was, the higher the differences between the recovery time measured in myopic and emmetropic eyes in the presence of an external glare source would be. In addition, the Mann–Whitney test revealed that there were significant differences between the myopic group and the control group with the new regrouping of the data: the p value obtained in the five tests performed was less than 0.001.



A non-linear regression analysis revealed an inverse order correlation (R2 = 0.98, p = 0.047) between the difference in the variation in PSRT as a function of glare for each contrast value between myopic and control groups. That is, in the presence of a source of glare, the lower the contrast of the projected luminous stimulus was, the larger the differences between myopic and emmetropic eyes in PSRT values would be.





4. Discussion and Conclusions


Photo-stress recovery time has been reported during the last decades as a pragmatic simple test to distinguish between glaucoma and macular degeneration [24], allowing researchers to establish some correlations between the ophthalmoscopic findings and visual function assessments in central retinopathies [35]. Since then, PSRT has been widely employed to assess macular function [12], to distinguish between optical neuropathies and macular degeneration [16,17,18], or to assess the beneficial effects of antioxidant nutritional supplements [27].



In this work, a new instrument originally developed to measure disability glare [21] was adapted to measure if non-pathological young myopic eyes show greater systematic differences in PSRT values than a control group of young healthy emmetropic eyes. A major advantage of the instruments is the capability to control both the incident glare angle entering the eye (including the illuminance at the corneal plane) and the contrast of the projected visual stimuli. The study was designed to give answers to some uncontrolled experimental variables from, to our knowledge, the only published study (the contrast and luminance of test and source glare angle) devoted to finding if non-pathological myopia plays a role in PSRT values, and to compare myopic PSRT values with a more significant control group than the hyperopic control group used in Mashige’s study [28]: young healthy emmetropic eyes.



On the one hand, our results exposed in Figure 2 and Figure 3 and Table 2, revealed significant statistical differences (even with Bonferroni correction) between myopic and emmetropic eyes for almost all glare angles. The trend points out an exponential decay behavior of the recovery time as a function of the contrast of the stimuli. On the other hand, PSRT differences between myopic and emmetropic eyes were found to be very similar for the different glare angles used in this study.



Finally, Figure 4 supported the hypothesis that myopes have higher PSRT values than emmetropic eyes. Results showed that the lower the contrast of the stimuli was, the higher the differences between the recovery time measured in myopic and emmetropic eyes would be in the presence of an external glare source. According to our observers’ criteria, myopic eyes recover the baseline visual function near 1.2 s and 0.3 s average slower than emmetropic eyes when they are observing a low-(5%) and high-(100%) contrast object, respectively. It is important to note that even the smallest difference can make a large difference when flash-lighting occurs during a driving car task or while undertaking actions where the reaction time after seeing a visual stimulus can be critical. For instance, considering the above average differences and under the assumption of similar flashing conditions, a myopic driver driving at 100 km/h on a highway would travel 8.3 m more than an emmetropic subject after being dazzled before being able to see a high-contrast object (100%). For a 5% contrast object, the distance traveled after being dazzled would be 4 times greater (33.33 m).



4.1. Basics of Altered PSRT in Myopic Eyes


Trying to find an explanation for our results, it can be stated that there is anatomical difference between the retinas of myopic and emmetropic eyes as the main candidate to support the hypothesis of this work. Myopic choroidal and EPR layers are thinner in myopic than in emmetropic eyes so, due to physiological factors related to pigment photoreceptor renewal after bleaching, it is also expected that PSRT was higher in myopic eyes.



However, out of the significant anatomical differences between retinae and, taking into account our experimental paradigm, it is possible to speculate as to other plausible reasons explaining why to expect PSRT differences between emmetropic and myopic patients in two different argument blocks: (1) reasons caused by different retinal exposure to light and (2) reasons caused by different visual quality.



4.1.1. Factors Caused by a Different Retinal Exposure


As was argued by Margrain et al. [28], myopic eyes usually have elongated eye axial lengths and normal refractive power. Thus, because of the optical magnification, myopic retinal photoreceptors should be less illuminated by the glare source. Following this line, PSRTs should be shorter for the myopic compared to the emmetropic group. However, this argument does not apply in our experiment, since all myopic eyes were corrected with their spectacle correction during light exposition. In this way, an optical demagnification existed to compensate almost all the optical magnification caused by using elongated eye axial lengths. In this sense, as only myopic observers were wearing glasses during the flash-lighting, it is plausible to argue that they can be more protected from the glare exposition and therefore they would obtain smaller PSRT than emmetropic patients. On the basis of these results, it seems clear that ophthalmic lenses were not an effective tool to avoid glare.



In the opposite direction of the two previous considerations, iris anatomy could be responsible for the increased exposure for myopic eyes. Indeed, author visible found that: (1) if myopic eyes had bigger pupil diameters than emmetropic eyes as it was reported elsewhere [36,37,38], or (2) if the emmetropic eyes had smaller pupils due to an increased accommodation pupillary reflex [36,39]. Because pupil diameters were not controlled in this study and both groups had obviously different refraction characteristics, pupil constriction due to refractive causes cannot be discarded as the main cause of our finding. Nevertheless, in our study, the age mean was pretty similar for both groups participating in this study so pupillary changes related to age [37,38] were not a probable contributing factor to our results. Moreover, iris pigmentation was not controlled in this study so, it could be considered as another probable cause of getting different retinal exposure in both groups. However, some correlation between myopia and darker iris has been reported at [40], just in the opposite way that it can be expected to justify the higher PSRT values obtained for myopic eyes in this work.




4.1.2. Factors Caused by Different Visual Quality


As was discussed in [28] in reference to higher-order aberrations (HOA), it could be argued that PSRT would be smaller if the visual quality was better. This argument could be applied to our experimental paradigm, because it is expected that an observer with a good CSF reaches the recovery line faster than an observer with a bad CSF. In this sense, as some publications support myopic people have worse visual acuity [7,8] and CSF [9] than emmetropic people’s visual quality, this can be a factor to explain why myopic people achieve higher PSRT than emmetropic people According to this argument, the broad spatial-frequency content of the stimulus used in this study might have helped to remark this difference. More research would be performed to stablish the influence of the spatial–frequency content of the stimulus on the PSRT.





4.2. PSRT Comparison with Other Studies


It is important to note that as is usual in photostress studies, our PSRT values are hardly comparable with those of other studies. The main reason for that is the kind of illumination chosen to achieve retinal bleaching. In contrast with the flashlighting adopted in this work, the large majority of photostress studies work with continous light exposition trying to achieve a total retinal bleaching. As a consequence, our PSRT values (and PSRT differences) are quite smaller than those can be found in other scientific works. Curiously, the only comparable PSRT values that we have found with those obtained in this work comes from the only work devoted to measure PSRT difference in function of ammetropia [29], where PSRT myopic eyes marked 1.41 s comparison with our minimum 2.22 value obtained for maximum contrast and 14 degrees glare angle. We have no explanation for this because they reactions were performed in very different conditions.




4.3. Limitations and Conclusions


The main limitation of this study comes from the method it uses a to assess recovery function: the object was always the same and the criterium adopted in this study was open to the observer’s opinion and not based on an objective psychophysical threshold and it has been in other PSRT studies. This strategic decision let us perform a big quantity of trials in a comfortable amount of time for the participants of this study. However, due to the fact that our main result comes from a straightforward comparison between two different groups working with the same conditions, we are confident that the result cannot be invalidated by this fact. Another limitation can be considered that iris pigment and pupil diameter were not controlled to be present in both groups at the same proportion, as a consequence there could be a reasonable doubt as to whether these results are due to myopic retina or those other factors. Nevertheless, it is important to note that iris pigment has been controlled in [29], where significant differences were found also in PSRT.



To conclude, our results corroborated the capability of using our using our own instrument and experimental paradigm to find significant PSRT differences between myopic and emmetropic eyes after exposure to flash-lighting in natural conditions (no pupil control). According to our results, these differences are more evident the lower the contrast of the test object is, and they are independent of the glare source angle. Further studies will be needed to establish the origin of these differences.
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Figure 1. (a) Schematic of the experimental optical bench. (b) Test visual stimulus for different Michelson contrast levels and constant spatially averaged luminance. 
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Figure 2. PSRT as a function of the angle of the glare source for each stimulus contrast for myopic (green dots) and control groups (blue dots); (a): C = 0.05; (b): C = 0.10; (c): C = 0.25; (d): C = 0.50 and (e): C = 1.00. Error bars represent 1 standard deviation. A single asterisk sign (*) was plotted to indicate that statistically significant differences (p value < 0.05) for PSRT values between groups were found. A double asterisk (**) was plotted to point out the significant differences complying with Bonferroni’s correction (p value < 0.001). 
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Figure 3. PSRT as a function of the stimulus contrast for each incident angle of the glare source for myopic (green dots) and control groups (blue dots); (a): α = 3º; (b): α = 5º; (c): α = 7º; (d): α = 11º and (e): α = 14º. The black lines through the dots are non-linear exponential decay regressions fitted to the values. Error bars represent 1 standard deviation. A single asterisk sign (*) was plotted to indicate that statistically significant differences (p value < 0.05) for PSRT values between groups were found. A double asterisk sign (**) was plotted to point out the significant differences complying with Bonferroni’s correction (p value < 0.001). 
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Figure 4. PSRT variation (difference mean PSRT values for all glare angles between myopic and control eyes) as a function of the stimuli contrast. The blue line represents the non-linear regression of the plotted data. 
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Table 1. Maximum glare angle and illuminance entering the pupil of the eye.
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	Glare Condition
	Glare Angle (°)
	Max Illuminance (Lux)





	1
	3
	1246



	2
	5
	2277



	3
	7
	3027



	4
	11
	4281



	5
	14
	4511
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Table 2. PSRT (mean ± 1 std) in seconds for the myopic and control group and the p value obtained in the Mann–Whitney test.
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Glare Angle (°)

	
Contrast

	
C = 0.05

	
C = 0.10

	
C = 0.25

	
C = 0.50

	
C = 1.00






	
3

	
Myopia

	
4.24 ± 1.72

	
3.41 ± 1.31

	
2.96 ± 1.08

	
2.69 ± 0.97

	
2.38 ± 1.02




	
Control

	
3.02 ± 1.23

	
2.49 ± 1.11

	
2.34 ± 0.92

	
2.19 ± 1.03

	
2.12 ± 0.97




	
p value

	
<0.001 **

	
<0.001 **

	
0.003 **

	
0.009 **

	
0.163




	
5

	
Myopia

	
4.05 ± 1.49

	
3.29 ± 1.11

	
2.87 ± 1.04

	
2.64 ± 0.98

	
2.33 ± 0.80




	
Control

	
2.68 ± 1.17

	
2.50 ± 1.00

	
2.22 ± 0.89

	
2.21 ± 0.72

	
2.01 ± 0.77




	
p value

	
<0.001 **

	
0.002 **

	
0.004 **

	
0.033 *

	
0.032 *




	
7

	
Myopia

	
3.92 ± 1.25

	
3.25 ± 1.02

	
2.92 ± 0.93

	
2.58 ± 0.73

	
2.36 ± 0.80




	
Control

	
2.69 ± 1.06

	
2.65 ± 0.99

	
2.39 ± 1.03

	
2.32 ± 0.82

	
2.09 ± 0.74




	
p value

	
<0.001 **

	
0.006 **

	
0.011 *

	
0.050 *

	
0.032 *




	
11

	
Myopia

	
3.84 ± 1.34

	
3.20 ± 0.96

	
2.87 ± 0.73

	
2.54 ± 0.47

	
2.31 ± 0.47




	
Control

	
3.03 ± 1.19

	
2.59 ± 0.92

	
2.45 ± 0.89

	
2.20 ± 0.73

	
2.01 ± 0.66




	
p value

	
0.002 **

	
0.002 **

	
0.006 **

	
0.006 **

	
0.006 **




	
14

	
Myopia

	
3.76 ± 1.21

	
3.11 ± 0.77

	
2.82 ± 0.64

	
2.55 ± 0.54

	
2.22 ± 0.45




	
Control

	
2.65 ± 0.88

	
2.50 ± 0.85

	
2.42 ± 0.79

	
2.20 ± 0.68

	
1.99 ± 0.52




	
p value

	
<0.001 **

	
0.002 **

	
0.010 **

	
0.006 **

	
0.013 *








* Statistically significant difference at a significance level of α = 0.05 (p < 0.05). ** Statistically significant difference considering Bonferroni’s correction (p < 0.01).
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