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The dichroic macular pigment in the Henle fiber layer in the fovea enables humans to perceive entoptic phenomena when viewing polarized blue light. In the standard case of linearly polarized stimuli, a faint bowtie-like pattern known as the Haidinger's brush appears in the central point of fixation. As the shape and clarity of the perceived signal is directly related to the health of the macula, Haidinger's brush has been used as a diagnostic marker in studies of early stage macular degeneration and central field visual dysfunction. However, due to the weak nature of the perceived signal the perception of the Haidinger's brush has not been integrated with modern clinical methods. Recent attempts have been made to increase the strength of the perceived signal by employing structured light with spatially varying polarization profiles. Here we review the advancements with the structured light stimuli and describe the current challenges and future prospects.
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1. Introduction


1.1. Age-related macular degeneration and the Haidinger's brush

Age-related macular degeneration (AMD) is a global leading cause of irreversible blindness (Lim et al., 2012). Deposition of numerous subretinal drusen is known to be an early sign of AMD preceding the intermediate stage of the disease, which typically involves central field distortions and impairment of visual acuity (Bowes Rickman et al., 2013; Wong et al., 2022). Further degeneration of the retina and choroidal neovascularization (CNV), and the proliferation of small extraneous and fragile blood vessels within the choroid, occur during advanced AMD (Yeo et al., 2019; Borrelli et al., 2020). If the early functional signs of macular degeneration can be detected, clinically visible anatomical damage to the eye can be more readily prevented or minimized (Heesterbeek et al., 2020; Di Carlo and Augustin, 2021). Consequently, detecting AMD at the earliest stage is invaluable. Current methods to detect AMD include visual identification of the drusen and CNV using a slit lamp and imaging the retina with optical coherence tomography (OCT) (Cook et al., 2008; Waldstein et al., 2020). Unfortunately, the clinical manifestations of an early stage of AMD are subtle, and the disease is often detected after noticeable visual impairment has begun (Green et al., 1985; Bowes Rickman et al., 2013).

A promising diagnostic marker for detecting the early signs of AMD may be the perception of entoptic phenomena when viewing polarized blue light (Forster, 1954). Uniformly polarized blue light stimuli induce a bowtie-like entoptic pattern known as the Haidinger's brush. The discovery of the Haidinger's brush dates back to 1844 (Haidinger, 1846), and the first mechanism models developed by Maxwell and Helmholz (Maxwell, 1850; von Helmholtz, 2013) postulated the existence of a radial filter in the eye. Later investigations confirmed the presence of a dichroic macular pigment in Henle fibers in the retina that possess radial arrangement throughout the fovea (Horváth and Varjú, 2004). Although the exact mechanism that is responsible for the Haidinger's brush is still unclear, it is typically attributed to the tangential arrangement of the macular pigment molecules and the radial arrangement of the Henle fibers (Horváth and Varjú, 2004; Le Floch et al., 2010; Misson et al., 2015, 2019; Misson and Anderson, 2017; Wang et al., 2022). The relevant dichroic macular carotenoids, namely lutein, zeaxanthin, and meso-zeaxanthin possess an anisotropic absorption peak at approximately 460 nm (Temple et al., 2015; Mottes et al., 2022). Their placement in the radially oriented fibers effectively forms a weak radial polarizer in the human eye for the color blue.

Haidinger's brush has been employed as a diagnostic marker in studies of age-related macular degeneration (Forster, 1954; Naylor and Stanworth, 1955; Müller et al., 2016; Misson et al., 2020, 2021). A major focus is on determining the time period between polarization-based vision loss and normal vision loss in people suffering from AMD. However, despite the developments associated with the Haidinger's brush, modern clinical tools do not employ entoptic phenomena for diagnosing AMD. One of the major reasons being the faint nature of the entoptic signal. The recent integration of a structured light toolbox into vision science aims to address this problem by greatly enhancing the visibility and versatility of entoptic phenomena.



1.2. Development of structured light techniques

The development of custom light fields or “structured light” has seen remarkable progress in the last 30 years (Chen et al., 2021; Ni et al., 2021; Bliokh et al., 2023). The core idea is to induce non-trivial propagation properties by tailoring the light beam's wave front. For example, imprinting an azimuthally varying phase profile creates orbital angular momentum (OAM) states that possesses a helical wavefront and carry quantized OAM (Bazhenov et al., 1990; Allen et al., 1992); imprinting a cubic phase profile creates the Airy beams that possess a curved trajectory in free space and self-healing property whereby the beam appears to reconstruct itself in the presence of obstacles (Berry and Balazs, 1979); and imprinting a radial phase prepares the “non-diffractive” Bessel beams (Indebetouw, 1989). The enabling properties of structured light beams and the access to new degrees of freedom have brought forth a wide range of impactful applications in optical phenomenology and microscopy, high-bandwidth communication, manipulation of matter, and quantum science (Mair et al., 2001; Andersen et al., 2006; Marrucci et al., 2006, 2011; Maurer et al., 2007; Padgett and Bowman, 2011; Wang et al., 2012; Ritsch-Marte, 2017; Sarenac et al., 2018; Schwarz et al., 2020; Cameron et al., 2021).

Numerous methods for preparation and characterization of structured light beams have been developed (Rubinsztein-Dunlop et al., 2016). However, the single major technological driving force responsible for the wide adaptation of the structured light techniques is the development of an optical component called the Spatial Light Modulator (SLM) (Curtis et al., 2002). The SLM is capable of imprinting an arbitrary 2D phase profile over the input beam, thus enabling the preparation of complex phase and intensity structured beams. The ability of modern SLM devices to accomplish this with fast switching rates and high resolution further increases their applicability.

The coupling of polarization to structured light enables the preparation of beams with spatially varying polarization profiles (Marrucci et al., 2011), opening avenues to applications in high-bandwidth communication and optical metrology (Milione et al., 2015; Rubinsztein-Dunlop et al., 2016). These states were also the backbone of the recent integration of structured light techniques into vision science for the creation of stimuli with higher numbers of azimuthal fringes (Sarenac et al., 2020), enabling the perception and discrimination of Pancharatnam-Berry phases (Sarenac et al., 2022), measuring the visual angle of entoptic phenomena (Kapahi et al., 2023), retinal imaging using structured light (Kapahi et al., 2023), and the creation of radially varying entoptic stimuli (Pushin et al., 2023).




2. Structured light for vision science applications

The typical action of a SLM is to induce an arbitrary spatially dependant phase profile f(x, y) onto the polarized input beam (typically horizontal):
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where the resolution of f(x, y) is set by the pixel size of the SLM, typically a few microns in size. Each pixel can be individually addressed to set the phase at its location between 0 and 2π, and the fast switching rates of the SLM enable one to vary f(x, y) in real time. In the case of vision science the focus has been on creating spatially varying profiles of linear polarization. The action of the human eye can be modeled as a radial polarization filter, and therefore, it is convenient to consider phase profiles with radial and azimuthal symmetry. With an appropriate input and subsequent beam manipulation the general state of the structured light beams in recent vision science studies can be expressed as:
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where (r, ϕ) are the transverse spatial coordinates, nr and ℓ and the radial and OAM numbers, |L〉 and |R〉 are the right and left circularly polarized states, and θt is a time varying phase shift that dictates the speed of the perceived entoptic motion. Sarenac et al. (2020) showed that the number of entoptic azimuthal fringes that a human sees when viewing optical states with a superposition of right and left circular polarization coupled to two different orbital angular momentum (OAM) values (ℓ1 and ℓ2) is equal to the number (N) of radial lines in the corresponding polarization profile of the beam, where N = |(ℓ1 − ℓ2) − 2|.

A new challenge that arises with the structured light stimuli is taking into account the effect of free space propagation which alters the beam profile. In the case of OAM beams, a black obstruction region naturally arises in the middle as the beam propagates. This feature was present in Sarenac et al. (2020). To remove the effects of free-space propagation, a technique can be implemented to image the plane of the state preparation onto the retina (Kapahi et al., 2023). This is analogous to a microscopy 4f imaging system, whereby the state at the location of the SLM is imaged at the location of the retina. The decoupling of free space propagation has the additional benefit of enabling the use of precise arbitrary obstructions. For example, the middle region can be intentionally obstructed to test the threshold of polarization-based peripheral vision (Kapahi et al., 2023). An interesting result of Kapahi et al. (2023) study is that the perceived size of the entoptic pattern with N = 11 azimuthal fringes was 9.5°±0.9°. This significantly differs from previous estimates of the Haidinger's brush phenomenon's extant (N = 2 azimuthal fringes), of 3.75° (Coren, 1971), suggesting that higher azimuthal fringe density increases pattern visibility.

A multitude of novel perception tasks are enabled with the structured light stimuli. Several examples of stimuli and their corresponding entoptic phenomena are shown in Figure 1. The first column shows the case of (nr = 0, ℓ = 0) that results in a uniformly polarized stimulus and the perception of the Haidinger's brush pattern described earlier. The second column considers a stimulus whose polarization profile matches the orientation of the eye's radial filter, resulting in a uniform entoptic profile. The third column considers a stimulus with polarization coupled to a higher OAM state (nr = 0, ℓ = 9) resulting in an entoptic profile of N = 7 azimuthal fringes. The last column considers a stimulus with a OAM = 2 coupled radial state (nr > 0, ℓ = 2) whereby the OAM = 2 decouples from the radial filter of the eye and the resulting entoptic profile is along the radial direction as shown. Pushin et al. (2023) employed this stimulus to test discrimination sensitivity to inwards and outwards radial motion. It was found that participants had more difficulty discriminating radial motion directions than rotational motion directions. A possible cause could be that in comparison to azimuthally varying stimuli where the fringe oscillations are along the direction of constant macular pigment, radially varying entoptic motion is along the direction with the most change in macular pigment (Pushin et al., 2023).


[image: Figure 1]
FIGURE 1
 Examples of phase and polarization profiles of structured light stimuli (top) and the corresponding entoptic profiles that a participant with a healthy macula would observe (bottom). The clarity of the entoptic profiles is proportional to macular pigment density which typically peaks at the central point of vision and decreases with eccentricity. The first column depicts a horizontally polarized light stimulus and the Haidinger's brush. Introducing structured light techniques to prepare stimulus with polarization coupled orbital angular momentum (OAM) states allows us to induce a wide variety of entoptic patterns. The second column depicts the scenario where the stimulus with OAM = 2 is used to match the structure of the Henle fibers thereby inducing a monotone entoptic pattern. The third column depicts the use of higher OAM numbers to induce stronger stimulus with higher numbers of azimuthal fringes. The last column depicts the use of a radial state coupled to an OAM = 2 state that induces entoptic profiles with radially varying fringes.


A major challenge in perception tasks involving uniformly polarized light stimuli and the Haidinger brush is compensating for the ocular birefringence that is oriented about a roughly horizontal axis and subjectively varies in magnitude (Van Blokland and Verhelst, 1987; Bour, 1991; Knighton and Huang, 2002). For some values of birefringence the rotation of the Haidinger's brush becomes undetectable while for others it can appear to rotate in the opposite direction. Kapahi et al. (2023) showed that for structured light states with ℓ > 3, the perceived rotation direction of the entoptic phenomenon is insensitive to ocular birefringence.

A typical setup and procedure for perception tasks with structure light stimuli is depicted in Figure 2. The SLM prepares the desired state for observation, which is then imaged onto the participant's retina. Depending on what is being tested, an obstruction may be introduced onto the phase profile. The participant views the corresponding entoptic profile and performs a discrimination task, for example, discriminating the direction of motion. Depending on the response, the SLM updates the obstruction size for the next stimulus. A reliable psychophysical threshold can then be obtained using a staircase method where the size of the obstruction is varied according to the accuracy of the participant's responses (Kapahi et al., 2023; Pushin et al., 2023).


[image: Figure 2]
FIGURE 2
 The working principle of the studies with structured light stimuli. A spatial light modulator (SLM) creates an arbitrary polarization state with spatial resolution limited by its pixel size (modern values around ≈ 3 μm by 3 μm). Given the versatility of the SLM, one can introduce arbitrary obstructions, such as the depicted example which removes the central region in order to test the participant's peripheral vision. Optics components (not shown) are used to project the state from the location of the SLM to the participant's retina, thereby removing propagation effects. The size of the obstruction can be varied according to the participant's feedback, and a threshold value for eccentricity can be obtained through a standard staircase method.




3. Future prospects

Several exciting avenues can be directly explored given the advances in preparation of structured light stimuli. For example, whereas Kapahi et al. (2023) determined that the perceived size of the entoptic pattern with N = 11 azimuthal fringes was 9.5° compared to the Haidinger's brush phenomenon's extant of 3.75°, a study to quantify the relationships between the number of azimuthal fringes and perceived size has not yet been done. Similar opportunity is available for the studies with radial numbers (Pushin et al., 2023). Having the ability to determine the apparent size vs. the density of fringes will enable a tomographic reconstruction of the macular pigment profile that is responsible for the polarization-based perception. Furthermore, given that the extent of the structured light induced entoptic images is shown to extend beyond the regions of the fovea, a study is needed to determine the relationship between the perceived size and the thickness of the retinal fiber layers.

The studies with structured light stimuli up to now have been performed with participants that possess a healthy macula. The application of these methods to participants that are at various stages of AMD has not yet been reported. Although the studies with an obstruction present have been done with a central obstruction (Kapahi et al., 2023; Pushin et al., 2023), when considering participants with AMD a more appropriate obstruction will have to be devised as those participants might already have a problem with their central field of vision.

Although Kapahi et al. (2023) introduced retinal imaging using structured light, this was only in terms of intensity images that were used to determine the exact visual extent of the perceived entoptic phenomenon. It may be possible to extend structured light retinal imaging to directly quantify the polarization content of the reflected light in order to associate retinal structural features with polarization sensitivity and to assess macular health without any need for participant interaction.

In addition to the AMD related applications, structured light stimuli also enable several interesting physics applications in the rising field of quantum vision (Loulakis et al., 2017; Margaritakis et al., 2020; Gassab et al., 2023). Sarenac et al. (2022) tested the ability of human observers to discriminate distinct profiles of spatially dependant geometric phases when directly viewing stationary structured light beams. Participants used self-generated eye movements to induce motion in the perceived entoptic phenomenon. Given the access to the additional OAM degree of freedom, an interesting future experiment to consider for structured light stimuli is the measurement of multi-partite correlations with human detectors performing polarization-based Bell-state projections (Shen et al., 2021).



4. Conclusion

Technological advancements in preparation and characterization of structured light have been successfully integrated into vision science applications. This young and exciting field contains many opportunities to gain additional insight into macular health by integrating structured light, quantum optics, and vision science. For example, larger and more visible entoptic percepts can be created than with traditional Haidinger's brush, and obstructions with varying sizes can be introduces to determine interpretable thresholds.



Author contributions

All authors contributed to the writing and editing of the manuscript.



Funding

This work was supported by the Canadian Excellence Research Chairs (CERC) program, the Natural Sciences and Engineering Research Council of Canada (NSERC) grants (RGPIN−2018 − 04989), (RPIN−05394), and (RGPAS−477166), the Government of Canada's New Frontiers in Research Fund (NFRF) (NFRFE−2019 − 00446), the Velux Stiftung Foundation (Grant 1188), the InnoHK initiative and the Hong Kong Special Administrative Region Government, and the Canada First Research Excellence Fund (CFREF).




Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Allen, L., Beijersbergen, M. W., Spreeuw, R., and Woerdman, J. (1992). Orbital angular momentum of light and the transformation of laguerre-gaussian laser modes. Phys. Rev. A 45, 8185.

 Andersen, M. F., Ryu, C., Cladé, P., Natarajan, V., Vaziri, A., Helmerson, K., et al. (2006). Quantized rotation of atoms from photons with orbital angular momentum. Phys. Rev. Lett. 97, 170406. doi: 10.1103/PhysRevLett.97.170406

 Bazhenov, V. Y., Vasnetsov, M., and Soskin, M. (1990). Laser beams with screw dislocations in their wavefronts. Jetp Lett. 52, 429–431.

 Berry, M. V., and Balazs, N. L. (1979). Nonspreading wave packets. Am. J. Phys. 47, 264–267.

 Bliokh, K., Karimi, E., Padgett, M., Alonso, M., Dennis, M., Dudley, A., et al. (2023). Roadmap on structured waves. arXiv preprint arXiv, 2301.05349. doi: 10.48550/arXiv.2301.05349

 Borrelli, E., Sacconi, R., Zuccaro, B., Cavalleri, M., Bordato, A., Zucchiatti, I., et al. (2020). Photoreceptor alteration in intermediate age-related macular degeneration. Sci. Rep. 10, 2045–2322. doi: 10.1038/s41598-020-78201-9

 Bour, L. J. (1991). Polarized light and the eye. Visual Opt. Instrument. 1, 310–325.

 Bowes Rickman, C., Farsiu, S., Toth, C. A., and Klingeborn, M. (2013). Dry age-related macular degeneration: mechanisms, therapeutic targets, and imaging. Investig. Ophthalmol. Visual Sci. 54, ORSF68–ORSF80. doi: 10.1167/iovs.13-12757

 Cameron, A. R., Cheng, S. W., Schwarz, S., Kapahi, C., Sarenac, D., Grabowecky, M., et al. (2021). Remote state preparation of single-photon orbital-angular-momentum lattices. Phys. Rev. A 104, L051701. doi: 10.1103/PhysRevA.104.L051701

 Chen, J., Wan, C., and Zhan, Q. (2021). Engineering photonic angular momentum with structured light: a review. Adv. Photon. 3, 064001. doi: 10.1117/1.AP.3.6.064001

 Cook, H. L., Patel, P. J., and Tufail, A. (2008). Age-related macular degeneration: diagnosis and management. Brit. Med. Bull. 85, 127–149. doi: 10.1093/bmb/ldn012

 Coren, S. (1971). The use of Haidinger's brushes in the study of stabilized retinal images. Behav. Res. Methods Instrument. 3, 295–297.

 Curtis, J. E., Koss, B. A., and Grier, D. G. (2002). Dynamic holographic optical tweezers. Opt. Commun. 207, 169–175. doi: 10.1016/S0030-4018(02)01524-9

 Di Carlo, E., and Augustin, A. J. (2021). Prevention of the onset of age-related macular degeneration. J. Clin. Med. 10, 3297. doi: 10.3390/jcm10153297

 Forster, H. W. Jr. (1954). The clinical use of the Haidinger's brushes phenomenon. Am. J. Ophthalmol. 38, 661–665.

 Gassab, L., Pedram, A., and Müstecaplıoğlu, Ö. E. (2023). Conditions on detecting three-photon entanglement in psychophysical experiments. arXiv preprint arXiv:2303.07446. doi: 10.48550/arXiv.2303.07446

 Green, W. R., McDonnell, P. J., and Yeo, J. H. (1985). Pathologic features of senile macular degeneratlon. Ophthalmology 92, 161.

 Haidinger, W. (1846). Beobachtung der lichtpolarisations büschel im geradlinig polarisirten lichte. Annalen der Physik 144, 73–87.

 Heesterbeek, T. J., Lores-Motta, L., Hoyng, C. B., Lechanteur, Y. T. E., and den Hollander, A. I. (2020). Risk factors for progression of age-related macular degeneration. Ophthal. Physiol. Opt. 40, 140–170. doi: 10.1111/opo.12675

 Horváth, G., and Varjú, D. (2004). Polarized Light in Animal Vision: Polarization Patterns in Nature. Springer Science & Business Media.

 Indebetouw, G. (1989). Nondiffracting optical fields: some remarks on their analysis and synthesis. JOSA A 6, 150–152.

 Kapahi, C., Silva, A. E., Cory, D. G., Kulmaganbetov, M., Mungalsingh, M., Pushin, D. A., et al. (2023). Measuring the visual angle of polarization-related entoptic phenomena using structured light. arXiv preprint arXiv, 2304.12941. doi: 10.48550/arXiv.2304.12941

 Knighton, R. W., and Huang, X.-R. (2002). Linear birefringence of the central human cornea. Investig. Ophthalmol. Visual Sci. 43, 82–86.

 Le Floch, A., Ropars, G., Enoch, J., and Lakshminarayanan, V. (2010). The polarization sense in human vision. Vision Res. 50, 2048–2054. doi: 10.1016/j.visres.2010.07.007

 Lim, L. S., Mitchell, P., Seddon, J. M., Holz, F. G., and Wong, T. Y. (2012). Age-related macular degeneration. Lancet 379, 1728–1738. doi: 10.1016/S0140-6736(12)60282-7

 Loulakis, M., Blatsios, G., Vrettou, C., and Kominis, I. (2017). Quantum biometrics with retinal photon counting. Phys. Rev. Appl. 8, 044012. doi: 10.1103/PhysRevApplied.8.044012

 Mair, A., Vaziri, A., Weihs, G., and Zeilinger, A. (2001). Entanglement of the orbital angular momentum states of photons. Nature 412, 313–316. doi: 10.1038/35085529

 Margaritakis, A., Anyfantaki, G., Mouloudakis, K., Gratsea, A., and Kominis, I. (2020). Spatially selective and quantum-statistics-limited light stimulus for retina biometrics and pupillometry. Appl. Phys. B 126, 1–13. doi: 10.1007/s00340-020-07438-z

 Marrucci, L., Karimi, E., Slussarenko, S., Piccirillo, B., Santamato, E., Nagali, E., et al. (2011). Spin-to-orbital conversion of the angular momentum of light and its classical and quantum applications. J. Opt. 13, 064001. doi: 10.1088/2040-8978/13/6/064001

 Marrucci, L., Manzo, C., and Paparo, D. (2006). Optical spin-to-orbital angular momentum conversion in inhomogeneous anisotropic media. Phys. Rev. Lett. 96, 163905. doi: 10.1103/PhysRevLett.96.163905

 Maurer, C., Jesacher, A., Fürhapter, S., Bernet, S., and Ritsch-Marte, M. (2007). Tailoring of arbitrary optical vector beams. N. J. Phys. 9, 78. doi: 10.1088/1367-2630/9/3/078

 Maxwell, J. (1850). “Manuscript on experiments on the cause of Haidinger's brushes,” in The Scientific Letters and Papers of James Clerk Maxwell (London: Taylor & Francis), 199–204.

 Milione, G., Lavery, M. P., Huang, H., Ren, Y., Xie, G., Nguyen, T. A., et al. (2015). 4 × 20 gbit/s mode division multiplexing over free space using vector modes and a q-plate mode (de) multiplexer. Opt. Lett. 40, 1980–1983. doi: 10.1364/OL.40.001980

 Misson, G. P., and Anderson, S. J. (2017). The spectral, spatial and contrast sensitivity of human polarization pattern perception. Sci. Rep. 7, 16571. doi: 10.1038/s41598-017-16873-6

 Misson, G. P., Anderson, S. J., Armstrong, R. A., Gilett, M., and Reynolds, D. (2021). The effect of age-related macular degeneration on polarization pattern perception. Transl. Vision Sci. Technol. 10, 8. doi: 10.1167/tvst.10.9.8

 Misson, G. P., Anderson, S. J., Armstrong, R. A., Gillett, M., and Reynolds, D. (2020). The clinical application of polarization pattern perception. Transl. Vision Sci. Technol. 9, 31. doi: 10.1167/tvst.9.11.31

 Misson, G. P., Temple, S. E., and Anderson, S. J. (2019). Computational simulation of human perception of spatially dependent patterns modulated by degree and angle of linear polarization. JOSA A 36, B65–B70. doi: 10.1364/JOSAA.36.000B65

 Misson, G. P., Timmerman, B. H., and Bryanston-Cross, P. J. (2015). Human perception of visual stimuli modulated by direction of linear polarization. Vision Res. 115, 48–57. doi: 10.1016/j.visres.2015.08.004

 Mottes, J., Ortolan, D., and Ruffato, G. (2022). Haidinger's brushes: psychophysical analysis of an entoptic phenomenon. Vision Res. 199, 108076. doi: 10.1016/j.visres.2022.108076

 Müller, P. L., Müller, S., Gliem, M., Küpper, K., Holz, F. G., Harmening, W. M., et al. (2016). Perception of haidinger brushes in macular disease depends on macular pigment density and visual acuity. Investig. Ophthalmol. Visual Sci. 57, 1448–1456. doi: 10.1167/iovs.15-19004

 Naylor, E., and Stanworth, A. (1955). The measurement and clinical significance of the haidinger effect. Trans. Ophthalmol. Soc. U. K. 75, 67–79.

 Ni, J., Huang, C., Zhou, L.-M., Gu, M., Song, Q., Kivshar, Y., et al. (2021). Multidimensional phase singularities in nanophotonics. Science 374, eabj0039. doi: 10.1126/science.abj0039

 Padgett, M., and Bowman, R. (2011). Tweezers with a twist. Nat. Photon. 5, 343–348. doi: 10.1038/nphoton.2011.81

 Pushin, D., Kapahi, C., Silva, A., Cory, D., Kulmaganbetov, M., Mungalsingh, M., et al. (2023). Psychophysical discrimination of radially varying polarization entoptic phenomena. arXiv preprint arXiv:2305.12637. doi: 10.48550/arXiv.2305.12637

 Ritsch-Marte, M. (2017). Orbital angular momentum light in microscopy. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 375, 20150437. doi: 10.1098/rsta.2015.0437

 Rubinsztein-Dunlop, H., Forbes, A., Berry, M., Dennis, M., Andrews, D. L., Mansuripur, M., et al. (2016). Roadmap on structured light. J. Opt. 19, 013001. doi: 10.1088/2040-8978/19/1/013001

 Sarenac, D., Cory, D., Nsofini, J., Hincks, I., Miguel, P., Arif, M., et al. (2018). Generation of a lattice of spin-orbit beams via coherent averaging. Phys. Rev. Lett. 121, 183602. doi: 10.1103/PhysRevLett.121.183602

 Sarenac, D., Kapahi, C., Silva, A. E., Cory, D. G., Taminiau, I., Thompson, B., et al. (2020). Direct discrimination of structured light by humans. Proc. Natl. Acad. Sci. U.S.A. 117, 14682–14687. doi: 10.1073/pnas.1920226117

 Sarenac, D., Silva, A. E., Kapahi, C., Cory, D., Thompson, B., and Pushin, D. A. (2022). Human psychophysical discrimination of spatially dependant pancharatnam–berry phases in optical spin-orbit states. Sci. Rep. 12, 1–6. doi: 10.1038/s41598-022-07089-4

 Schwarz, S., Kapahi, C., Xu, R., Cameron, A. R., Sarenac, D., MacLean, J.-P. W., et al. (2020). Talbot effect of orbital angular momentum lattices with single photons. Phys. Rev. A 101, 043815. doi: 10.1103/PhysRevA.101.043815

 Shen, Y., Nape, I., Yang, X., Fu, X., Gong, M., Naidoo, D., et al. (2021). Creation and control of high-dimensional multi-partite classically entangled light. Light Sci. Appl. 10, 50. doi: 10.1038/s41377-021-00493-x

 Temple, S. E., McGregor, J. E., Miles, C., Graham, L., Miller, J., Buck, J., et al. (2015). Perceiving polarization with the naked eye: characterization of human polarization sensitivity. Proc. R. Soc. B Biol. Sci. 282, 20150338. doi: 10.1098/rspb.2015.0338

 Van Blokland, G., and Verhelst, S. (1987). Corneal polarization in the living human eye explained with a biaxial model. JOSA A 4, 82–90.

 von Helmholtz, H. (2013). Treatise on Physiological Optics, Vol. 3. Courier Corporation.

 Waldstein, S. M., Vogl, W.-D., Bogunovic, H., Sadeghipour, A., Riedl, S., and Schmidt-Erfurth, U. (2020). Characterization of drusen and hyperreflective foci as biomarkers for disease progression in age-related macular degeneration using artificial intelligence in optical coherence tomography. JAMA Ophthalmol. 138, 740–747. doi: 10.1001/jamaophthalmol.2020.1376

 Wang, J., Yang, J.-Y., Fazal, I. M., Ahmed, N., Yan, Y., Huang, H., et al. (2012). Terabit free-space data transmission employing orbital angular momentum multiplexing. Nat. Photon. 6, 488–496. doi: 10.1038/nphoton.2012.138

 Wang, Q., Bryanston-Cross, P. J., Li, Y., and Liu, Z. (2022). Mathematical and experimental description of spatiotemporal frequency sensitivity for human polarization perception. Optik 251, 168376. doi: 10.1016/j.ijleo.2021.168376

 Wong, J. H. C., Ma, J. Y. W., Jobling, A. I., Brandli, A., Greferath, U., Fletcher, E. L., et al. (2022). Exploring the pathogenesis of age-related macular degeneration: a review of the interplay between retinal pigment epithelium dysfunction and the innate immune system. Front. Neurosci. 16, 1009599. doi: 10.3389/fnins.2022.1009599

 Yeo, N. J. Y., Chan, E. J. J., and Cheung, C. (2019). Choroidal neovascularization: mechanisms of endothelial dysfunction. Front. Pharmacol. 10, 1363. doi: 10.3389/fphar.2019.01363



OPS/images/math_1.gif
()





OPS/images/math_2.gif
— L [itner- 3
W)= — [emrreosenimy + 1)), @





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Structured light enhanced entoptic stimuli for vision science applications



		1. Introduction



		1.1. Age-related macular degeneration and the Haidinger's brush



		1.2. Development of structured light techniques







		2. Structured light for vision science applications



		3. Future prospects



		4. Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neuroscience

Structured light enhanced
entoptic stimuli for vision science
applications





OPS/images/fnins-17-1232532-g001.gif
L]
Xn - EJO)





OPS/images/fnins-17-1232532-g002.gif
e St vo L SIHM B
imaged ono the reina

W Y™

S ganeraes:
“gesired sate

e of onstruction
racton of moton

Participant views
the corresponding
‘enoptic prfie

~/

The participants response I used to
update the Gostrucion size on the SLM
i










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neuroscience





