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In recent years, optoretinography has become an important functional imaging method for the retina, as light-evoked changes in the photoreceptors have been demonstrated for a large number of different OCT systems. Full-field swept-source optical coherence tomography (FF-SS-OCT) is particularly phase-stable, and it is currently the only technique sensitive enough to detect the smaller functional changes in the inner plexiform layer (IPL). However, the resolution of state-of-the art FF-SS-OCT systems is not high enough to distinguish individual photoreceptors. This makes it difficult to separate rods from cones. In this work, we circumvent this problem by separating the functional changes in rods and cones by their different temporal dynamics to the same light stimulus. For this purpose, a mathematical model was developed that represents the measured signals as a superposition of two impulse responses. The developed model describes the measured data under different imaging conditions very well and is able to analyze the sensitivity and temporal dynamics of the two photoreceptor types separately.
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1 Introduction

The study of the functional characteristics of photoreceptors is of great importance in the context of a wide range of retinal diseases, covering both diagnostic and therapeutic aspects. As a result, a plethora of different imaging modalities has emerged in recent years, utilizing different contrast mechanisms such as changes in reflectance spectra (1–3) or scattering behavior (4–6), each designed to capture the nuanced intricacies of photoreceptor function. An emerging functional imaging approach that has gained prominence uses the optical phase of the backscattered light in optical coherence tomography (OCT) data (7–11), and is known as optoretinography (ORG). This method has attracted considerable attention due to its high sensitivity and inherent robustness.

Phase stability for ORG measurements can be achieved either by very fast scanning of the sample or by fully parallel imaging, as is done in full-field swept-source OCT (FF-SS-OCT). By simultaneously recording the FF-SS-OCT data, the phases of the detected signal can be analyzed in a much more robust way over time, allowing changes in the retina to be detected with greater sensitivity. As a result, FF-SS-OCT is so far the only imaging technique that can measure the small functional changes in the inner plexiform layer (IPL) in the living human retina, in addition to the functional signals in the photoreceptor cells (12, 13). This makes it possible to study signal processing in the retina.

However, scanning systems are superior to FF-SS-OCT in both lateral and axial resolution. This is achieved through the confocal gating and through the availability of light sources with a wider bandwidth, respectively. For these reasons, scanning systems are particularly well suited for single-cell measurements of individual cones and rods. In combination with adaptive optics and scanning laser ophthalmoscopy (SLO) even individual rods can be resolved (14). Thus, the functional contributions of rods and cones can be separated directly with SLO based optoretinography measurements.

This is not possible with FF-SS-OCT, as both lateral and axial resolution are not yet sufficient to resolve rods or separate their tips from those of the cones. Instead, FF-SS-OCT detects a combination of functional changes in both cell types in the ORG signal. Photoreceptors are typically stimulated at intensities in the highly photopic range, where cone activity dominates (10 cd/m2 to 106 cd/m2). Thus, ignoring the rod contribution to the signal only leads to a negligible error. Rods are more sensitive to low-light conditions (10−6 cd/m2 to 10−2 cd/m2 (15)), where cones are either not functioning or less sensitive due to a less powerful amplification cascade (Figure 1). For this reason, their contribution becomes more pronounced at lower stimulation intensities.




Figure 1 | Regimes of scotopic, mesopic and photopic vision in luminance. The Luminance values for scotopic, mesoscopic, photopic rod dominated, and cone dominated vision were taken from the work of Zele and Cao (15). The green bar corresponds to the luminance caused by the OCT detection. The filled yellow bar corresponds to the calculated luminances used here for stimulation. The yellow dashed framed bar corresponds to the luminance considering the pupil diameter (see Section 4).



These low stimulation intensities for rod-dominated signals cannot be realized with high-resolution OCT systems, which have to work at a wavelength around 850 nm. In this wavelength range, the human retina is still sensitive, resulting in a stimulation of the retina by the OCT measurement itself (the local illumination by an OCT beam with wavelengths around 850 nm corresponds to luminances in the single digit cd/m2 range). ORG measurements are limited here to higher stimulation powers, making it difficult to measure rods and cones separately.

Besides their different sensitivity to different light levels, rods and cones also differ in the dynamics with which they respond to light stimulation (16, 17). In this study, we have taken advantage of this difference in the temporal behavior of rod and cone photoreceptors to separate their respective contributions to the functional signal without requiring any spatial separation of their responses. As a result, it is no longer necessary to resolve the individual cones and rods laterally or axially, greatly reducing the requirements on the imaging system.




2 Results

The optoretinography (ORG) measurements here were performed with an FF-SS-OCT setup on a healthy volunteer. The stimulation intensities were in the mesoscopic range, where rods and cones are equally active. To better distinguish the responsiveness of both rod and cone photoreceptors to variations in intensity, different optical density (OD) filters were introduced into the stimulation pathway. This manipulation produces irradiance levels between 1.92 µW/mm2 and 3 nW/mm2 at the retinal level. To facilitate comparison with existing literature and physiological phenomena, the photon flux, luminance, and degree of photoreceptor bleaching were calculated (see Table 1). The duration of each measurement was 8.6 seconds. The stimulation was triggered from the beginning of the fifth volume within this measurement sequence and lasted 100 milliseconds. The temporal change in optical path length for varying luminance conditions is succinctly depicted in Figure 2. Obviously, the rise time and shape of the transients change with the stimulation level. At 137 cd/m2 and below a single pulse-shaped transient is observed. At higher luminance, first a shoulder and then a second peak appear at the rising edge of the transient.


Table 1 | List of the used stimulation intensities expressed in intensity, luminance, photon flux and the percentage of photopigment bleaching per second (PPB R) in rods and (PPB C) in cones.






Figure 2 | Time courses of the optical path length changes for stimuli of 100ms duration and different luminances.



Further insight can be gained by analyzing the composite character of the measured temporal profiles by assuming a combination of two distinct curves. This distinction suggests that the observed functional response can be explained as the result of two physiological processes. One process, dominates at low stimulation levels, the other process is characterized by a rapid onset at higher stimulation intensities, and increases rapidly with the applied stimulus intensity. Our hypothesis is that these two distinct signals reflect the individual responses of rod and cone photoreceptors.

To facilitate a more rigorous quantitative investigation of this process, a composite impulse response, represented as Δl(t), is fitted to the measured data, taking the form:

 

Here, a1,2 are parameters governing the respective initial slopes, while b1,2,c1 and d1,2 shape the duration of the rising and falling phases of the curves. Notably, the quadratic term associated with the slower response has been omitted from this fitting function due to its perceived redundancy.

This two-impulse-response model describes the measured changes in optical path length very well for the different stimulation conditions (see Figure 3). Furthermore, the mathematical description of the measurement in Equation (1) can be used to study the dynamics of the impulse responses separately. For this, we investigated the initial slope of the two impulse responses and the time taken to reach the maximum change in optical path length for the different stimulation conditions (see Figure 4).




Figure 3 | Fit of the functional signals to a short stimulus (100ms) with different intensities. The measured change in optical path length (crosses), the fit curve describing the signal as the sum of two impulse responses (solid lines), the impulse response attributed to rods (dotted line) and the impulse response attributed to cones (dashed lines) are shown for (A) 4600   (B) 1240   (C) 460   (D) 230   (E) 137   (F) 37   (G) 17   and (H) 7  , (I) cone fit-function for all luminances, (J) rod fit functions for all luminaces.






Figure 4 | Dependencies on the stimulation intensities. (A) Duration until the maximum is reached in dependency of the stimulation luminance for the first impulse response attributed to rods (red) and the second impulse response attributed to cones (blue) signal. (B) Maximum amplitude reached for the rods (red) and cones (blue) impulse response. (C) Initial slope of the rods (red) and the cones (blue) fit responses, (green) actual measured slope.



It can be seen that both impulse responses increase their duration similarly with increasing stimulation intensity. However, the first impulse response (dotted lines) has a significantly longer rise time than the second (dashed lines). This discrepancy becomes more pronounced at higher stimulation intensities (see Figure 4A).

In terms of their initial slope, the two impulse responses behave very differently. While the first impulse response shows no change in slope with stimulation intensity, the second shows a strong dependence, especially at higher intensities. At lower light intensities, the signal is hardly present, so that for light intensities between 37 cd/m2 and 7 cd/m2 a fit of the first impulse response alone is sufficient to describe the measured data (see Figure 4B).




3 Discussion and conclusion

The two processes, that cause the two impulse responses, can be interpreted as the physiological responses of rods and cones to the same stimulus. The second impulse response (dashed lines) can be interpreted as the physiological response of cones and the first impulse response (dotted lines) as the physiological response of rods. It should be noted, however, that the measured data do not correspond to an addition of the two impulse responses, but to their weighted mean value. The actual height of the impulse response is therefore scaled according to the proportional composition of rods and cones and their contribution to the scattering intensity of the analyzed image field. Since the measurements shown here were taken at about 10° periphery of the fovea, where approximately the same number of rods and cones are present (18) and assuming that rods and cones contribute equally to the overall backscattered signal, an identical scaling factor of about 1/2 can be assumed for both impulse responses. However, the analysis of the duration and sensitivity of each impulse response remains completely independent of the scaling factor and can therefore be easily analyzed using this model.

In principle, rods and cones use the same amplification cascade, but the individual amplification steps are inactivated much more quickly in cones than in rods (19). As a result, the physiological response in rods is slower than in cones, which means that it takes longer to reach the maximum response strength (see Figure 4A).

Furthermore, a difference in the initial slope of the two processes is observed (Figure 4B). The initial slope of the first process, which we attribute to rods, stays more or less constant, whereas the initial slope of the second process increases with the stronger stimulation. The above-mentioned longer amplification cascade in rods leads to a higher sensitivity but also an earlier saturation. The intensity range used here is in the transition region from scotopic to photopic vision (Figure 1). Accordingly, at stimulation levels below 100 cd/m2, we only observe a nearly saturated response of the rods with no change in slope for varying intensities. In contrast, the cone cascade is not yet sufficient to detect a change in optical path length at low stimulation intensities. At higher intensities, however, the cone response becomes strong enough to be detected. The light levels used here are within the dynamic range of the cones, the initial slope of the impulse response increases with increasing intensity. Obviously, the initial slope is connected to the sensitivity of rods and cones to different stimulus intensities. In our earlier work, we accordingly observed a saturation of the initial slope of the whole ORG signal at higher stimulation levels (9).

In this study, we have demonstrated the separation of rod and cone signaling in ORG measurements with FF-SS-OCT by introducing a simple mathematical method that exploits the different temporal dynamics of the two cell types. Previous work on functional imaging was either unable to distinguish the functional contributions of rods and cones, or relied on technically complex and expensive setups to distinguish the functional changes of individual rod photoreceptor cells (8). FF-SS-OCT avoids the technical complexity otherwise required. In addition, due to its high sensitivity, FF-SS-OCT provides further information on the IPL functionality (12), which allows investigation of possible effects on the downstream cell levels. The time courses of functional changes in rods and cones determined in this work are in good qualitative agreement with the measured time courses of individual rods previously reported by Azimipour et al. (14). The response of the rods to the same stimulus lasts 4–5 times longer than that of the cones. Although the duration of individual impulse responses at comparable stimulus intensities differs between Azimipour et al. and the measurements shown here, this may be due to individual variability and a higher background stimulus and hence incomplete dark adaptation by the OCT system used here. The stimulation intensity at which the cone signal can be detected for the first time in the ORG is here at approx. 0.2% photopigment bleaching. This corresponds approximately to our illuminance of 230 cd/m2 and is also the point at which a cone signal can be detected for the first time. Similarly, Azimipour et al. (8) also show a strong dependence of the initial slope in cones on the mesoscopic stimulation intensity. A different behavior is observed for rods, as Azimipour et al. also observed a change in slope for different stimulation intensities, whereas no change is observed in the measurements shown here. However, these different observations do not necessarily contradict each other but could represent the response of rods to different stimulus intensities. For example, it has already been shown for the cone response that no change in slope can be observed at very high stimulation intensities (9). At the intensities we used, the rod photocurrent should be largely saturated, which is why we do not observe a change in slope. However, at lower intensities, corresponding to the dynamic range of the rods, a change in slope would be expected, as in the case of Azimipour. This transition is already visible at the lowest stimulation intensities used here (37 to 7 cd/m²), the rise time of the rods and the maxima recorded no longer change, while a slight change in the measured slope (Figure 4C, green dots) can be observed with the stimulation intensity. It can therefore still be assumed that the same process is observed. This indicates that the mathematical model developed here accurately describes the actual functional changes in the rods, so that physiological parameters such as sensitivity to different light intensities can be used to detect clinical changes in rod functionality.

A fundamental limitation of further investigations of rod signals in the scotopic range is the background stimulation by the light source of the OCT system. Although the light source used here with a center wavelength of 840nm is already at the edge of the visible spectrum, it causes a luminance of 2.2 cd/m2. At this luminance sufficient cones are still stimulated so that the light source can be perceived as red by the subject.

In addition, further measurements in other subjects are needed to confirm the results shown here. It would also be interesting to investigate in future studies how the preferential stimulation of S-/M- and L-cones affects the signal to draw possible conclusions about the distribution of the different cones in different subjects.

Many retinal conditions, such as retinitis pigmentosa and certain forms of macular degeneration, exhibit complex patterns of photoreceptor dysfunction, with rods and cones being affected in unique ways. E.g., there is evidence that early age-related macular degeneration (AMD) is linked to changes in rod and cone function. Especially the dark adaption (20, 21) and scotopic microperimetry was proposed for an early diagnosis (22, 23). Objective functional testing of rod and cone function by ORG could be a new option for early AMD diagnosis. The ability to separate and analyze the functional contributions of rods and cones using the method described may provide valuable insights into the progression and severity of these diseases. This, in turn, may lead to more accurate and sensitive diagnostic tools, ultimately benefiting individuals with retinal disorders and aiding in the development of targeted therapeutic interventions.




4 Measurements

For the measurement, the retina of a volunteer was imaged by a Michelson interferometer-based Full-Field Swept-Source OCT system (FF-SS-OCT) [detailed description can be found here (12)] using a tunable light source (Superlum Broadsweeper, BS-840-1) with 51nm tuning range centered at λ0 = 841nm. The light source illuminates an area of 2.6 mm × 1.5 mm on the retina, which is detected by a high-speed camera (Fastcam SA-Z, Photron) at a framerate of 60 kHz. The detected raw volume size corresponds to 640×364×512 px. For the volume size, the number of volumes per measurement is limited to 70 volumes, by the data storage capacity of the camera. To ensure longer measurement times, a volume is only triggered every 125 ms, resulting in a total measurement duration of 8.625 s. For the OCT imaging, the irradiance on the retina was 5.2 mW, which corresponds to a luminance of 2.2 cd/m2, which is in the lower mesoscopic range. The measurements were performed on a healthy volunteer with no known diseases or ametropia. Written informed consent was obtained from the subject. Compliance with the maximum permissible exposure of the retina and all relevant safety rules were confirmed by the ethics board of the Universität zu Lübeck. To improve the image quality, the volunteer’s pupil was dilated with eye drops to a diameter of approximately 8 mm. Before the measurement, the volunteer was dark adapted for 20 min. After each measurement, a break of at least five minutes was taken to obtain a full regeneration of the stimulated area. The image field was selected from a previously captured SLO image so that the stimulation took place in the 3 mm periphery, and at the same time, there were no larger vessels in the immediate vicinity that could influence the evaluation due to their pulsation (see Figure 5A). The selected position was controlled by a static fixation target during the OCT measurement. For the evaluation, the OCT data were numerically corrected for dispersion and axial motion (24). Furthermore, the movements occurring between successive volumes are corrected by a co-registration of the data. Further, the IS/OS was segmented and referenced to a parallel layer 4 pixels below. To improve the SNR of the phase evaluation, both layers were averaged over a depth of 3 pixels (as shown in Figure 5B), so that it can be assumed that the contributions of rods and cones are equally included in the evaluation. The phase evaluation is adapted from the extended-Knox-Thompson algorithm according to (25).




Figure 5 | (A) SLO image of the volunteer’s eye with the measured area marked in blue. (B) B-scan of the measured region, with the two reference layers marked in blue (C) Spectrum of the stimulation LED.



The conversion from the irradiance Ee[W/m2] to a photometric unit illuminance Ev[lm/m2] is done by the following equation.

 

Here   is a conversion factor, for the definition of lumen, and V (λ) is the luminous efficiency function, which describes the relative spectral sensitivity of the eye (26). Using the spectrum of the light-emitting diode (LED)   (shown in Figure 5C), the integral   from Equation (2) confers an efficiency  factor of 0.61. However, since it is difficult in most cases to determine illuminance on the retina directly, the luminance   is used in this work. The illuminace at the retina is connected with the luminance at the cornea via the pupil area Ap = 50.26 mm2, predicated upon a maximal pupil diameter of 8 mm, and the distance from the pupil to the retina D = 17 mm according to:

 

The converted values for the different stimuli are shown in Table 1 as well as the number of photons per µm2 and the percentage of photopigment bleach within one second of stimulation in rods. Again a stimulation efficiency factor of 0.61 was assumed, a base area for rods of Arod = 3.14 µm2, and an absolute photopigment number of Nrod = 108 (27). However, it must be noted that in the measurements of photopic and scotopic vision, the pupil size in Equation (3) would have in general adapted to the prevailing light conditions. This means that for high irradiances the pupil diameter would have decreased to approximately 2.5 mm, in order to reduce the incidence of light on the retina. In the measurements performed here, however, a blocking of the pupil reflex ensures that the pupil diameter is constant at 8 mm. While this makes little difference for the lower illuminances, where the pupil diameter is still relatively large, the highest luminance (4600 cd/m2) would have to be multiplied by a factor of 10 to be comparable to the measurements of (15). This is indicated by the dashed rectangle in Figure 1. Additionally, the luminance caused by the broad sweeper of the OCT imaging was calculated. For this, an intensity of 0.83 mW/mm2 is used. Since for the central wavelength λ0 = 840 nm, V(λ) is not defined anymore, the closest available wavelength (830 nm) is used for the calculation with V (830 nm) = 6.6 × 10−7 (26).





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by ethics board of the Universität zu Lübeck. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

CP: Data curation, Investigation, Software, Visualization, Writing – original draft. LP: Data curation, Validation, Writing – review & editing. HS: Data curation, Validation, Writing – review & editing, Investigation. DH: Data curation, Funding acquisition, Software, Validation, Writing – review & editing, Investigation. YM: Supervision, Validation, Writing – review & editing. GH: Funding acquisition, Project administration, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by the German Research Foundation (DFG), Project Holo-OCT HU 629/6-1 and the Federal Ministry of Education and Research Germany (BMBF, 13N15432 and 13N16606).





Conflict of interest

CP, LP, HS, YM, and GH were employed by Medical Laser Center Lübeck GmbH.

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





References

1. Roorda, A, and Williams, DR. The arrangement of the three cone classes in the living human eye. Nature. (1999) 397:520–2. doi: 10.1038/17383

2. Hofer, H, Carroll, J, Neitz, J, Neitz, M, and Williams, DR. Organization of the human trichromatic cone mosaic. J Neurosci. (2005) 25:9669–79. doi: 10.1523/JNEUROSCI.2414-05.2005

3. Morgan, JI, and Pugh, EN. Scanning laser ophthalmoscope measurement of local fundus reflectance and autofluorescence changes arising from rhodopsin bleaching and regeneration. Invest Ophthalmol Visual Sci. (2013) 54:2048–59. doi: 10.1167/iovs.12-11089

4. Grieve, K, and Roorda, A. Intrinsic signals from human cone photoreceptors. Invest Ophthalmol Visual Sci. (2008) 49:713–9. doi: 10.1167/iovs.07-0837

5. Cooper, RF, Tuten, WS, Dubra, A, Brainard, DH, and Morgan, JIW. Non-invasive assessment of human cone photoreceptor function. Biomed Optics Express. (2017) 8:5098–112. doi: 10.1364/boe.9.001842

6. Son, T, Kim, TH, Ma, G, Kim, H, and Yao, X. Functional intrinsic optical signal imaging for objective optoretinography of human photoreceptors. Exp Biol Med. (2021) 246:639–43. doi: 10.1177/1535370220978898

7. Pandiyan, VP, Maloney-Bertelli, A, Kuchenbecker, JA, Boyle, KC, Ling, T, Chen, ZC, et al. The optoretinogram reveals the primary steps of phototransduction in the living human eye. Sci Adv. (2020) 6:eabc1124. doi: 10.1126/sciadv.abc1124

8. Azimipour, M, Migacz, JV, Zawadzki, RJ, Werner, JS, and Jonnal, RS. Functional retinal imaging using adaptive optics swept-source OCT at 16 MHz. Optica. (2019) 6:300–3. doi: 10.1364/OPTICA.6.000300

9. Hillmann, D, Spahr, H, Pfäffle, C, Sudkamp, H, Franke, G, and Hüttmann, G. In vivo optical imaging of physiological responses to photostimulation in human photoreceptors. Proc Natl Acad Sci USA. (2016) 113:13138–43. doi: 10.1073/pnas.1606428113

10. Zhang, F, Kurokawa, K, Lassoued, A, Crowell, JA, and Miller, DT. Cone photoreceptor classification in the living human eye from photostimulation-induced phase dynamics. Proc Natl Acad Sci USA. (2019) 116:7951–6. doi: 10.1073/pnas.1816360116

11. Tomczewski, S, We˛grzyn, P, Borycki, D, Auksorius, E, Wojtkowski, M, and Curatolo, A. Light-adapted flicker optoretinograms captured with a spatio-temporal optical coherence-tomography (stoc-t) system. Biomed Opt Express. (2022) 13:2186–201. doi: 10.1364/BOE.444567

12. Pfäffle, C, Spahr, H, Kutzner, L, Burhan, S, Hilge, F, Miura, Y, et al. Simultaneous functional imaging of neuronal and photoreceptor layers in living human retina. Optics Lett. (2019) 44:5671–4. doi: 10.1364/OL.44.005671

13. Pfäffle, C, Spahr, H, Gercke, K, Puyo, L, Höhl, S, Melenberg, D, et al. Phase-sensitive measurements of depth-dependent signal transduction in the inner plexiform layer. Front Med. (2022) 9:885187. doi: 10.3389/fmed.2022.885187

14. Azimipour, M, Valente, D, Vienola, KV, Werner, JS, Zawadzki, RJ, and Jonnal, RS. Optoretinogram: optical measurement of human cone and rod photoreceptor responses to light. Optics Lett. (2020) 45:4658–61. doi: 10.1364/ol.398868

15. Zele, AJ, and Cao, D. Vision under mesopic and scotopic illumination. Front Psychol. (2015) 5:1594. doi: 10.3389/fpsyg.2014.01594

16. Baylor, DA, and Hodgkin, AL. Detection and resolution of visual stimuli by turtle photoreceptors. J Physiol. (1973) 234:163–98. doi: 10.1113/jphysiol.1973.sp010340

17. Korenbrot, JI. Speed, sensitivity, and stability of the light response in rod and cone photoreceptors: Facts and models. Prog Retinal Eye Res. (2012) 31:442–66. doi: 10.1016/j.preteyeres.2012.05.002

18. Wandell, B. The photoreceptor mosaic. In:  B Wandell, editor. Foundations of Vision. Oxford: Oxford University Press, Incorporated (1995).

19. Lamb, T. Photoreceptor physiology and evolution: cellular and molecular basis of rod and cone phototransduction. J Physiol. (2022) 600:4585–601. doi: 10.1113/JP282058

20. Owsley, C, McGwin, G, Clark, ME, Jackson, GR, Callahan, MA, Kline, LB, et al. Delayed rodmediated dark adaptation is a functional biomarker for incident early age-related macular degeneration. Ophthalmology. (2016) 123:344–51. doi: 10.1016/j.ophtha.2015.09.041

21. Murray, IJ, Rodrigo-Diaz, E, Kelly, JMF, Aslam, TM, Tahir, HJ, Carden, D, et al. The role of dark adaptation in understanding early amd. Prog Retin Eye Res. (2022) 88:101015. doi: 10.1016/j.preteyeres.2021.101015

22. Nebbioso, M, Barbato, A, and Pescosolido, N. Scotopic microperimetry in the early diagnosis of agerelated macular degeneration: Preliminary study. BioMed Res Int. (2014) 2014:1–7. doi: 10.1155/2014/671529

23. Steinberg, JS, Fitzke, FW, Fimmers, R, Fleckenstein, M, Holz, FG, and Schmitz-Valckenberg, S. Scotopic and photopic microperimetry in patients with reticular drusen and age-related macular degeneration. JAMA Ophthalmol. (2015) 133:690–7. doi: 10.1001/jamaophthalmol.2015.0477

24. Hillmann, D, Bonin, T, Lührs, C, Franke, G, Hagen-Eggert, M, Koch, P, et al. Common approach for compensation of axial motion artifacts in swept-source OCT and dispersion in Fourier-domain oct. Optics Express. (2012) 20:6761–76. doi: 10.1364/oe.20.006761

25. Spahr, H, Pfäffle, C, Burhan, S, Kutzner, L, Hilge, F, Hüttmann, G, et al. Phase-sensitive interferometry of decorrelated speckle patterns. Sci Rep. (2019) 9:11748. doi: 10.1038/s41598-019-47979-8

26. Sharpe, LT, Stockman, A, Jagla, W, and Jägle, H. A luminous efficiency function, V*(λ), for daylight adaptation. J Vision. (2005) 5:948–68. doi: 10.1167/5.11.3

27. Pugh, EN, and Lamb, TD. Chapter 5 Phototransduction in vertebrate rods and cones: Molecular mechanisms of amplification, recovery and light adaptation. In:  D Stavenga, W DeGrip, and E Pugh, editors. Molecular Mechanisms in Visual Transduction (North-Holland), Handbook of Biological Physics Amsterdam, Netherlands: Elsevier (2000). p. 183–255.




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.

Copyright © 2024 Pfäffle, Puyo, Spahr, Hillmann, Miura and Hüttmann. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/im2.jpg
Pt [ % 10°]





OEBPS/Images/M2.jpg
/dl VIDER) @





OEBPS/Images/fopht-04-1340692-g002.jpg
4600 cd/m?
1240 cd/m?

time (s)

460 cd/m?
230 cd /m?

137 cd/m?
37 cd/m? ——






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Unraveling the functional signals of rods and cones in the human retina: separation and analysis

      

        		

          1 Introduction

        



        		

          2 Results

        



        		

          3 Discussion and conclusion

        



        		

          4 Measurements

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/im14.jpg





OEBPS/Images/im7.jpg
cd/m”





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/im10.jpg
cd/m”





OEBPS/Images/fopht-04-1340692-g003.jpg
At (nm)

At (nm)

At (nm)

o (au)

B (o]
120 —————T—T——T— 80 ———— T — 60 —
4600 cd/m? 20l 1240 cd/m?| 460 cd/m?
100 50
60 -
80 40
50 |-
60 iE:/ 40 E, 30
< 30k <
40 20
20
20 10
10
(-
) 0 L 0
0 1 2 3 4 8 6 7 o 1 2 4 6 7 8 6 5 8
time (s)
E F
40 ————— T —
230 cd/m? a5k P 137 cd/m? |

At (nm)

A (nm)

At (nm)

30 T

25

20

15

10

o (au)

100

80

60

40

20






OEBPS/Images/im3.jpg
25





OEBPS/Images/logo.jpg
’ frontiers | Frontiers in Ophthalmology





OEBPS/Images/M1.jpg
Allt) = at x expl= bt -t~ dit")

R R b = ey

m





OEBPS/Images/im13.jpg
cd/m”





OEBPS/Images/im8.jpg
cd/m”





OEBPS/Images/im9.jpg
cd/m”





OEBPS/Images/im17.jpg





OEBPS/Images/im4.jpg





OEBPS/Images/fopht-04-1340692-g004.jpg
ing duration (s)

35

25

; ! : 3 T T 450 T T T
4
400 i
25 P
350 s
2 X 300 * 1
- H
= x 250 5 B
E 1s
x H 1
H x 200 x
% = *
x 2
100 5 X X x
95 * +
* ¥ o 50 Bl
« ¥ S
. . . o o . il .
10 100 1000 10 100 1000 10 100 1000

luminance (cd/m?)

luminance (cdim?)

luminance (cd/m?)





OEBPS/Images/fopht.2024.1340692_cover.jpg
& frontiers | Frontiers in Ophthalmology

Unraveling the functional signals of rods
and cones in the human retina: separation
and analysis





OEBPS/Images/im5.jpg





OEBPS/Images/im12.jpg
cd/m”





OEBPS/Images/im16.jpg
Jarviae, 2





OEBPS/Images/M3.jpg
o

8l





OEBPS/Images/fopht-04-1340692-g001.jpg
0.1 1 10
Luminance (cd/m?2)





OEBPS/Images/im1.jpg
Pesd





OEBPS/Images/fopht-04-1340692-g005.jpg
10°






OEBPS/Images/im15.jpg





OEBPS/Images/im6.jpg
cd/m”





OEBPS/Images/table1.jpg
cd

Irradiance | — luminance [m"
0.0 1.9 53 4600 10.0 40.0
0.6 0.52 1.44 1240 2 12.8
1.0 0.19 0.53 460 1.0 4.0
13 96.0 x 107 0.27 230 0.5 20
16 57.0 x 107 0.16 137 03 12
20 154 x 107 004 37 008 032
23 7.0 x 107 0.02 17 0.04 0.16
26 3.0x 107 0.008 7 0.02 0.08






OEBPS/Images/im11.jpg
cd/m”





