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Partial-Field Illumination Ophthalmoscope: improving the contrast of a camera-based retinal imager

Effective and accurate in-vivo diagnosis of retinal pathologies requires high performance imaging devices, combining a large field of view and the ability to discriminate the ballistic signal from the diffuse background in order to provide a highly contrasted image of the retinal structures. Here, we have implemented the Partial-Field Illumination Ophthalmoscope, a patterned illumination modality, integrated to a high pixel rate adaptive optics full-field microscope. This non-invasive technique enables us to mitigate the low signal-to-noise ratio, intrinsic of full-field ophthalmoscopes, by partially illuminating the retina with complementary patterns to reconstruct a wide field image. This new modality provides an image contrast spanning from the full-field to the confocal contrast, depending on the pattern size. As a result, it offers various trade-offs in terms of contrast and acquisition speed, guiding the users towards the most efficient system for a particular clinical application.

INTRODUCTION

In order to provide a better understanding and early diagnosis of age-related macular degeneration (AMD), it is critical to be able to follow the retinal degeneration, and in particular the loss of photoreceptor cells [START_REF] Curcio | Photoreceptor loss in age-related macular degeneration[END_REF]. However, this task requires high resolution imaging systems, able to provide highly contrasted photoreceptor maps with a wide field of view. The need for distortion-free images is also essential, particularly for longitudinal studies, when distinguishing the morphological characteristics of the retinal structures [START_REF] Kolb | Webvision: The Organization of the Retina and Visual System[END_REF] and their evolution through time should not be hindered by distortion artifacts coming from the imaging system and the ocular motion [START_REF] Salmon | An Automated Reference Frame Selection (ARFS) Algorithm for Cone Imaging with Adaptive Optics Scanning Light Ophthalmoscopy[END_REF][START_REF] Cooper | Effects of Intraframe Distortion on Measures of Cone Mosaic Geometry from Adaptive Optics Scanning Light Ophthalmoscopy[END_REF]. Therefore, there is a need for highly resolved, distortion-free images of the retina, with a high contrast and a wide field of view.

To this end, ophthalmoscopes have to mitigate aberrations, ocular motion [START_REF] Jarosz | High temporal resolution aberrometry in a 50-eye population and implications for adaptive optics error budget[END_REF][START_REF] Mecê | Fixational eye movement: a negligible source of dynamic aberration[END_REF] and a high diffuse background originating from scattering effects in the multi-layered retina [START_REF] Burns | Adaptive optics imaging of the human retina[END_REF]. Regarding aberrations, Adaptive Optics (AO) has enabled high resolution images of the photoreceptor layer in both full-field ophthalmoscopes [START_REF] Liang | Supernormal vision and high-resolution retinal imaging through adaptive optics[END_REF] and Scanning Laser Ophthalmoscopes (SLO) [START_REF] Roorda | Adaptive optics scanning laser ophthalmoscopy[END_REF], revealing structures that were hidden otherwise [START_REF] Burns | Adaptive optics imaging of the human retina[END_REF][START_REF] Godara | Adaptive Optics Retinal Imaging: Emerging Clinical Applications[END_REF][START_REF] Paques | Adaptive optics ophthalmoscopy: Application to age-related macular degeneration and vascular diseases[END_REF].

Regarding ocular motion and background concerns, a tradeoff has been made either in favor of motion handling, with full-field ophthalmoscopes or in favor of contrast [START_REF] Liang | Supernormal vision and high-resolution retinal imaging through adaptive optics[END_REF][START_REF] Gofas-Salas | High loop rate adaptive optics flood illumination ophthalmoscope with structured illumination capability[END_REF] with the SLO. The full-field ophthalmoscope simultaneously acquires the signals coming from all the positions of its wide illumination field (4 • typically), with exposure time below 10 milliseconds, which prevents motion-induced distortions. On the other hand, the confocal pinhole of the SLO spatially filters out multiplyscattered and out-of-focus light hence improving the quality of the images. However, the full-field ophthalmoscopes remain limited in contrast, while the SLO are prone to motion-induced distortion due to their low pixel rate, which clearly illustrates the complementarity in strengths and weaknesses of these techniques.

In this paper, we implemented the Partial-Field Illumination Ophthalmoscope (PFIO), a high pixel rate AO-full-field ophthalmoscope in which the illumination field can be tuned in order to reduce the diffuse background and improve the contrast of photoreceptor cell images. We demonstrate that spatial filtering can be achieved in a full-field ophtalmoscope by partially illuminating the retina (by placing a programmable mask conjugated with the retina in front of the full-field illumination source). By setting the camera pixels associated with non-illuminated areas on the acquired frame to zero, a numerical spatial filtering is performed similarly to using a variable confocal pinhole in SLO.

We establish that the contrast can be improved proportionally to the square root of the surface of the illuminated area. The full field image can then be obtained by this process ( i.e.image acquisition and numerical spatial filtering) for all the complementary patterns required to illuminate the entire field and by combining these successive images. The resulting image therefore has an increased contrast at the cost of reduced acquisition speed.

This partial-field illumination ophthalmoscope can be positioned between full-field and confocal opthalmoscopes. The characteristic illumination patterns of these three ophthalmoscopes are shown in Fig. 1. For sake of comparison, let us consider the same illumination power in the illuminated area, and the same amount of overall power to compute a complete fullfield image. Thus, the acquisition time of the full-field image scales with the number of complementary patterns N used to recontruct the full field image. The full-field ophthalmoscope only uses one pattern (N = 1) to illuminate the entire region of the retina to be imaged. Therefore, it is the fastest system. However, as no spatial filtering is performed, it provides images with the lowest contrast. In contrast, in the confocal system, the illumination beam diameter corresponds approximately to the Airy disk, so it requires scanning of the region of interest with about one million points (N 10 6 ) to illuminate the entire field of view for an image 2000 × 2000 pixels sampled at Nyquist frequency. The acquisition speed is thus the slowest. In the detection path, a physical confocal hole carries out spatial filtering that enables providing the images with the highest contrast. Between these systems, the partial-field illumination ophthalmoscope illuminates the region of interest partially with an intermediate number of complementary checkerboard patterns (e.g. N = 2 in Fig. 1). As a result, the three ophthalmoscopes in Fig. 1 feature an increasing contrast from left to right, and an increasing speed from right to left.

Our goal here is to answer the following question: for a given field of view and a given number of incident photons, in how many patterns should we split them to get the best image? In other words, which is the optimal N value ? We already know that the higher the N value, the higher the contrast. Nevertheless, a lower N means that more pixels are acquired at a time, which leads to less time-consuming acquisition procedure, and hence less motion-induced distortion. The study presented here investigates the possibility to use a lower N value than the confocal ophthalmoscope while keeping the same contrast.

METHOD A. Setup

The experimental setup has been implemented on the AO-fullfield ophthalmoscope, built at the Paris Quinze-Vingts National Ophthalmology Hospital, described in [START_REF] Gofas-Salas | High loop rate adaptive optics flood illumination ophthalmoscope with structured illumination capability[END_REF] and shown in Fig. 2. We included a new illumination path which consists of a homogeneous incoherent illumination at 850 nm and a spatial light modulator that generates and switches the checkerboard patterns. To perform the various checkerboard patterns, we use an off-the-shelf digital micro-mirror device (DMD) (DLP650LNIR, Texas Instrument) for its high switching speed (up to 12.5 kHz) and its versatility in terms of pattern designs. The array of 1280 × 800 digital micro-mirrors is conjugated to the target layer of the retina and each micro-mirror of 10.8 µm pitch is switched to position "ON" or "OFF" to shape the illumination into the selected pattern to be projected. The mirrors in the "ON" position reflect the incoming light towards the optical path, while the mirrors in the "OFF" position reflect the light out of it. Each pattern, leading to illuminated and non-illuminated areas on the retina, has been uploaded to the controller of the DMD, manipulated through a computer. In this configuration, the mirrors, which are used as switches that shape the illumination, are comparable to multiplexed pinholes. Therefore the DMD, which switches from one pattern to the other, behaves similarly to a Nipkow disk used in spinning disk microscopy [START_REF] Stehbens | Imaging Intracellular Protein Dynamics by Spinning Disk Confocal Microscopy[END_REF][START_REF] Enoki | Singlecell resolution fluorescence imaging of circadian rhythms detected with a Nipkow spinning disk confocal system[END_REF].

Fig. 2.

Experimental set-up: AO-Full-field optical bench described in [START_REF] Gofas-Salas | High loop rate adaptive optics flood illumination ophthalmoscope with structured illumination capability[END_REF], to which an illumination path, composed with a DMD, has been implemented to project checkerboard patterns on the target layer of the retina.

In this setup, the DMD is optically conjugated with the camera. The camera image benefits from the adaptive-optics correction to reach a diffraction-limited resolution [START_REF] Gofas-Salas | High loop rate adaptive optics flood illumination ophthalmoscope with structured illumination capability[END_REF], but the DMD patterns projected onto the imaged retinal plane also benefits from the AO correction, because the incident beam is precompensated for ocular aberrations as well. To navigate between the various layers of the retina, a static defocus offset is sent to the AO-loop, which ensures that both camera and DMD pattern remain conjugated.

B. Pattern projection

Patterns were created with Interactive Data Language (Exelis, USA). We used four sets of complementary checkerboard designs, with the same dimension of squares. Each checkerboard design corresponds to N complementary patterns that illuminate a ratio of one out of N squares, with N = 2, 4, 9, 25. We aim at a real-time enhancement of the contrast of photoreceptors, namely, a minimal processing of the raw video frames. To do so, images with a field of view of 4 • × 4 • were acquired at 90 Hz, with an exposure time of 5 milliseconds, while projecting sequentially the complementary patterns on the retinal layer. The checkerboard squares projected were chosen to be around 44.1 µm wide on the retinal plane, which correspond to 60 camera pixels, as the pixel size of the camera is 6.5 µm and the magnification between the retina and the imaging camera is 8.82. The patterns were switched every two frames.

C. Image acquisition and processing

In-vivo retinal imaging was performed on a healthy young subject. The participant followed institutional guidelines and adhered to the tenets of the declaration of Helsinki. Informed consent was obtained from the subject after the nature and possible outcomes of the study were explained. The subject was seated in front of the AO-full-field ophthalmoscope, stabilized with a chin and forehead rest and was asked to stare at the fixation target, which is an image of a blue crosshair with a moving dot. The fixation target is only used to guide the subject's sight, enabling us to explore the retina. Image acquisition sessions were performed in standard conditions with neither pupil dilation nor cycloplegia, in a dark room, leading to the largest accessible natural pupil dilation. As shown in [START_REF] Meimon | Pupil motion analysis and tracking in ophthalmic systems equipped with wavefront sensing technology[END_REF], during the acquisitions, the subject's pupil size remains steady. Moreover, we made sure that the subject's pupil was centered and larger than the pupil of the system. As the pupil of the system is limited by the deformable mirror and corresponds to 7.2 mm at the pupil plane, the Airy disk diameter is thus about 2 µm. The size of one checkerboard square is about 22 Airy disks, that is 22 times bigger than the Airy disk of the illumination path of a confocal ophthalmoscope. The total light power entering the eye from the illumination source and the wavefront sensor source are respectively 2000 µW and 2 µW, which is below the power values stipulated by the ocular safety limits, established by ISO standards for group 1 devices.

In the first experiment, raw images of the same region of the retina were acquired at an exposure time of 5 milliseconds, with the partial-field illumination ophthalmoscope, for values of N corresponding to 1 (full-field), 2, 4, 9 and 25, under the same experimental conditions. As a basis for comparison to typical AO-SLO images, corresponding to N 10 6 , acquisitions of the same region were also performed with the multimodal adaptive optics retinal imager (MAORI) (Physical Sciences, Inc., Andover, MA, USA) at the Quinze Vingts Hospital in Paris, described in [START_REF] Hammer | Multimodal adaptive optics retinal imager: design and performance[END_REF]. Then, one raw image was selected for each of the PFIO and the SLO images. For each raw image, ten 32 µm × 32 µm regions were selected inside bright areas to compute the Michelson contrast, which corresponds to the ratio I max -I min I max +I min , where I max and I min are the maximum and minimum intensities in each of these regions. We derived the mean and standard deviation of the contrast for each pattern from these values.

In the second experiment, a sequence of images corresponding to N=4 was acquired while projecting sequentially four complementary patterns with the DMD, similarly to what is presented in the figure 1 for N = 2. The images were still acquired with an exposure time of 5 milliseconds. Only the sequences which include saccades needed to be discarded, that is less than 10% the sequence. As the DMD and the camera were not synchronized, we had to acquire two frames per pattern and to discard one frame over two. A subsequence of four raw images corresponding to the four consecutive patterns was selected. The images were cropped to get a region of interest of 1024×1024 pixels, the consecutive frames of complementary projected patterns were manually registered. These frames were finally summed. As a result, one 2.54 • × 2.54 • image (0.75 mm ×0.75 mm) of the photoreceptor layer is reconstructed.

RESULTS AND DISCUSSION

The checkerboard designs described in the Method section were projected on the same area of the retina, under the same experimental conditions. From these data, we aim at evaluating the contrast of the photoreceptors with different ratios of illuminated areas over the field of view, namely when changing the parameter N. In Fig. 3, we show the acquired images for N ranging from 2 to 25, over a wide field of view (1024 × 1024 pixels) and over the same ROI of 256 × 256 pixels. We compare them to both the full-field image (N = 1), acquired with the same optical path, and with the confocal image (N ≈ 10 6 ). All images are obtained with the same amount of incident photons. The images are in accordance with our first assessment as we observe a significant enhancement of the imaging contrast as N increases. The haze is a prominent feature of the full-field image, and is also quite visible in the dark areas of the partial-field illumination ophthalmoscope images. We can see that it is gradually reduced when increasing N. As a result, the photoreceptors appear more contrasted and it becomes easier to distinguish them individually.

In Fig. 4, we aim at quantifying this tendency by plotting the average Michelson contrast, corresponding to each illumination pattern. The bright regions where the contrast was computed were selected at different locations in the field of view to mitigate the influence of a possible inhomogeneity of the background noise. The Michelson contrast over the illumination pattern N follows a √ N fit, as displayed in red. We computed a first degree polynomial fit of the data to the equation model p(1) × √ x in Matlab (using the 'polyfit' function).

The appearance of the photoreceptors in Fig. 3 and the plot of the Michelson contrast in Fig. 4 confirm the hypothesis in Fig. 1 that the contrast increases with N, more precisely as √ N. Following this trend, a confocal ophthalmoscope with, say, a ratio N ≈ 10 6 between the field-of-view and the size of the confocal spot ( i.e.one Airy disc in this case), should yield a Michelson contrast √ N ≈ 1000 times higher than the contrast of the full-field ophalmoscope. Our finding is that the contrast gain of AOSLO is less than 1000 times higher then full-field. The experimental Michelson contrast of the confocal image is indeed only 15 to 30 times better, which corresponds to a value of N between 200 For the confocal image (N ≈ 10 6 ), the Michelson contrast was measured at 0.8, which would be obtained with our setup for a value of N between 200 and 1000, according to the fit. and 1000. This means that the contrast improvement with N saturates, or conversely that an image with the same contrast as a confocal image could be obtained with a PFIO requiring 5000 times less illumination patterns than what is currently needed in the confocal system. Therefore, this potential technical improvement could drastically reduce the acquisition time required for the highest imaging contrast and fosters further investigation towards contrast enhancement using the partial-field illumination ophthalmoscope. Now that we have discussed the theoretical optimal value of N (supported by experimental measurements), let us investigate the practical implementation of PFIO to obtain a complete full-field image with an improved contrast. For N = 4 for instance, we compare the images of the same region, acquired with the full-field ophthalmoscope, the partial-field illumination ophthalmoscope and the confocal ophthalmoscope, under the same experimental conditions, with an equivalent emitted photon flux over the resulting illuminated field. In Fig. 5 -b andf, we show the resulting image obtained with the partial-field illumination ophthalmoscope (see Methods section). A residual grid coming from the projected patterns is still visible after reconstruction. Although it can be removed through processing or by using overlapping complementary patterns the residual grid does not hinder the contrast assessment on the image and was kept for a fair comparison between the three systems. While in the full-field image, in Fig. 5 -a andd, the photoreceptors are barely visible in a hazy background, the latter is filtered out in the reconstructed image obtained with the partial-field illumination ophthalmoscope, making photoreceptors appear more defined, brighter, and even individually distinguishable. The spatial filtering performance of our technique can also be witnessed in Fourier space, as Fig. 5 -e, g and i particularly shows the computed Fourier transform of the three images. The photoreceptor frequency footprint, or Yellot's ring [START_REF] Yellott | Spectral analysis of spatial sampling by photoreceptors: Topological disorder prevents aliasing[END_REF] appearing gradually brighter from left to right, clearly demonstrates the contrast enhancement of the photoreceptor mosaic.

It is important to point out that the numerical spatial filtering of the multiply-scattered light (i.e. putting to zero the pixels in the dark patches) performed to get the PFIO image proves to be a fundamental step in the process. Skipping the latter and keeping the scattering hazes on the images would indeed result in reconstructing an image equivalent to N = 1, that is the full-field image.

Each of the four partial-field images used to compute Fig. 5 b image was obtained with a τ exp = 5ms exposition (corresponding to the fastest frame rate achievable with our current camera), so that the total exposure time amounts to N × τ = 20ms. For higher values of N, such an exposure time would be unpractical to efficiently observe the retina, which is why we did not attempt to produce PFIO complete images for values of N higher than 4. In order to accelerate PFIO image delivery rate and get closer to an optimal value of N which we estimate to be between 200 the movie of the raw images, zoomed in on the same ROI, after discarding blurred images, as described in the section C, in average 1.5 frames have been removed between two consecutive images, the movie has been slowed down to display each image during 2 seconds, so that one could distinguish each of the frames that have been used to reconstruct the full-field image.) c) Registered AO-SLO image of the same region. Second row: a magnified image of 200 × 200 pixels ROI of each raw image d), f), h) and their corresponding Fourier transform images, both obtained from an identically located ROI on each image, e), g), i). and 1000, a more powerful source and a faster camera could be used (this is indeed the case in confocal imaging, for which the illumination power per surface unit is much higher while the exposure time corresponding to each surface unit is much lower than in our apparatus). In addition, such a N value suggests that using a strip-shaped geometry, which covers 1 over N of the field of view for both the illumination and the detection, could be a more practical implementation than the pattern projection proposed in this study.

Taking it one step further, the partial-field illumination ophthalmoscope could spread across an even larger range of imaging techniques. One straightforward application is the use of the partial-field illumination ophthalmoscope approach to carry out dark-field imaging on a camera-based retinal imager [START_REF] Meimon | Manipulation of the illumination geometry on adaptive optics (ao) flood illumination ophthalmoscope (fio) for dark field imaging of the retina[END_REF][START_REF] Gofas-Salas | Near infrared adaptive optics flood illumination retinal angiography[END_REF][START_REF] Mecê | Optical Incoherence Tomography: a method to generate tomographic retinal cross-sections with non-interferometric adaptive optics ophthalmoscopes[END_REF][START_REF] Gofas-Salas | Improvements to multi-offset adaptive optics scanning laser ophthalmoscopy for in vivo imaging of individual retinal ganglion cell layer neurons in humans[END_REF]. Indeed, by setting the pixels corresponding to illuminated regions to zero, instead of non-illuminated regions, dark-field images could be obtained in a post-processing manner. Although such idea seems simple to put into practice, an important illumination power is necessary, so images from complementary areas can be registered and summed to achieve an entire fieldof-view montage. Another interesting application is to couple the partial-field illumination ophthalmoscope with the recently demonstrated structured illumination ophthalmoscope [START_REF] Lai-Tim | Super-resolution in-vivo retinal imaging using structured illumination ophthalmoscopy[END_REF][START_REF] Lai-Tim | Imagerie haute résolution de la rétine humaine par illumination structurée assistée par optique adaptative[END_REF]. Indeed, as in the structured-illumination ophthalmoscope the super-resolution is limited by the contrast, using the partial-field illumination ophthalmoscope would allow one to achieve even higher super-resolution, since the achievable super-resolution directly depends on the SNR [START_REF] Lai-Tim | Jointly super-resolved and optically sectioned Bayesian reconstruction method for structured illumination microscopy[END_REF]. Finally, the partial-field illumination ophthalmoscope approach could also be a valuable concept to full-field optical coherence tomography (FF-OCT) imaging systems applied for retinal imaging [START_REF] Mecê | High-resolution in-vivo human retinal imaging using full-field OCT with optical stabilization of axial motion[END_REF][START_REF] Mecê | Coherence gate shaping for wide field high-resolution in vivo retinal imaging with full-field OCT[END_REF][START_REF] Scholler | Adaptiveglasses time-domain FFOCT for wide-field high-resolution retinal imaging with increased SNR[END_REF]. The use of the partial-field illumination ophthalmoscope, in fact, could reduce cross-talk (in coherent illumination) [START_REF] Auksorius | Crosstalk-free volumetric in vivo imaging of a human retina with Fourier-domain full-field optical coherence tomography[END_REF], and/or incoherent light level detected by the 2D camera, contributing to an improvement of SNR and contrast of full-field OCT images [START_REF] Scholler | Adaptiveglasses time-domain FFOCT for wide-field high-resolution retinal imaging with increased SNR[END_REF].

CONCLUSION

With the partial-field illumination ophthalmoscope, we propose a new modality that lies between the full-field ophthalmoscope and the confocal ophthalmoscope. By sequentially projecting N complementary checkerboard patterns over the entire field of view and digitally cancelling the non-illuminated pixels, the partial-field illumination ophthalmoscope yields a contrast improvement that scales with √ N .The calculation of the Michelson contrast pointed out how the contrast of the confocal system (N ≈ 10 6 ) could be achieved with a value of N several orders of magnitude lower, in other words, at a significantly higher speed. In this way, the partial-field illumination ophthalmoscope holds promise for widening the range of possibility of existing systems.
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 1 Fig. 1. Comparing the full-field ophthalmoscope, the partialfield illumination ophthalmoscope and the confocal ophthalmoscope. Schematic drawing of the characteristic patterns utilized in each technique, similar for the illumination and the detection.

Fig. 3 .

 3 Fig. 3. First row : Single raw wide field images acquired with the full-field ophthalmoscope (N = 1), partial-field illumination ophthalmoscope: N = 2, 4, 9, 25 and the confocal ophthalmoscope (N ≈ 10 6 ), with N indicating the number of complementary frames necessary for reconstruction of the complete field of view. Second row: magnified images of 256 × 256 pixels from the first row.

Fig. 4 .

 4 Fig. 4. Plot of the average and the standard deviation of the Michelson contrast values for each illumination configuration and its fit following a power law proportional to √ N. For the confocal image (N ≈ 10 6 ), the Michelson contrast was measured at 0.8, which would be obtained with our setup for a value of N between 200 and 1000, according to the fit.
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 5 Fig. 5. Acquired data on AO-full-field ophthalmoscope, partial-field illumination ophthalmoscope and AO-SLO. First row: a) Raw image acquired on the AO-full-field setup with the conventional full field illumination, b) Reconstructed image obtained with the partial-field illumination ophthalmoscope for N = 4 (see in Visualization1 the movie of the raw images, zoomed in on the same ROI, after discarding blurred images, as described in the section C, in average 1.5 frames have been removed between two consecutive images, the movie has been slowed down to display each image during 2 seconds, so that one could distinguish each of the frames that have been used to reconstruct the full-field image.) c) Registered AO-SLO image of the same region. Second row: a magnified image of 200 × 200 pixels ROI of each raw image d), f), h) and their corresponding Fourier transform images, both obtained from an identically located ROI on each image, e), g), i).
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