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Introduction

One of the main characteristics of corneal tissue is its transparency due to low scattering and low absorption of light. This allows almost all the incident light in the visible part of the spectrum to be transmitted. Transparency depends on small variations in the refractive index of the stroma that constitutes about 90% of the cornea's thickness, coupled with the stroma layer's highly-ordered stratified structure [START_REF] Maurice | The structure and transparency of the cornea[END_REF] [2] [3] [START_REF] Mccally | Principles and Practice of ophtalmology[END_REF]. The stroma is composed of about 300 piledup 2-μm-thick lamellas. These lamellas consist of highly-uniform collagen fibrils with a mean diameter of 31 nm, homogeneously spaced and aligned with each other [START_REF] Maurice | The structure and transparency of the cornea[END_REF]. Studies on this structure revealed a phase-destructive phenomenon that interferes with the individual scattering behavior of the fibrils. This causes light to be transmitted preferably in the specular propagation direction, with very low scattering, as long as the regular fibrillar lattice is maintained at least in short-range order [START_REF] Benedek | Theory of transparency of the eye[END_REF] [5] [START_REF] Farrell | On corneal transparency and its loss with swelling[END_REF]. Above this stroma layer lies the epithelium, linked to the stroma via the Bowman's membrane and about 50 µm thick. The corneal endothelium (about 5µm thick) located on the posterior of the cornea (Figure 1) regulates hydration of the cornea and maintains it at its physiological value. It is possible for the cornea to lose its organization, leading to increase light scattering and a consequent loss of transparency. For example, light scattering can increase after photorefractive keratectomy [START_REF] Lohmann | Corneal light scattering after excimer laser photorefractive keratectomy: the objective measurement of haze[END_REF], which frequently results in perturbations to corneal organization. Scattering can also increase when an edema develops, for different reasons (following trauma, inflammation or dystrophy), the endothelial cells fail to regulate the hydration of the cornea. In pathologies leading to increase light scattering, the tissue is observed to gradually become opaque [START_REF] Georges | Light scattering from edematous human corneal grafts' microstructure: experimental study and electromagnetic modelization[END_REF], which may mildly or strongly damage vision, possibly leading to blindness. It is therefore important to detect this light scattering increase early, so that it can be treated before the impact on vision becomes irreversible.

In current investigational protocols and clinical practice, to complete subjective gradation of corneal transparency because of the risk of interobserver variability and bias, quantitative methods of assessing corneal light scattering to qualify corneal transparency have been developed [START_REF] Georges | Light scattering from edematous human corneal grafts' microstructure: experimental study and electromagnetic modelization[END_REF]- [START_REF] Parekh | A portable device for measuring donor corneal transparency in eye banks[END_REF].

The contribution of this paper is a new technique to quantify backscattered light based on angleresolved scattered light intensity measurements. To prove the potentiality of the proposed method in comparing it to existing methods of corneal scattering quantification, a review of different techniques is first reported. They are classed into two categories, as a function of experimental result report: transmitted measurement or images. Among methods presented in the review, we choose to compare the threshold of sensitivity to a variation in the angular resolved backscattered light of the proposed method to that of the Pentacam®, because it is the only hospital tool which directly propose a parameter called densitometry of the corneal backscattered light.

Review of techniques for quantifying corneal transparency

Existing methods of quantifying corneal transparency include analyzing corneal scattered light from images taken by hospital diagnostic tools. Other innovative methods are principally used on eye bank tissue.

One of this type of methods, based on hospital equipment images, is the Pentacam®, a corneal topography system relying on analyses of Scheimpflug images [START_REF] Wegener | Photography of an anterior eye segment according to Scheimpflug's principle: options and limitations a review[END_REF]. A reference image is projected on the cornea and a Scheimpflug rotating camera measures the reflection. On each measurement, the slit of the camera is rotated about the central axis and images are captured at evenly spaced angles. The standard software provided with the instrument reconstructs the 3dimensional inner and outer surfaces of the cornea and calculates the average brightness in predefined regions of the cornea. Here, average image brightness in twelve cylindrical volumes of tissue is used. The cylinder annulus ranged between 0-2mm, 2-6 mm, 6-10 mm and 10-12 mm from the apex of the cornea. Each was measured at three heights: the anterior 120 μm, posterior 60 μm and the central layer between these anterior and posterior regions (Figure 2a).

The mean image brightness, termed densitometry, is expressed as a percentage (0-100) of the maximum brightness recordable by the image system. [START_REF] Mclaren | Measuring Corneal Haze by Using Scheimpflug Photography and Confocal Microscopy[END_REF]. In the rest of this paper, the term densitometry denotes the average of the mean densitometry of all the different annulus (redboxed value on Figure 2b). It has been demonstrated that densitometry can be used to quantify backscattered light and could be used to quantify corneal transparency [START_REF] Van De Pol | Objective assessment of transient corneal haze and its relation to visual performance after photorefractive keratectomy[END_REF] [START_REF] Takacs | Corneal density with pentacam after photorefractive keratectomy[END_REF].

Optical Coherence Tomography (OCT) images can also be analyzed to quantify corneal light scattering [START_REF] Wuang | Objective measurements of corneal light backscatter during corneal swelling, by optical coherence tomography[END_REF]. OCT is based on low-coherence interferometry and allows three-dimensional imagery. It can therefore be used to assess corneal thickness, an important parameter in diagnosing edema. If the resolution is high enough, OCT can reveal lakes of water between the lamellas [START_REF] Latour | human graft cornea and laser incisions imaging with micrometer scale resolution full field optical coherence tomography[END_REF]. In vivo studies demonstrated that analyzing the backscattered light from OCT corneal images enables corneal transparency to be quantified [START_REF] Rose | Objective quantification of corneal haziness using anterior segment optical coherence tomography[END_REF]. When the average measured pixel intensity of a cornea which had lost transparency was compared with that of a normal cornea, average pixel intensity was shown to vary significantly with varying corneal opacification. However, the technique is only applied to mild and severe corneal opacities [START_REF] Latour | human graft cornea and laser incisions imaging with micrometer scale resolution full field optical coherence tomography[END_REF].

Another system analyzes images from a Confocal Microscopy Through Focusing method (CMTF). CMTF is based on confocal microscopy, where the illumination and observation systems have common focal points. CMTF is currently used to observe microstructure modifications of tissue in cases of corneal degenerations or dystrophies, and to obtain endothelial cell counts [START_REF] Lohmann | Corneal light scattering after excimer laser photorefractive keratectomy: the objective measurement of haze[END_REF]. With CMTF, the central cornea is scanned from the epithelium to the endothelium. The scans are initially video-recorded and later digitized. From digital images, CMTF intensity curves are generated by calculating the average pixel intensity in the central 180 × 180 pixel region of each image in the scan, and plotting this as a function of z-depth.

Peaks in this intensity profile are then empirically correlated to unique corneal layers [START_REF] Hf | Epithelial and corneal thickness measurements by in vivo confocal microscopy through focusing (CMTF)[END_REF].

Corneal backscattered light is quantified objectively by calculating the area of the CMTF peak.

[17] [START_REF] Moller-Pedersen | Quantification of stromal thinning epithelial thickness, and corneal haze after photorefractive keratectomy using in vivo confocal microscopy[END_REF] [START_REF] Moller-Pedersen | Corneal haze development after PRK is regulated by volume of stromal tissue removal[END_REF].

Another method consists in analyzing images taken with a slit lamp to quantify corneal scattered light and to correlate this parameter to corneal transparency [START_REF] Braustein | Objective measurement of corneal light scattering after excimer laser keratectomy[END_REF]. The slit lamp involves an observation microscope focused on the anterior segment of the eye, generally binocular, coupled with a lighting device that projects a slit of adjustable size and orientation on the observed region. Quasi-histopathological sections of the transparent medium of the eye, and consequently of the cornea, are thus obtained. In hospital, the slit lamp is among the tools used to subjectively assess the transparency of the cornea. It has been demonstrated that analyzing the intensity of the images' pixels enables the scattered light to be quantified as an indicator of corneal transparency [START_REF] Maldonado | Direct Objective Quantification of corneal haze after excimer laser photorefractive keratectomy for high myopia[END_REF].

All the above methods are applicable in vivo.

All the methods discussed below can only be applied ex-vivo and therefore are mainly used in research or in eye tissue banks to qualify the state of the grafts. They are based on analyze of the transmitted signal through the cornea.

One system used in eye tissue banks refers the transparency value, based on the modulation transfer function principle, as the ratio of local contrasts of a special Light Emitting Diode (LED) backlit chart measured with and without the cornea [START_REF] Acquart | Non invasive measurement of transparency, arcus sensilis, scleral rim diameter of corneas during eye banking[END_REF]. There is also systems which directly measures the light transmitted by the cornea. A light beam illuminates the center of the cornea and a sensor detects light passing through, giving the average corneal transparency [START_REF] Ventura | Portable light transmission measuring system for preserved corneas[END_REF] [24].

Other research is conducted without using the tissue bank, employing spectrophotometry to assess light transmission and explores the impact of certain pathologies or treatments [START_REF] Cejka | The influence of various toxic effects on the cornea and changes in corneal light transmission[END_REF].

The different methods presented in this section lead to real quantification of corneal transparency, principally via a quantification of corneal scattered light or a direct transmission measurement.

Unlike proposed in this paper, all are based on analyzing light reflected or transmitted by the cornea close to the specular beams. In these configurations the losses by scattering are masked by direct reflexion or transmission. Actually, any technique relying on an optical imaging system is necessarily limited by the numerical aperture. Then, it will be restricted to obtaining spatial information with spatial frequencies lower than the cutoff frequency of the imaging system. The proposed technique is based on analyzing angle-resolved scattered light measurements collected throughout the reflected space. This makes it possible to collect and analyze information relative to higher spatial frequencies σ, thereby gaining access to a smaller scale of the corneal tissue [START_REF] Amra | Multiwavelenght (0.45-10.6µm) angle resolved scatterometer or how to extend the optical window[END_REF]. Our objective here was to prove that the angular resolved scatterometer sensitivity to a variation in backscattered light is higher than of a method that collects the light close to the specular directions. We chose to compare to the Pentacam® because it is the only system directly proposing a parameter, densitometry, that identifies backscattered light [START_REF] N´ı Dhubhghaill | Normative Values for Corneal Densitometry Analysis by Scheimpflug Optical Assessment[END_REF] [START_REF] Wacker | Measuring Corneal Haze by Using Scheimpflug Photography and Confocal Microscopy[END_REF].

Angle-resolved scattering measurement and experimental protocol

The interaction between light and the corneal tissue results in a complex propagation of light. One part of the incident beam is reflected and transmitted in the specular directions.

However a proportion of the light is scattered through space in all directions, with an intensity depending on the angle. Surface roughness or bulk heterogeneities are responsible for light scattering [START_REF] Amra | Comparison of surface and bulk scattering in optical multilayers[END_REF] [30] [START_REF] Deumié | Multiscale roughness in optical multilayers: atomic force microscopy and light scattering[END_REF]. Far-field light scattering measurement has been extensively investigated over recent decades as a non-destructive and very sensitive technique to characterize surfaces and bulks. Interpreting measurements via electromagnetic theories yields the optical properties of materials: roughness spectrum, heterogeneity index, etc [START_REF] Latour | Light scattering from human corneal grafts: Bulk and surface contribution[END_REF]. However, because the level of light scattering may be low compared with the specular beam, the measurements require an efficient setup with a high dynamic range.

In the setup used in this study, a circle 5 mm in diameter on the sample was illuminated via a Helium Neon (HeNe) laser (632.8nm). A detector was placed on a rotating arm able to perform a 180° measurement of the scattered intensity. For this study, light intensity was measured for every one degree movement of the detector. A measurement at a given angle lasts approximately one second. The results presented in the rest of this paper are based on measurements of approximately 30 seconds. Figure 3 shows the scattered light intensity measurement as a function of the scattering angle θ (angle between the sample normal and the detector's position). We focused on reflected space because this is the only space that can be characterized in vivo.

From the angle-resolved measurements, we were able to extract some integrated values overall comparison of the different samples. The Total Integrated Scattering (TIS) is defined as follows:
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, where BRDF means Bidirectional Reflectance Distribution Function. The corneal graft is isotropic [START_REF] Mar | Measurment of correlation between transmission and scattering during wound healing in hen corneas[END_REF], so the measurements were made in the incident plane (φ=0).

To compare to imaging systems transfer function (limited by numerical aperture), the associated optical bandwidth, in this case, is defined as = [ ! "#$ , sin %&' ], with σ the spatial frequency [START_REF] Georges | Light scattering from edematous human corneal grafts' microstructure: experimental study and electromagnetic modelization[END_REF]. In general, surface scattering is observed around specular directions, with a correlation length of about 1 µm. By contrast, under bulk scattering, light is scattered isotropically in all directions through space, leading to a correlation length of about a fraction of a micrometer [8] [32]. Since our objective here was to study changes in scattered light due to volume modification, we needed to limit any surface effect from variations in corneal surface between samples. Differing corneal sample surfaces due to manipulation could well distort the TIS value and could hide the bulk contribution. To limit this effect, the angular range of interest needed to start at angles above 35°, and our experimental configuration excluded angles above 70°. Consequently, measurements were performed and TIS was calculated for scattering angles between 35° and 70°. With this angular range between 35° and 70°, we obtained an optical bandwidth in the range [0.0057;0.0093] nm -1 . Compared to imaging-based systems, angleresolved scattering gives access to higher spatial frequencies and consequently to a smaller scale and better resolution [START_REF] Georges | Light scattering from edematous human corneal grafts' microstructure: experimental study and electromagnetic modelization[END_REF].

The dynamic range of the setup was determined by comparing two measurements, one performed without a sample (noise level), and the other with a Lambertian sample [START_REF] Amra | Light scattering from multilayer optics. II.Application to experiment[END_REF] used to calibrate measurements. In this setup, the dynamic range was 3 decades, large enough to measure precisely the level of scattering of highly-scattering or low-scattering corneas (Figure 3b).

We induced different states of edema in corneal grafts in order to vary the scattering level. All the grafts used in this study were rejected by the tissue bank of Marseille due to physiological issues (low endothelial cell density, for example). The grafts were stored at ambient temperature in CorneaJet® (Eurobio, France), a deturgescence liquid. The samples were thicker than under in-vivo conditions (600µm vs. 400µm in-vivo) [START_REF] Pels | Eye bank tissues: preservation technique: warm versus cold storage[END_REF]. The edema was induced by soaking samples for 120 minutes in a Balanced Salt Solution (BSS), a hypo osmolar solution. This lead to tissue swelling and the resulting increase in backscattered light is measured. The TIS calculated from the angular curve in the initial (thin) "low-scattering" state was denoted TIS0.

The TIS calculated in the modified (edematous) state was denoted TIS1 (Figure 3b). Thickness was measured via an OCT for each state (low-scattering and highly-scattering).

After swelling for 120 minutes, scattering and TIS increased. Reflectance Distribution Function) of both low scattering and edematous higher scattering corneal grafts placed on a microscope slide with their associated Total Integrated Scattering (TIS) respectively TIS0 and TIS1 with the error δ=1% associated. This is compared with backscattered light of a single microscope slide. Measurements of the scattering of a Lambertian sample and of the noise are also shown so as to quantify the dynamics of the setup. The sample center was illuminated with a normal incidence.

The performance and sensitivity to a variation on corneal scattered light of the proposed method are validated by comparison with that of the Pentacam®.

Repeatability and sensitivity threshold of the technique: use of agar-agar-samples

First to quantify the performance of the experimental techniques, sample models are measured.

These models were composed of agar-agar, a substance currently used for tissue mimicking particularly in acoustics [36] [37]. The scattering levels of these samples can be controlled. In addition, all agar-agar samples were of the same thickness, 1500 µm (±10µm), to ensure that only the influence of the change in scattering was being measured and assessed. So these samples are used here to determined threshold of sensitivity to a variation in scattered light, i.e.

the threshold below which a change in scattered light will not be detected of both methods. A range of 27 agar-agar-models was created. Concentrations ranged from 1%, representing a similar scattering level that of a transparent thin corneal graft of around 500 µm thickness, to 3.5%, representing a similar level of scattering of an edematous corneal graft of around 1500 µm thickness (Figure 4). Steps of 0.1% were used to allow fine variations in scattering.

Fig. 4 Calibration of the agar-agar models. BRDF.cosθ of both a low-scattering thin and a more highly-scattering edematous corneal graft placed on a microscope slide compared with agar-agar models of 1% and 3.5% in concentration. Measurements of a Lambertian sample, of the noise and of the sample holder are also shown so as to quantify the dynamics of the setup.

First, repeatability was assessed by analyzing each of the 27 agar-agar model samples five times in a row, for both methods. Although these samples scatter homogeneously in volume, meaning that any variation in concentration manifest as a shift of the level of scattering, we measured the backscattered light at each angle to assess angular repeatability. This would be useful in diagnosis of corneal pathologies which could present angular signature. The error associated to the measurements corresponds to the relative standard deviation calculated from a one-factor ANalyse Of Variance (ANOVA) test.

The error value was defined as the sensitivity threshold, i.e. the minimum difference required to consider two measurements as different.. The error associated to the angular resolved scatterometer is 1%. For the Pentacam®, the threshold was 5%. The Pearson correlation coefficient between the backscattered light obtained from both methods is 0.93.

Based on the error established for each method, their sensitivity thresholds to a variation in scattered light are compared. With the Pentacam®, taking into account for the repeatability and the potential error of the measurements (represented with error bars in Figure 5), samples whose concentration is between 1% and 1.3% (Figure 5a) cannot be distinguished from one another.

By contrast, when the angle-resolved scattered intensity measurement technique is used in this range, which reproduces early increased light scattering, the gap between the different angular curves is always greater than the error value previously established. Thus, with this method, all the samples between 1% and 1.3% are distinguishable from one another. It can therefore be concluded that, in model samples representing controlled variations in scattered light, sensor precision and the dynamics of the angle-resolved scattered light intensity measurements provide a lower threshold of sensitivity to a variation in scattered light than that of the Pentacam®. These performances are available for all the range of angle measured. This greater sensitivity of angle-resolved scattered light intensity measurements allows us to detect modifications in light scattering not visible via the Pentacam®.

Application to corneal grafts

The sensitivity of this technique to detect a small variation in bulk inhomogeneity could be particularly interesting for the detection of pathologies which affect the organization of the different layers of the cornea and particularly the stroma. This last part, focus on the potentiality of this technique on corneal grafts compared to the Pentacam®. So, to assess whether this method detects variations in corneal light scattering undetectable with the Pentacam®, identical protocol than with agar-agar samples was performed. First, the repeatability of both methods with corneal grafts is determined and then their sensitivity thresholds are compared. Four different corneal grafts with different level of scattering (TISgraft1=0.016, TISgraft2=0.014, TISgraft3=0.019, TISgraft4=0.021), were measured five times in a row for both methods. As in the first part the relative standard deviation associated is calculated from an ANOVA test. This error value was 5% for both the angular resolved scatterometer and the Pentacam®. To compare sensitivity thresholds, different levels of edema were induced in two corneal grafts, thus varying the degrees of backscattered light. Here, edemas were induced by soaking the corneal samples in BSS for 120 minutes. The two corneal grafts studied had different initial thickness, respectively 500µm for the first graft and 750µm for the second. Four times during the experiment, at the beginning (t0), after 15 minutes in BSS (t1), after 60 minutes in BSS (t2) and after 120 minutes in BSS (t3), the following were measured: (i) densitometry using Pentacam®, (ii) thickness via an OCT, and (iii) angle-resolved scattered light intensity. Unlike the scattered light variations in agar-agar samples, induced edemas led to heterogeneous variations in corneal volume (stroma) and density (lakes). Edemas do not all propagate in the same way. These modifications are not revealed by the TIS, but angular behavior provides more information on the location, size and form of heterogeneities [START_REF] Georges | Light scattering from edematous human corneal grafts' microstructure: experimental study and electromagnetic modelization[END_REF]. Results from both the Pentacam® and the angle-resolved scattered light intensity measurements (represented with error bars in Figure 6) show that for both corneal grafts, the first state where densitometry reaches a 3% difference from the initial state is t3 (120 minutes of swelling).

Therefore the Pentacam® does not detect backscattered light variations until there has been swelling for 120 minutes. Angle-resolved scattered light intensity measurements, however, show a gap between angular curves that is always greater than the error associated. Thus, all the different states are distinguishable from one another. This experiment therefore confirms that angle-resolved scattered light intensity measurements have a lower threshold of sensitivity to a variation in backscattered light than the Pentacam®. A change in backscattered light can thus be detected earlier, making it possible to clinically diagnose edema at an earlier stage in its development using the method proposed here.

The importance of angular behavior should be noted. The different states of scattering of graft 1 are shifted as with the agar-agar sample. However, this is not the case for graft 2 where, for example, for the third state, the increase at low angles is significantly higher than at high angles.

We were also able to distinguish between the grafts in terms of the type of swelling involved, on the basis of angular behavior. Here, the first, thinner graft did not swell between the first and the second states but maintained its initial thickness, whereas the second graft showed swelling, with a considerable increase in scattering, between the two states. It can thus be conjectured that there were already lakes of water in the graft [START_REF] Georges | Light scattering from edematous human corneal grafts' microstructure: experimental study and electromagnetic modelization[END_REF]. But despite such a lake of water in one of the corneal grafts, Pentacam® still did not distinguish between the two samples in the second state.

Conclusion

This paper outlined a method to qualify the cornea state based on measuring angular-resolved backscattered light. This technique differs from other backscattered quantification methods in that it does not collect the light close to the specular directions. The resulting measurement is correlated to the backscattered light measurement obtained with the Pentacam®. But, the resulting quantification is more precise and offers a lower sensitivity threshold than the Pentacam®. The proposed method distinguishes between samples with levels of scattering too similar to be distinguished with the Pentacam®. Applied to the cornea, it enables also earlier diagnosis of a variation in backscattered light than the Pentacam®. Our findings indicate that this method provides an innovative tool for ophthalmologists in the management of corneal dystrophies where corneal scattering is impaired. Moreover, given the sensitivity, the repeatability and the fact that the measurements are done in the reflected space this method could be applied in vivo and ophthalmologists may be able to establish an earlier diagnosis of the pathology. Reflectance Distribution Function) of both low scattering and edematous higher scattering corneal grafts placed on a microscope slide with their associated Total Integrated Scattering (TIS) respectively TIS0 and TIS1 with the error δ=2.10 -8 associated. This is compared with backscattered light of a single microscope slide. Measurements of the scattering of a Lambertian sample and of the noise are also shown so as to quantify the dynamics of the setup. The sample center was illuminated with a normal incidence. Fig. 4 Calibration of the agar-agar models. BRDF.cosθ of both a low-scattering thin and a more highly-scattering edematous corneal graft placed on a microscope slide compared with agar-agar models of 1% and 3.5% in concentration. Measurements of a Lambertian sample, of the noise and of the sample holder are also shown so as to quantify the dynamics of the setup. 

Figures

Fig. 1

 1 Fig. 1 Section of the human cornea measured by Full-Field Optical Coherence Tomography (1: epithelium, 2: Bowman's membrane 3: stroma, 4: Descemet membrane, 5: endothelium)

Fig 2 :

 2 Fig 2: (a) Corneal volumes selected by the Pentacam Scheimpflug camera. (b) Mean image brightness determined in each annulus volume. The anterior annulus volume includes the anterior 120 μm of cornea, the posterior includes the posterior 60 μm, and the central layer includes the region between these boundaries (given by the manufacturer).
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 6 Fig.6(a) Monitoring of the swelling of the first corneal graft over 120 minutes by measuring densitometry and thickness as a function of time with measurement done at the initial state, after 15, 60 and 120 minutes of swelling. (b) Angle-resolved scattered light intensity measurements of the first graft at the initial state and after 15,60 and 120 minutes of swelling. (c) Monitoring of the swelling of the second corneal graft over 120 minutes by measuring densitometry and thickness as a function of time with measurement done at the initial state, after 15, 60 and 120 minutes of swelling. (d) Angle-resolved scattered light intensity measurements of the second graft at the initial state and after 15, 60 and 120 minutes of swelling.
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 6 Fig.6(a) Monitoring of the swelling of the first corneal graft over 120 minutes by measuring densitometry and thickness as a function of time with measurement done at the initial state, after 15, 60 and 120 minutes of swelling. (b) Angle-resolved scattered light intensity measurements of the first graft at the initial state and after 15,60 and 120 minutes of swelling. (c) Monitoring of the swelling of the second corneal graft over 120 minutes by measuring densitometry and thickness as a function of time with measurement done at the initial state, after 15, 60 and 120 minutes of swelling. (d) Angle-resolved scattered light intensity measurements of the second graft at the initial state and after 15, 60 and 120 minutes of swelling.
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