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Abstract 
There is a clinical need of means to characterize corneal transparency objectively and 

quantitatively. We have developed a method for corneal transparency assessment based on a new 

optical data analysis-based approach. Our method allows the objective extraction of quantitative 

parameters (including the scattering mean-free path, 𝑙𝑠, a major indicator of light attenuation and thus 

of transparency of a medium) based on a physical model of corneal transparency and has previously 

been validated by laboratory experiments, using high-resolution, ex-vivo “full-field” optical coherence 

tomography (OCT).  

Here is presented the implementation of our method to clinical, depth-resolved images of in-

vivo corneas, developed in Matlab (Mathworks, Inc., USA) in conjunction with R (R Core Team, 2014). 

After automatic segmentation, flattening, and normalization based on signal intensity at the epithelial 

surface, the data is analyzed with respect to the propagation properties of the coherent mean of 

backscattered light in depth (𝑧) of the stroma. Extracted intensity depth profiles signals were fitted to 

an exponential function 𝐼(𝑧)~ exp (−
𝑧

𝑙𝑠
) using a Bayesian method. This approach was tested on 36 

pathologic and 30 healthy cornea images of SD-OCT images (SD-OCT = Spectral domain optical 

coherence tomography, a widespread method in clinical diagnostics) and compared with clinical 

transparency diagnosis. A comparison of the analysis SD-OCT and standard slit lamp images results 

were realized on 8 eyes.  

The application of this process to spectral domain and slit lamp images gave relevant results 

found for corneal transmissibility, and associated uncertainties. The process implemented proved to 

be able to classify the corneas signals relying on three parameters: the signal to noise ratio, a 

statistically defined Birge ratio – which is a metrics for the deviation of the signal from the exponential 

fit – and the mean free path. A comparison with the grading scale commonly used by physician show 

a correlation between both methods.  

We demonstrated the feasibility of deriving the scattering mean-free path, as a quantitative 

measure of corneal transparency, from objective analysis of stromal light backscattering (attenuation 

of the coherent mean) with SD-OCT. This measure may be related to, or expressed as, Strehl ratio 

reduction and thus retinal PSF broadening which is linked to visual function. It should allow to extent 

the process to other clinical devices images, such as confocal microscope, and to multiwavelength 

analysis using slit lamp images.  
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Objectives 
Cornea is a transparent tissue at the interface of the eye and the exterior. It is mainly made of the 

stroma a collagen rich tissue. Visual acuity, contrast sensitivity and the impact of intraocular stray 

light are directly dependent upon corneal transparency. It has been shown that corneal transparency 

is directly linked to the stromal structure made of the lamellae microstructure and the collagen fibrils 

nanostructure altogether forming an optically homogeneous ground substance [1-12].   

Loss of anterior segment transparency (including cataracts) remains the leading cause of 

blindness worldwide, with those caused by loss of corneal transparency alone affecting over 10 million 

people [13]. Corneal transparency can be compromised by various pathologies, infections, trauma, 

ageing, and surgery, all of which result in increased light scattering. Two light scattering processes 

are generally identified, namely Rayleigh scattering, caused by modifications to the nanostructure of 

the collagen fibrils for instance by edema, and Mie scattering, caused by objects with micrometric 

dimensions: “lakes,” regions devoid of collagen fibrils, created by severe cases of edema. 

 

In current clinical practice, corneal transparency is usually monitored subjectively and 

qualitatively using a slit-lamp biomicroscope with direct focal illumination of the cornea. Both the slit 

lamp and spectral domain optical coherence tomography (SD-OCT) can detect stromal opacities. 

However, no high-resolution quantitative assessment is possible with these techniques. Due to the 

subjective and qualitative nature of the examination, results are also observer-dependent and lack 

reproducibility. Several attempts have been made to quantify and/or objectively assess corneal 

transparency [14] by using slit-lamp biomicroscopy [14, 15], the Scheimpflug principle [16], confocal 

microscopy [17], and optical coherence tomography (OCT) [18]. However, due to several inherent 

drawbacks, none of these approaches has been found suitable to gain widespread usage. The 

subjective and qualitative assessment with the slit lamp has hence remained the “gold-standard” 

clinical evaluation of corneal transparency despite its limitations. Many anterior segment pathologies 

are curable but remain undiagnosed and/or without treatment because they are particularly 

widespread in world regions with little resources. In fact, corneal infections remain the leading 

worldwide cause of irreversible blindness. 

There is, thus, a real need for reliable, ergonomic and economic mean to quantify objectively 

and quantitatively and monitor corneal loss of transparency, towards effective prevention, diagnosis, 

and treatment of various pathologies, including pathologies caused by surgeons performing much 

advertised refractive surgery, such as photorefractive keratectomy (PRK) and laser in situ 

keratomileusis (LASIK). 

 

The overall objective of the team research is to address the unmet need for quantitative 

diagnostics for corneal transparency by performing laboratory and clinical measurements of the 

optical properties of human cornea ; and my master thesis objective was to validate a data analysis 

approach based on a physical model of corneal transparency and previously tested ex vitro and 

establish a procedure to apply it to data recorded by diagnostic devices routinely used in 

ophthalmology practice. 
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1 Introduction  
 

1.1 Corneal structure and transparency 
The cornea, in its healthy state, is a transparent tissue at the interface of the eye with the exterior. 

Together with the sclera - a surrounding opaque tissue – it forms a supporting wall for the eye.  The 

cornea acts as a lens contributing to 2/3 of the optical power of the eye.  

 

Figure 1: cornea as a part of the eye [19] 

The cornea is a circular structure with a diameter of around 10mm and a thickness of about 500µm. 

It is composed of three different substructures and two interfaces all displaced from surface to depth 

as follow:  epithelium, Bowman’s layer, stroma, Descemet’s membrane and endothelium. The stroma 

represents 80% of the total volume of the cornea and its fibrillar structure, composed of fibril arranged 

in lamellae and keratocytes, is responsible for the transparency of the cornea [2]. 

 

Figure 2: structure of the cornea [19] 
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1.2 Clinical state of the art: a need for objective measure of corneal 

transparency  
Corneal transparency can be compromised by various pathologies, infections, immune 

reactions, trauma, ageing, and surgery, all of which result in increased light scattering. Edematous 

corneas, for example, present an excess of water, which induce a lack of structural order among the 

fibrils (so-called lakes, see below). The optical wavefront traveling through such tissue is strongly 

scattered and the coherent mean (the “ballistic” photons) is attenuated. 

In current practice, corneal transparency evaluation is usually limited to a subjective and 

qualitatively observation of opacities, sometimes with comparison against an arbitrary and subjective 

grading scale from 0 to 4 [20] (or 0 to 5 [21]) based on slit lamp images:  

• Grade 0: totally clear cornea, no opacity seen by any method of slit-lamp microscopic examination 

• Grade 0.5: trace of faint corneal haze seen only by indirect broad tangential illumination 

• Grade 1: haze of minimal density seen with difficulty with direct and diffuse illumination 

• Grade 2: mild haze seen easily visible with direct focal slit illumination 

• Grade 3: moderately dense opacity that partially obscured the iris details 

• Grade 4: severely dense opacity that obscured completely the details of intraocular structures 

 

This method is very observer dependent, difficult to standardize, and lacks reproducibility. There is 

a real need for objective and quantitative assessment capabilities of corneal transparency.  

 

1.3 Previous work on modeling the stroma  
Previous work on light propagation and scattering in healthy and pathological corneas has been 

performed by Romain Bocheux, PhD student with the group. 

On a nanometric scale, one can show that corneal transparency is directly linked to the stromal 

organization of fibrils in lamellae (see figure 3). Together with our outside partners at Institut Langevin, 

the group has developed a physical model for light scattering in the cornea taking into account the 

impact of disorder within the stromal collagen fibrils (Rayleigh scattering) and micrometric structures 

like the keratocyte cells and “lakes”, liquid-filled pockets which develop in strongly edematous 

corneas, both of which act as Mie scatterers.  
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Figure 3: Healthy (left) and pathologic (right) corneas with their respective fibrillar structures. - Aptel F., LOA, 

Palaiseau, Salvoldelli M., Hôtel-Dieu, Paris, 2010 

On a micrometric scale, it may be shown that the “coherent mean” in a scattering medium (often 

called “ballistic photons”) is attenuated by scattering processes following a Lambert-Beer law, the 1/e 

penetration length of which may be called the photon mean free path.  

Laboratory measures of the photon mean free path were performed on animal corneas – mostly 

pig and monkey – and on pathological human eye bank corneas from transplant with full-field Optical 

Coherent Tomography (FF-OCT) by Romain Bocheux, a data analysis procedure was developed, and 

a data analysis protocol was established [22]. 

The main objective of my master thesis was to transfer the approach to clinical measures.  It raises 

three major challenges: first, trying to find the results and order of magnitudes expected from the 

theory; then find out if the parameters introduced in the model are enough to discriminate healthy 

corneas from pathologic ones by using the transparency criterion; and finally compare the results 

obtained with different set-ups (matches and mismatches) and the associated uncertainty measures.  

 

1.4 Clinical devices   
Corneal diseases are currently clinically diagnosed mainly using contact-free devices like slit 

lamps (biomicroscopes), spectral domain optically coherent tomography (SD-OCT) devices, and, 

more rarely, devices based on the principle of confocal microscopy. The latter have a better resolution 

but require the application of a gel and physical contact with the patient’s eye, which represents 

considerable discomfort, and more cooperation by the patient.  

These three families of devices (table 1) involve different source wavelengths, different 

resolutions, different output images and the challenge is to find a convergent way to extract and 

analyze the intensity profile in the stroma from their images and obtain correlated results.  



Objective and quantitative analysis of corneal transparency with clinical (in vivo) imaging 

technology 

• • • 

Introduction  7 

 

Table 1: presentation of three set-up currently used for clinical imaging of the cornea 

Slit lamp biomicroscopy 

 

 

 
2D image (photo) 

 

Axial resolution: ~  30µm 

Spectral domain Optical Coherence Tomography (SD-OCT) 

 

 

 
Average of multiple B-scans 

(transversal images) 

 

Axial resolution: ~10 µm 

Confocal microscopy (HRT3) 

 

 

 
en face images 

 

Axial resolution: ~ 7.6 µm 

 

Unfortunately, on the HRT3 confocal device the image gain is automatically adapted with cornea 

depth so that the image details are easy to read. During the present project we had no access to internal 

data like normalization constants and therefore we could not perform quantitative data processing on 

HRT3 images.  

In the following we will present results obtained with Spectral Domain OCT and slit lamp, two 

devices allowing to image the anterior and the posterior image of the human eye including the cornea, 

which can be described as follow: 

biomicroscope White 

light 

source 

Slit  

Eye of the patient   

 

Camera 

Observer 

𝛼 

Motorized 

mirror 

Broad 

band 

light 

source 

Eye of the patient  

 

Spectrometer 

Light 

source 

apertures 

detector 

Confocal 

plane 

Eye of 

the 

patient  
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The slit lamp principle of operation consists in illuminating a slit of variable width by a bright 

white light source and to project the slit onto the anterior segment of the eye. This creates a thin “sheet” 

of light within the tissue which can be observed through a biomicroscope and captured on a camera.  

Spectral domain optical coherence tomography is an interferometric technique that uses a 

narrowband tunable laser that is swept linearly during data acquisition to provide depth-resolved 

tissue structure information encoded in the magnitude and delay of the back-scattered light by 

spectral analysis of the interference fringe pattern.  
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2 Method  

2.1 General approach 
The challenge of my project was to extract the scattering mean free path out of the intensity 

attenuated signal from slit lamp and SD-OCT images.  

The depth-dependent mean coherent intensity within the stroma of a healthy cornea should 

follow a Beer-Lambert law (eq 1) with a penetration length corresponding to the scattering mean free 

path 𝑙𝑆 ; with an intensity factor 𝐼0  dependent on the fibril density; and an additive constant 𝐶 

representative of the multiple scattering contribution. (see figure 4) For corneas presenting high 

heterogeneities which are hyper-reflective (such as scars), the intensity profiling curve in the stroma 

is non-exponential.  

𝐼(𝑧) = 𝐼0 exp (−
2𝑧

𝑙𝑆
) + 𝐶   (1) 

 

Figure 4: Light intensity attenuation in the stroma, in clinical imaging devices there is a factor two in the exponential 

corresponding to the reflection of light.  

 

Our approach is based on the evaluation of the transparency of a cornea by calculating the mean 

free path within the stroma: if the scattering mean free path is small regarding the corneal depth or if 

the intensity profile is not an exponential, the patient should have compromised eyesight. There are 

thus two conditions to fulfill to evaluate the state of a cornea:  

(1) The stromal mean intensity profile is well matched by an exponential fit.   

(2) The corresponding mean free path is big enough with respect to the cornea thickness.  

Clinical image processing involves two sub-processes described in the following:  

1. The extraction of the intensity profile signal from the clinical images; 

2. The extraction of the exponential fit parameter. 
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I implemented the first sub-process in Matlab, the second one was implemented in R by Pascal Pernot 

(Laboratoire de Chimie Physique, Université Paris Sud, Orsay) with whom the team collaborates closely. I used 

the method described here for obtaining all the results presented in this report. 

 

2.2 Extraction of the intensity profile signal from clinical images  
The main challenge of this part is to establish an automatic and reproducible process to extract 

data from clinical images, of both slit lamp and SD-OCT devices, which will be used for corneal 

transparency assessment.  

In order to do that I implemented in Matlab four different processes to retrieve the cornea 

intensity profile from row clinical data (see table 2). It can be described as follows:    

 

Diagram 1: summary of the four-step reproducible process implemented to extract stromal signal from clinical images. 

 

Table 2: Summary of the intensity profile extraction process 

 SD-OCT image processing Slit lamp image processing 

Raw clinical 

image 

  
Step 1: Cutting image aberrations: 

 

The idea here is to isolate only the exploitable corneal intensity signal and remove all 

imaging artifacts such as: 

▪Unwanted high reflection artifacts corresponding to reflections of light impinging 

perpendicularly to the corneal surfaces; 

▪Ill-defined borders, due to low light contrast or acquisition aberrations on borders; 

(1) 
•Select relevant part of the image (exclude unwanted artifacts, reflections...)

(2)

•"Flatten" the image by using a thresholding process

•Normalize by the epithelial intensity

(3)
•Average of B-scan to obtain the intensity profile depending on the depth in the cornea. 

(4)

•Define the region of interest (ROI) within the stroma based on the intensity profiling curve.

•Extract the corresponding signal, proceed with analysis.



Objective and quantitative analysis of corneal transparency with clinical (in vivo) imaging 

technology 

• • • 

Method  11 

▪Cornea extremities: if the image is not centered; 

▪Signals corresponding to other parts of the anterior segment (for slit lamp images). 

 

Cut image – pure 

corneal signal 

 

 

Step 2 - a: Flattening of the cornea 

 

It is possible to remove speckle noise by averaging intensity over a line of points at 

the same depth (i.e. averaging on B-line). One way to do that is to flatten the cornea image 

so that points of the cornea located at the same depth are located on the same pixel array. 

 

Step 2 - b: Normalization by the epithelium intensity 

 

The OCT signal depends on the angle of incidence of the optical axis with respect to 

the stratified structures of the cornea, so that the signal intensity varies laterally even in a 

healthy cornea. We compensate for this by normalizing the signal with respect to the 

maximal intensity of the epithelium within any given A-line.  

 

Flattened and 

normalized 

image   

Step 3: Averaging laterally  

 

The intensity signal then is averaged laterally in order to obtain an intensity profile 

of the signal depending on corneal depth.  

 

Corneal intensity 

profile 

& extracted signal 

from stroma 

  
Step 4: Definition of the ROI within the stroma 

While it is desirable to use the largest possible area of the stroma for analysis, it is not always 

straightforward to define the appropriate ROI within the image. However, the epithelium, Descemet’s 

membrane and the endothelium all induce pronounced and clearly identifiable peaks in the intensity 

curves and it is thus possible to define the ROI within the stroma as the signal in between the second 

anterior and the second-to-last posterior peak within the corneal intensity profile (see figure 5 & 6).  
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Figure 5: light intensity profile in the cornea - lateral averaging on SD-OCT scan, REF: Kristina_OD_1 

 

Figure 6: R, G, B intensity profiling curves taken from the corresponding channels of the slit lamp images. The stromal 

signal can be defined as the signal in between the epithelial and endothelial signals (two pics). 

The aforementioned protocol is not applicable in some pathologic cases: 

➢ When the stroma is deeper in the middle than on the boarders (Figure 7.a); 

➢ When the stromal borders are not curvilinear (Figure 7.b); 

➢ When the stromal borders are not well defined (Figure 7.c). 
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Figure 7: (a) Cornea with scar, (b) Cornea with keratoconus and (c) Cornea with transplant failure : three examples of 

non-parallel stroma borders [10]1 

   In these cases, the stratified structure of the cornea will not appear as parallel to the surface in 

the flattened images of the cornea, and the aforementioned membranes and surface layers will appear 

as broadened peaks. Consequently, the extracted stromal signal will be falsely reduced and may not 

reveal some stromal pathologies present at the borders.  

 

2.3 Extraction of the exponential fit parameters and uncertainties  
Once the intensity profiling curve in the stroma has been calculated from the clinical images of the 

cornea, we fit this curve to extract the key parameters of the curve:  

𝐼(𝑧) = 𝐼0 ∙ exp (
−2𝑧

𝑙𝑆
) + 𝐶   (2) 

- the scattering mean free path ls, 

- the intensity factor 𝐼0, 

- the additive constant C. 

A simple way to calculate the accuracy of the fit would be to calculate the deviation of the data 

from the exponential fit, through <R²>. However, the R² parameter is an overly simplistic way to 

statistically evaluate the fitting adequacy with the data. Moreover, it is not possible to discriminate a 

healthy cornea with a noisy acquisition from a heterogeneous cornea with a good acquisition: both 

will have a low <R²> value.  

To refine the calculation of those parameters and enable differentiation of mono-exponential 

model inadequacy (due to presence of pathology) from mere measurement noise, we worked in 

collaboration with Pascal Pernot, researcher at CNRS/Univ. Paris-Sud and expert in data analysis for 

physical chemistry using Bayesian approaches, on a more elaborate method to analyse our profiling 

curves. 

 

                                                      
1 Files references: Cornea with scar, 3529_Cornea Line_OD ; Cornea with keratoconus, 26103_CL - Line_OS 

; Cornea with transplant failure, 25198_CL - Line_OD 
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2.3.1 Description of the fit algorithm:  

 

 

Diagram 2: summary of the fit algorithm implemented by Pascal Pernot 

This algorithm can be described in two main steps (diagram 2): 

i. estimation and modeling of the random noise component of the signal, to be injected in the 

next step (blue); 

ii. exponential fit (green) and adjustment by a Bayesian model (orange) to estimate the decay 

parameters and their uncertainties. 

 

A. Estimation and modelling of the random noise component:  

 

First a cubic smoothing spline function is used to establish a reference mean model function 

and estimate the random part of the intensity profile. Then, if we subtract this reference mean model 

from the intensity profile, only random noise should remain. As the noise amplitude typically 

decreases with signal intensity the standard deviation of the noise presents a quasi-exponential decay.  

Then the noise distribution is fitted with a normal distribution of zero mean and standard 

deviation following an exponential decay. The standard deviation of this distribution is used to define 

the measurement uncertainty. Finally, the signal to noise ratio is computed as the ratio of the average 

signal intensity to the average noise residual intensity.   



Objective and quantitative analysis of corneal transparency with clinical (in vivo) imaging 

technology 

• • • 

Method  15 

If the signal to noise ratio falls below a defined threshold, the process should be abandoned 

and the cornea should be imaged again with a better precision.  

Observation: If the noise shape is not exponentially decreasing or constant, the algorithm still works 

but it will have an impact on all parameter’s uncertainties.  

 

B. Estimation of the exponential fit and decay parameters:  

A simple exponential fit (equation 2) is then calculated using the profiling curve data, with average 

parameters and their standard deviations.  

The deviation of the signal from the calculated best exponential fit is reflected in the Birge ratio, a 

statistical parameter that should remain close to 1 to indicate a good fit. A 95% confidence interval 

(CI95) for this parameter is provided. 

If the Birge ratio (or reduced chi-squared) is inside the CI95, the simple exponential decay model 

is valid and one can stop here. 

If the Birge ratio is outside the CI95, the simple mono-exponential model is inadequate, and one 

cannot estimate the parameters and their uncertainties.  

 The decay model is improved by adjusting the global parameter ls (scattering mean free path) 

and its local normalized variation ΔlS
𝑛𝑜𝑟𝑚by a Bayesian approach (equation 3).  

𝐼(𝑧) = 𝐼0 ∙ exp (
−2𝑧

𝑙𝑆(1+ΔlS
𝑛𝑜𝑟𝑚)

) + 𝐶   (3) 

The local variation function is modelled by a Gaussian Process of mean 0, used as an interpolation 

function between a set of control points on a grid of z values. The values of the local variation at those 

control points are optimized. 

The exponential fit is thus improved iteratively by a Bayesian method until it is statistically 

acceptable. The best exponential fit parameters are then displayed with their uncertainties, and the 

variation of the mean free path around an average position can be analysed:  

- A nearly flat deviation indicates a good exponential fit, and a homogeneous cornea. 

- A strong and slow variation should indicate a heterogenous cornea and the clinician should check 

the clinical image for the presence of pathologies.  

Observations on the control points:  

- They are equally spaced, and defined a priori, independently of the data.  

- The number of control points is directly linked to the sensitivity to the signal variations; it has to 

be balanced so that the fit is not too much affected by small variations of the signal and at the same 

time sensitive to slow variations, which indicate heterogeneities of the cornea. Ten control points 



Objective and quantitative analysis of corneal transparency with clinical (in vivo) imaging 

technology 

• • • 

Method  16 

were found to be a good number based on our experimental data. If the fit is not satisfactory, 

notably when there are sharp variations in OCT intensity, the number of control points can be 

increased. The Bayesian model is based on a hierarchical model ensuring that control values are 

kept to zero, unless they are necessary to improve the fit. 

 

 

Figure 8: Best exponential fit with Birge (br) and signal-to-noise (SNR) ratios (left) and the corresponding residual 

signal (in red) with the random noise confidence interval (in blue-green) calculated in the first step (right). In this case, 

the value of the Birge ratio being not too much larger than the upper limit of its 95% CI (3.9 >> 1.3), and the shape of the 

residuals validate the simple exponential model2. 

 

Figure 9: a) posterior predictive sample of model realizations (blue) and the corresponding exponential fit; b) 

comparison of residuals for the best fit with noise confidence interval; c) plot of the local deviation function  Δl_S (z);  

d) parameters of the best exponential fit and their standard uncertainty. The value of the Birge ratio (see figure 1) and 

the random structure of the residuals confirm the validity of the model. Note also that all but two of the control values 

are significantly different from zero. 

                                                      
2 File reference: healthy cornea, 27529_CL_OD_2 
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2.3.2 Description of the interface:  

A user interface was created by Pascal Pernot to allow us to create an optimized tool for corneal 

transparency diagnosis, by playing with the different fit parameters.  

 

Figure 10: Pascal Pernot implemented an interface to adjust the fit algorithm parameters. On this image you can see the 

first tab. 

 

In a first tab, the user can load the profiling curve file of his choice and select the data type: 

depending on whether one measures intensity or amplitude, as it is the case with Full-Field optical 

coherence tomography (FF-OCT). A cursor allows the user to redefine the depth delimitations of the 

profile that should be analysed (and to analyse the stroma boundary impact on the exponential fit).  

In a second tab, the user can choose the method (Maximum A Posteriori or sample) for Bayesian 

inference and the prior type (Approximate Bayesian Computing or mono-exponential) and compare 

the different statistical approaches. 

In a third tab, the user can adjust the number of control points, the constraints on the best 

exponential fit, and the parameters of the Gaussian Process kernel with: 

• lambda_rate: controls the amplitude allowed to the deviations of the control points from zero.  

• rho_scale: defines the correlation length of the Gaussian Process. 

Finally, in the last tab, the user can generate a report on the input data and save the fit parameters 

used to do this analysis. 
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Figure 11: representation of the constraints applied to the fit (prior distribution) a) exponential decays constrained by a 

normal distribution of the parameters; b) probability intervals for the control values. 

 

 

Figure 12: comparison between estimated (posterior; orange) and a priori (blue) density repartition for each parameter 

(theta1=C; theta2=I_0; theta3= I_S; lambda = amplitude parameters for the control values; sigma: correction factor of the 

noise amplitude; yGP_i: control values) 

 

  



Objective and quantitative analysis of corneal transparency with clinical (in vivo) imaging 

technology 

• • • 

Method  19 

2.4 Summary of the process used to analyze clinical images 
 

A robust, automatic and reproducible process was established to analyze SD-OCT and slit 

lamp images which can be described by the following flowchart (diagram 3).  

 

• From the clinical images the stromal intensity signal is extracted by the image processing 

detailed in part 2.1.  

• Then from the noise analysis of the signal, the signal to noise amplitude is calculated;  

• If it is to high, the image quality is too bad and another image has to be taken.  

• Else, image quality is good enough for the fit to proceed and: 

o An exponential fit can be calculated, and the Birge ratio which traduce the convergence 

of the fit. 

o If the Birge ratio is too high, the cornea is heterogeneous, and the physician needs to 

look at the clinical images 

o Else, the stroma is homogeneous and:  

▪ If the scattering mean free path is low, the stroma should lack of transparency 

▪ Else, the cornea is transparent and healthy.  

 

Note: the fit algorithm involves two Birge ratios: one traduces the deviation of the signal from the 

mono-exponential fit, and the second the deviation of the signal from the final fit. The second one 

ensures the final fit is correct and should always reach high values (condition for the algorithm to 

converge). In the following we are only referring to the first which is related to the corneal 

heterogeneity.   

 

Diagram 3: summary of the suggested clinical protocol  
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3 Results 
(See also the annex for additional results and data.) 

All the results presented here were obtained by using the same process – even if it is possible 

to vary the fit algorithm parameters with the interface to optimize the fit quality. All the data 

processing parameters were saved for future reference.  

The signal to noise ratio, the Birge ratio and the calculated mean free path are the three main 

parameters provided by the algorithm for they acknowledge respectively the noise level of the image, 

the heterogeneity (if the final fit is correct) and the transparency levels of the given cornea. Thus, the 

presented results will be restrained to those three parameters. 

The presented fit algorithm was validated by performing data analysis on synthetic data:  

➢ The signal-to-noise ratio reaches its minimal and maximal values for respectively the less and the 

most noisy images, thus noisy images are recognized by the process and set apart;  

➢ The Birge ratio reaches high values only for non-exponential signal, thus heterogeneous cornea are 

recognized by the process and set apart as well;  

➢ Set aside the cases mentioned before, the mean free path calculated by the algorithm is accurate 

with a correct estimated precision, allowing to distinguish the transparency level of not-to-noisy 

images of homogeneous corneas. 

(For details see annex A.) 

Note: the Birge ratio evaluates the deviation of the signal from the best exponential fit calculated by 

the algorithm. It can reach high values for two reasons: either because the signal is non-exponential 

(and thus correspond to a heterogeneous cornea) or the best exponential fit is incorrect. The second, 

that we want to avoid, can be evaluated visually on the results images (see annex B) and led to the 

exclusion of several results.  

 

3.1 Analysis of the robustness of the process  
Before any application on pathological corneas, further investigations were conducted to prove the 

robustness and the reliability of the fit algorithm on in vivo data.  

Several images of the eight eyes of the team (4x2) were taken with spectral domain OCT and the slit 

lamp (detail below) in order to check the reproducibility of the measure for each device, and the 

correlation of the results obtained with the SD-OCT and the slit lamp images for a given cornea.   

 

3.1.1 Results obtained with SD-OCT images 

Two images were taken for each eye in orthogonal directions with the spectral domain OCT 

(figure 13).  
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Figure 13: two orthogonal scans were taken from each eye with spectral domain OCT. We do not expect the scattering 

mean free path to be the same in all the axes of the cornea, but sufficiently close to be correlated. 

Unfortunately, the fit algorithm gave incorrect fit for one eye (see annex B). 

For the seven remaining images, a strong correlation was found between the scattering mean 

free path calculated from the two images results of each eye (see figure below). We do not expect the 

two results to be exactly equal, since they correspond to orthogonal signals of the eye.  

 

Figure 14: Results comparison for two orthogonal SD-OCT scans (on 7 eyes). 

A signal-to-noise ratio comprised between 18,8 and 21 dB seems to correspond to the average 

concerning spectral domain image acquisition.  

The Birge ratio values found for those healthy corneas are comprised between 2,18 and 8,95 which 

is quite high, but it can be lowered by optimizing the fit algorithm parameters: the more correct is the 

fit, the lower the Birge ratio.  



Objective and quantitative analysis of corneal transparency with clinical (in vivo) imaging 

technology 

• • • 

Results  22 

In the following results, the Birge ratio threshold is set to 8.5, and analysis results giving a higher 

output Birge ratio should indicate a heterogeneous cornea. For future applications, this Birge ratio 

threshold is yet to be determined clinically.  

 

3.1.2 Results obtained with slit lamp 

3.1.2.1 Experimental considerations 

The slit lamp image analysis was done in a second time. While it is widely used by clinicians, 

its routine use does not follow a formal protocol, so that the magnification of the objective or the angle 

– between the camera and the light source – used for the acquisition can vary from a physician to 

another and are not saved in the patient file with the corresponding image.   

 

 

 

 

 

 

Figure 11: slit lamp image acquisition depends on the angle between the camera and the light source and on the 

objective magnification. [11] 

Slit lamp images presented here were taken with a fixed angle of 𝛼 = 45° between the lamp and 

the camera (see figure 11), so that the epithelial and endothelial signals should not be too wide (for 

high angle value) and the overall signal should not be to small (low angle value).  

To obtain a maximal resolution, the highest objective magnification x40 available (among x10, x16, 

x25 and x40) was chosen. 

 

3.1.2.2 Calculation of the scattering mean free path 

Unlike spectral domain OCT, the light reflected in the stroma doesn’t follow the same path. The 

effective path length was calculated from the image signal and normalized as follows: 
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Figure 15: calculation of the effective pathlength from slit lamp image signal (right) – much more complicated than 

spectral domain OCT image signal’s one (left). 

 

In the case of slit lamp biomicroscopy, the slit projecting optics is positioned with its optical axis 

forming an angle 𝛼 with respect to the optical axis of the observation system (figure 15). 

This angle is translated to an angle 𝛼′ = asin (
𝑠𝑖𝑛(𝛼)

𝑛𝑐𝑜𝑟𝑛𝑒𝑎
) by refraction; 𝑛𝑐𝑜𝑟𝑛𝑒𝑎~1.347. 

The light travels the distance 𝑑2  and then the distance 𝑑1  to the camera whose optical axis is 

positioned at angle α with respect to the one of the slit projection optics. 

The flattened and processed slit lamp images show an apparent thickness of 𝑑𝑜𝑏𝑠. We have: 

tan α′ =
𝑑𝑜𝑏𝑠

𝑑1
⇔ 𝑑1 =

𝑑𝑜𝑏𝑠

tan α′                    (4) 

We further have  

cos α′ =
𝑑1

𝑑2
.           (5) 

For the travelled distance we can thus write: 

𝑑𝑡𝑜𝑡 = 𝑑1 + 𝑑2 = 𝑑1 (1 +
1

cos 𝛼′) = 𝑑𝑜𝑏𝑠 (
1

tan 𝛼′ +
1

tan 𝛼′ cos 𝛼′) =
𝑑𝑜𝑏𝑠

sin 𝛼′
(1 + cos 𝛼′)  (6) 

In other words, 

• if we have a numerical value of the actual physical thickness 𝑑1 of the ROI in the stroma – from the 

pachymetry measures realized with SD-OCT – we need to use a normalised value of 
𝑑1

2
(1 +

1

cos 𝛼′) 

to run the algorithm (the denominator 2 indicating that the algorithm already takes care of the 

double-pass). 

•  if we have a numerical value for the observed thickness, we need to use a normalised value of 
𝑑𝑜𝑏𝑠

2 sin 𝛼′ (1 + cos 𝛼′). 

α'

d1

d2

dobs
α

Spectral-domain 

OCT 

Slit lamp 
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We choose to use the pachymetry results. 

  

3.1.2.3 Results comparison for the R, G and B channels  

Three eyes images out of eight were excluded because of bad image quality.  

It is possible to extract from the slit lamp images red, blue and green channels which allow us to 

do a multiwavelength analysis. The shorter the wavelength is the stronger the scattering should be, 

one can check it on this example (figure 16), the calculated scattering mean free paths and confidence 

intervals being: 𝑙𝑆
𝑟𝑒𝑑 = 157 ± 7 µm,  𝑙𝑆

𝑔𝑟𝑒𝑒𝑛
= 106 ± 7 µm, 𝑙𝑆

𝑏𝑙𝑢𝑒 = 75,2 ± 7 µm.  

 

,   

Figure 16: It is possible to extract red, blue and green intensity profiling curve (right) from a slit lamp image (left)3 

 

For each slit lamp image, we compared the results obtained from spectral domain OCT image 

analysis with each channel analysis (figure 17). On average, the multiwavelength analysis matches the 

theory, but it is not always the case.  

                                                      
3 File reference: slit lamp images, Bathilde_OD_01 
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Figure 17: Results comparison for the R, G and B channel. 

 

Results obtained from SD-OCT and the green channel of slit lamp images were compared, the 

results are shown in the following diagram. Overall the calculated mean free path obtained with slit 

lamp images present a correlation with those obtained with SD-OCT images. The origin of the constant 

factor of about two could partly be due to different scattering properties at the different wavelengths 

used. However, this factor could not be  not be elucidated during the present project and this question 

will need to be addressed further.  
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Figure 18: Results comparison for SD-OCT and slit lamp (green channel). 

 

 

3.2 Comparison with the clinical “gold” standard 
 

3.2.1 Clinical application – identification of four different cases 

 

Our process identifies four kind of signal from clinical images:  

o Case1: a too low signal to noise ratio is found indicating a bad image quality.  

o Case2: a good image quality with a high Birge ratio if found indicating a heterogeneous stroma. 

o Case3: a good image quality with a low Birge ratio and a low scattering mean free path ls is found 

indicating a homogeneous with low-transparency stroma. 

o Case3: a good image quality with a low Birge ratio and a high scattering mean free path ls is found 

indicating a homogeneous with high-transparency stroma. 

 

66 clinical images of pathological and healthy corneas were analyzed and sorted according to those 

four cases, using the following threshold: 𝑆𝑁𝑅𝑚𝑖𝑛 = 18 𝑑𝐵  and 𝐵𝑟𝑚𝑎𝑥 = 8,5. Four representative 

clinical cases are presented in table 3.  

Healthy corneas have been found on average a scattering mean free path of around 397µm with a 

standard deviation of 204 µm. It was used to identify low scattering mean free path values.   
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The differentiation performed by our algorithm was then compared successively with the 

subjective grading scale diagnosis given by two clinicians (figure 19). 

Table 3: Four clinical cases with respectively: the spectral domain image analyzed (row2), the extracted intensity profile 

(row 3), the signal to noise ratio (row 4), the best mono-exponential fit (row 5), the Birge ratio (row 6),  the residual analysis 

compared with the estimated noise amplitude (row 7), the scattering mean free path with its confidence intervals (row 8) 

and the clinical loss of transparency (lot) diagnosis given by the two clinicians (row 9). 

Case 1: bad image 

quality4 

Case2: heterogeneous 

stroma5 

 

Case3: homogeneous 

with low-

transparency stroma6 

Case4: Homogeneous 

transparent stroma7 

    

    

SNR = 16.4 dB SNR = 22.2 dB  SNR = 21.2 dB SNR = 21.1 dB 

 

   

 Br = 99,3 Br = 2,89 Br = 2,47 

 

   

  𝒍𝑺 = 𝟕𝟎, 𝟔 ± 𝟑 µ𝒎 𝒍𝑺 = 𝟐𝟗𝟖 ± 𝟓 µ𝒎 

 lot = 3,3  lot = 3, 3 Healthy 

 

                                                      
4 File reference: 9471_CL_OD, healthy 
5 File reference: 9076_CL_OD, keratoconus 
6 File reference: 9181_CL_OD Fuchs dystrophy 
7 File reference: 5090_CL_OS, healthy 
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Case1: bad image quality.  

Case2: heterogeneous stroma. 

Case3: homogeneous with low-transparency stroma. 

Case3: homogeneous with high-transparency stroma. 

Figure 19: Repartition of the differentiation given by our algorithm with the subjective grading scale diagnosis given 

by two clinicians (from 0 to 4) to characterize the loss of transparency of the cornea.  

 

3.2.2 Comparison with the gold standard method 

 

To check if this suggested diagnosis protocol by giving the scattering mean free path gives 

effective indications on corneal loss of transparency, we had to compare it with the “gold standard” 

method. To be relevant this comparison must be done meticulously, it is detailed here.  

Even if the data analysis needs further optimization, it may be applied to pathologic cornea 

images. Thus, 36 spectral domain OCT images of pathologic corneas with the corresponding 

subjective transparency grading [5] based on slit-lamp images – diagnosed independently by two 

health care professionals by using the same image– and 14 healthy corneas were analyzed (so a total 

number of 30 healthy corneas images were analyzed).   

As mentioned above, there is no fixed protocol for physicians yet to take images with slit lamp 

images, the angle and objective – used to get the available images in order to diagnose corneal 

transparency – are not saved. Furthermore, those slit lamp images often present aberrations or 

unwanted light reflections which hinders data analysis. Thus we choose to use SD-OCT images for 

our analysis. 
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The idea is to plot the grading scale given by the two health care professionals and the transmitted 

light calculated using the SD-OCT images of the corneas with their relative uncertainties.  

➢ Exclusion of irrelevant data 

We want only to compare corneas with homogeneous stroma – from which we can calculate 

accurately the scattering mean free path – with the gold standard method. Consequently, data sets 

producing signal-to-noise ratio of below 18 dB, Birge ratios of above 8.5 or incorrect fit have been 

considered unusable and have been omitted from the following analysis.  

➢ Derivation of the transmitted fraction of light from the scattering mean free path 

To address a wider public, we choose to introduce the transmitted light corresponding to the 

analyzed signal in % which can be calculated as:  

𝑇𝑠𝑡𝑟𝑜𝑚𝑎 =
𝐼out

𝐼𝑖𝑛
= exp (

−2. (𝑧𝑜𝑢𝑡 − 𝑧𝑖𝑛)

𝑙𝑆
) 

On the whole, a high transmitted light percentage is linked to a small transparency diagnosis. We 

expressed all the scattering mean free path calculated from clinical images in terms of transmitted 

light. 

 

➢ Weighting of the data according to the fit relevance.  

Since two clinical diagnosis were given by cornea, we sorted all the corneas by using their average 

subjective loss-of-transparency diagnosed level. For each transparency level we calculated the average 

transmitted fraction of light of all the corresponding corneas. So each point of the plotted graph has 

two error bars corresponding to the clinician diagnosis uncertainty and to the standard deviation of 

the transmitted fraction of light of the corresponding corneas.  

For each point a weighting factor was calculated as the inverse of the uncertainty on each point, 

thus if N is the number of corneas for the transparency level i:  

𝑊𝐹𝑖 =
1
𝜎𝑖
√𝑁

      (7) 

Finally a linear regression weightened by the uncertainty on each point was plotted with a 95% 

confidence interval on the right, represented in gray (figure 20). 
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Figure 20: Comparison between the grading scale given by the two health care professionals and the transmitted light 

calculated using the SD-OCT images of the corneas with their relative uncertainties. There were not enough corneas 

presenting heterogeneities and thereby a high Birge ratio: that explains why there is no point at grade 4.  

 

Strong variations are shown, confirming the inadequacy of the subjective grading scale – which is 

not considered precise by physicians themselves – rather than our fitting algorithm not being 

optimized. But overall, stroma associated with a small transmitted fraction of light are linked to a high 

loss of transparency grade, and this tendency validates the relevancy of our approach.    
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4 Discussion 
The extraction of the scattering mean free path is possible from both spectral domain and slit lamp 

images, although we need to take into account the different sensitivity of the associated devices. 

At the time being, the adjustment of the fit algorithm parameters has not been tested yet but it 

should lead to an improved sensitivity of the process, for instance: 

• Automatic adjustment of the number of control points depending on the signal resolution 

could improve the sensibility of the Birge ratio on slit lamp images. Indeed, on some slit lamp 

images the small number of signal points compared with the number of control point of the 

algorithm induced a very high Birge ratio while the mean free path seemed to be accurate. 

• The optimization of the fit algorithm constrains should improve the best exponential fit 

accuracy and consequently lower the Birge ratio for healthy cornea, improving the process 

sensitivity to small heterogeneities. It should also give more accurate mean free path value 

corresponding to the input signal.  

Spectral domain OCT images analysis proved to be very sensitive and reproductible. And at the 

same time, thanks to our collaboration with Rémi Carminatti and Ugo Tricoli – our outside partners 

at Institut Langevin – we now have a full understanding on how the spectral domain OCT works as a 

coherent source device. The spectral domain OCT appears as a privileged device in a first step to 

assess corneal transparency clinically.  

 On the other hand, half of the images taken with slit lamp biomicroscopy was not exploitable at 

all because of the image quality. And among the remaining images, the results were not always 

conclusive as the corneal signal vary a lot from one acquisition to another. The obtained results on slit 

lamp images could be improved by using a better image acquisition protocol, and a better knowledge 

of the device manipulation. And to remove of specular reflected light with the slit lamp set-up, we 

could perform crossed pol detection to filter it.  

Another concern associated with slit lamp imaging is the impact of the epithelial and endothelial 

signals on the exponential analysis: while each layer is very well defined on spectral domain OCT 

images – the epithelium, the Bowman’s layer, the Descemet’s membrane and the endothelium 

contributions are almost Dirac functions – it is less easy to define the stroma borders on the slit lamp 

image as the epithelium and endothelium function looks like gaussian functions. A possible 

improvement would consist in applying a deconvolution function to extract only the stromal signal. 

 Compared with the gold standard method, our method is reproductible and reliable at least on 

spectral domain OCT images analysis. Advanced statistic on clinical data would make it possible to 

refine the differentiation in the four different cases and realize in parallel further comparisons with 

the gold standard method, involving more clinician’s diagnosis.   
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5 Conclusion 
 

To summarize, I implemented a Matlab process to extract light intensity profile in the stroma 

from spectral domain OCT and slit lamp images, and I used the fit algorithm developed by P. Pernot 

to analyze, in combination with my code, a set of clinical data from both devices in order to establish 

a protocol to assess quantitatively corneal transparency.  

We demonstrated the feasibility of deriving the scattering mean-free path, as a quantitative 

measure of corneal transparency, from objective analysis of stromal light backscattering (attenuation 

of the coherent mean) with SD-OCT and slit lamp biomicroscopy.  

We also show that it was possible to perform multiwavelength analysis from slit lamp images, 

and associate for a same eye, slit lamp and SD-OCT images results.   

On SD-OCT, our clinical images process gives consistent order of magnitude for the 

transmissibility of the analyzed stroma (around 10 to 20%) and allow us to classify corneas signal in 

four different categories: noisy-unexploitable signal, heterogeneous cornea signal, homogeneous with 

low transparency corneal signal and healthy cornea signal. This approach shows significant 

correlation with clinical subjective diagnosis and validates our approach.  
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6 Outlook 
Those results should allow to extent the process to other clinical devices images, such as 

confocal microscope, which was set aside at first because of the lack of attenuation information in the 

user interface of the device.  

 

In futures investigations, the diagnosis could be extended to a multiwavelength assessment of 

corneal transparency based on slit lamp images. This should enable to differentially quantify 

contributions from scattering processes occurring at nanometric and micrometric length scales. 

With clinical image results, we have access to backscattering measurements of the cornea, we 

could provide a better understanding of corneal transparency by comparing those results with 

measures from transmission set-up such as holography and full-field optical coherent tomography set 

up on a same set of corneas – from transplant for instance.  

From a transmission measurement, one can directly evaluate the point spread function (PSF) of 

the cornea, ie the ability of the cornea to image a point: the less transparent the cornea is, the wider 

and the lower the PSF will be, diminishing the visual acuity of the patient.  

As a consequence, a direct link with vision and retinal PSF broadening could be established 

through the Strehl ratio (ie “the ratio of the peak aberrated image intensity from a point source compared to 

the maximum attainable intensity using an ideal optical system limited only by diffraction over the system's 

aperture”[23]). Thus, our approach more than supplying the demand for an objective means to quantify 

corneal transparency in the clinical setting, could also create an association with the visual function. 
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8 Annex 
 

A. Detailed results of synthetic data analysis: 
In a first step, synthetic data – corresponding to intensity profiling curve typically found from 

clinical devices (SD-OCT and Slit lamp) images – was used to understand the behavior of the fit 

algorithm.  

A basic exponential signal of parameters: ls=340, Io = 0.35 and C = 0.35 was synthetized.  

A noisy signal was synthetized by adding random noise to each of those constants and we could play 

with the noise amplitude to evaluate the sensitivity of the fit algorithm.  

A signal presenting an additive sinc signal was introduced corresponding to results noticed in FF-

OCT images analysis (which would be caused by light coherency). 

And if we assume heterogeneities to be modelized by gaussian functions centered on the region of the 

pathology: one can synthetize it on the surface, in deeper regions or in between corresponding 

respectively to epithelial, endothelial and stromal pathologies.  

The following results were obtained: 

Synthetic profiling curve type SNR Br ls 

Healthy - ideal exponential curve 38,8 0,00558 340 

Healthy - reasonable random noise 19,2 1,16 337 

Healthy - additive sinc signal 19,2 2,03 299 

Healthy - important random noise 11,1 1,34 304 

Endothelial pathology - gaussian function  19,5 49,5 167 

Epithelial pathology - gaussian function 19,7 7,72 207 

Soft stromal heterogeneity - gaussian function 19,4 10,6 528 

More pronounced stromal heterogeneity - gaussian 

function 19,5 18,5 926 

 

Note: the precision of the algorithm is lower for signal affected by a sinc signal, but since no residual 

sinc signal can be seen with slit lamp and SD-OCT image (which both work with incoherent light 

only), it does not affect the result presented here. 
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B. Illustration of the fit algorithm performances on three examples 
 

Relevant fit8 Can- be-optimized fit9 Irrelevant fit10 

   

   
 

                                                      
8 File reference : reference SD OCT healthy corneas, 27531_CL_OS_1 
9 File reference : reference SD OCT healthy corneas, 27529_CL_OS_1 
10File reference : reference SD OCT healthy corneas, 27530_CL_OD_1 


