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Abstract 

Corneal cross-linking (CXL) is a common surgical procedure used to modify corneal 

biomechanics and stabilize keratoconus progression which is still under discussion. Its side 

effects, which are mostly related to anatomical unpredictability and stromal exposure, are the 

reason for the search for new CXL agents. In this work we have quantitatively evaluated the 

porcine corneal stroma architecture treated with collagen crosslinking agents such as riboflavin 

solutions and açai extract, using second harmonic generation microscopy. Aimed at evaluating 

the morphological changes  in the corneal stroma after collagen crosslinking under a CXL 

chemical agent, a tubeness filter based Hessian matrix to obtain a 3D fiber characterization of 

the SHG images was applied. The results showed a curling effect and shortening of the collagen 

fibers treated with açai as compared to the control. They also showed a higher degree of 

clustering of the collagen fibers with larger empty spaces when compared to the other two 

groups. We believe that studies such as these presented in this paper are a good direct 

nondestructive and free labeling evaluation technique  that allows the observation of 

morphologic features of corneas treated with new CXL agents. 
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1. Introduction 

Keratoconus (KC) is an eye disorder associated with structural changes in the 

organization of corneal collagen. This pathology develops a progressive deformation 

and thinning of the cornea. It has inflammatory hallmarks and may result 

in irregular astigmatism that leads to blurry vision, double vision and light sensitivity 

[1]. Early stages or non-severe cases benefit from spectacles or contact lenses, but as the 

corneal curvature progresses, surgical interventions such as intracorneal rings or 

transplants might be needed to restore vision. Chemical surgeries such as the 

conventional or Dresden protocol corneal crosslinking, induced by UVA light at 365 nm 

using an irradiance of 3 mWcm-2 and 0.1% riboflavin instillation for 30 minutes are 

effective allowing time for intervention, which can slow down or outright halt the 

progression of the disease in the majority of cases [2,3]. The photochemical process 

creates additional chemical bonds within the tissue, thereby increasing the mechanical 

and biochemical stability of the treated corneas [4-6]. Side effects which are mostly 

related to anatomical unpredictability and stromal exposure (oxidation damage, 

inflammation, infection) are the reason for the search of new CXL agents. Faster and 

less complicated methods that do not require irradiation have been proposed as natural 

agents such as açai. They have been proven to be very efficient in promoting in vitro 

crosslinking in the corneal tissue. Moreover, previous results have showed that açai 

extract is efficient at promoting a significant increase in the elastic modulus of corneas. 

The elastic modulus was 10.5 times higher in corneas treated with 4% açaí extract for 

2h than in those in the control group [7].  

Even with growing acceptance and promising results, CXL faces major challenges since 

there is no method to objectively measure or image the effects of the treatment and its 
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potential side effects due to the oxidative consequences to the nearby tissue
 
[8] and 

biomechanical predictability. 

To evaluate the effectiveness of corneal CXL, many clinical (visual acuity, slit lamp 

examination, optical coherence tomography, and confocal microscopy) [9-13] and 

laboratory (stress–strain behavior, enzymatic digestion and hydration treatment) 

[14] techniques have been applied. Clinical results represent and partially quantify the 

effectiveness of corneal CXL in an indirect way. Despite advances in clinical and 

biochemical studies of the effects of corneal CXL, the direct nondestructive observation 

of morphologic features of corneas after CXL treatment without extrinsic labeling is 

necessary. To tackle this problem, in recent years, second harmonic generation (SHG) 

microscopy has become a valid alternative [15-18]. 

Being intrinsically non-centrosymmetric, specific types of collagen fibers generate a 

SHG signal when illuminated by a high intensity femtosecond-pulsed laser [19]; the 

emitted signal is at half the wavelength of the incident optical beam. Since the 

generation is confined to a sub-femtoliter focal volume, SHG microscopy permits 3D 

imaging [20,21]. As a result, this technique has become an important aspect of both 

qualitative and quantitative studies of collagen-based tissues [22-25]. 

The cornea has been analyzed with SHG microscopy by many different authors in a 

number of animal models (including humans) under several experimental conditions 

[26].
 
Corneal collagen is organized in a depth‐ dependent fashion

 
[27]

 
and collagen 

fibers always show a regular packaging [27,28].
 
However, this regular pattern has been 

shown to change with pathologies [29],
 
including keratoconus [30,31], after surgical 

procedures [32], and after CXL treatment [4].
 
Due to this, both classification and 

quantification of collagen arrangement might be a powerful tool in biomedicine as well 

as in medical studies. 
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In order to extract meaningful collagen fiber information, researchers have developed 

several segmentation methods. These methods are based on the application of filters 

such as Gaussian, SPIRAL-TV, Tubeness, and curvelet-denoising [33].
 
Collagen fibers 

that have been extracted may be evaluated, allowing to quantify geometrical properties 

and to compute the degree of organization in corneal collagen in the presence of 

pathologies [34]
 
or after physical damage [35,36].

 
Although there are a number of 2D 

approaches developed for collagen fiber orientation analysis, only a small number of 3D 

techniques exist to quantify fiber distribution in an image stack. 

Aimed at evaluating the morphological changes in the corneal stroma after collagen 

crosslinking under a CXL chemical agent (açai), this work applied a tubeness filter 

based Hessian matrix to obtain a 3D fiber characterization of SHG images. 

2. Materials and Methods 

2.1 Sample preparation 

All the steps of this study were approved by the UNIFESP Ethical Committee 

(CEP 0580/10) University of São Paulo. Throughout all the procedures, the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research was used. 

Riboflavin (0.1%; 10 mg riboflavin-5-phosphate in 10 mL dextran T-500 20%) was 

purchased from Ophthalmos Laboratories (São Paulo, Brazil). The açai extract was 

supplied by Gamma (São Paulo, Brazil). Enucleated porcine eyes with clear corneas 

were obtained from the abattoir within less than 6 h postmortem. 

2.2 Corneal Crosslinking Procedures 

Six porcine eyes were mechanically de-epithelized and then trephined (12 mm). 

The corneas were divided in half and each of them separated into three groups: açai 

(n=3), riboflavin (n=3) and control group (n=6). The first one was completely immersed 

in 4% açai solution for 2 h. The riboflavin CXL methodology consisted in dripping 
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0.1% riboflavin metilcelulose solution every 5 minutes, for 30 min on the corneas, 

followed by the application of UV light at 365 nm for 30 min (with instillation of 

riboflavin every 5 min during UV light stimulation), using a solid-state device X-Link 

(Opto Electronics, São Carlos, Brazil). Specimens of the three groups were maintained 

in Optisol-GS storage media (Bausch & Lomb, Irvine, California, USA) until the time 

for microscopy analysis. 

2.3 SHG Microscopy 

SHG microscopy analysis was performed at Biomedical Lasers Application 

Laboratory of the Institute of Physics, State University of Campinas. The samples were 

mounted with the corneal surface parallel to the scanning laser plane and with their 

anterior face down. The corneas were observed under a 40× magnification in the 

microscope, LSM 780 NLO (Carl Zeiss, Germany). The optimal wavelength of the 

generation of second-harmonic signals from the corneal collagen was found to be 800 

nm. Forward scatter signals that passed through the tissue were collected. The data sets 

were analyzed using an image browser, Zeiss LSM Image Examiner (Carl Zeiss, 

Germany). 

2.4 Image acquisition 

Images of 73.29 x 73.29 μm
2
 with a resolution of 512 x 512 pixels used in our 

experiment were selected to analyze collagen distribution. A z-stack of each sample of 

SHG images was taken with 21 optical sections with 1 μm steps between each section. 

Six eyes were divided in half and twelve cornea halves were analysed in total. Six 

untreated halves were used as control and three were treated with açai aqueous solution. 

The other three halves were treated with riboflavin and used as reference. Figure 1 

shows representative images of each condition. 

Two methods were used to quantify the characteristics of the collagen fibers: analysis of 

geometrical properties of each individual fiber and fibers distribution. 
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2.5 Segmentation 

Each image was filtered with a 3x3x1 mean filter to smooth the image, to reduce 

the amount of intensity variation and enhance continuous collagen fibers intensity (Fig. 

2A). Then, a ridge detection based on a multi-scale line filter designed by Sato et al [37] 

calculated a second order derivative matrix based on the Hessian matrix: 

 𝐻(𝑥, 𝑦) = (

𝜕2𝑔

𝜕𝑥2
𝜕2𝑔

𝜕𝑥𝜕𝑦

𝜕2𝑔

𝜕𝑥𝜕𝑦

𝜕2𝑔

𝜕𝑦2

) (1) 

Eigenvalues and eigenvectors were calculated for each element of the Hessian matrix. 

The magnitude and the sign of the eigenvalues were used to construct a new intensity 

image (Fig. 2B). A global image threshold based on Otsu’s method was applied (Fig 

2C).  Since many collagen fibers are very close together, an algorithm based on 

eigenvectors was used to eliminate connectivity. Figure 3 shows the detail of detached 

fibers. Finally, a skeletonized image was created where all small branches had been 

removed (Fig 2D). 

2.6 Geometrical properties 

The morphological changes of collagen fibers using first-order statistics were 

quantified measuring density, length, size, sinuosity and curvature. The density is the 

amount of collagen fibers per unit volume. In this case, the amount of collagen fibers 

per 1000 µm
3
. The length of the fiber is found by summing the distance of each pair of 

points that belong to the fiber skeleton. Size is the sum of the amount of points. 

Sinuosity is measured by the relationship between the length of the fiber and the 

distance in a straight line between the ends. Curvature is measured by the relationship 

between the fiber centroid and the distance in a straight line between the ends. 
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2.7 Fibers distribution 

Once we had obtained the segmentation of all the fibers with their spatial 

location, we analyzed how these were distributed. To do this we extracted two factors. 

One calculates the distance of each fiber with its neighbor and the second the maximum 

distance between neighboring fibers. The first was calculated by means of the nearest 

neighbor algorithm. A cumulative distribution function plot was built and a 

nonparametric fit coefficient was calculated to characterize the clustering. This 

parameter provided an idea of how the fibers are grouped in clusters. The second one, 

thinking in reverse, is looking at the void space between the collagen fiber bundles. 

3. Results 

The SHG images show notable differences between normal and CXL treated 

corneas (Fig. 1) such as compaction, length and distribution of the collagen fibers after 

both açai and riboflavin CXL procedures. In order to demonstrate these differences, 

segmentation of the collagen fibers was carried out. Segmentation resulted in a 

skeletonized representation of the collagen fibers. Figure 4 shows the superposition of 

skeletonized collagen fibers in the original image in one layer for each of the types of 

samples (control, with açai, and with riboflavin). Red lines represent the path of 

skeletonized fibers. It can be seen that this path accompanies the trajectory of the fiber. 

The results obtained indicate that collagen fibers have been well represented. If all the 

layers are stacked (twenty-one images separated by one µm each), a three-dimensional 

representation of each sample is obtained (Fig. 5). Red lines represent the path of 

skeletonized fibers in the most superficial layer and blue lines represent the path of 

skeletonized fibers in the deepest one.  

Having a good location of each fiber allows the calculation of better numerical 

indicators that represent the tissue. Table 1 summarizes the results of the geometric 
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properties and the distribution of collagen fibers. As can be seen, collagen fibers treated 

with açai have greater differences with respect to control samples than those treated 

with riboflavin. It mainly shows that the fibers treated with açai are shorter and more 

curved. Plotting amount of fibers as a function of length, a downward curve can be 

obtained (curve not showed). Defining an arbitrary classification threshold (within a 

wide range, 4 µm to 12 µm) between short fibers and long fibers of 10 µm, we can 

count the amount of long and short fibers that each image has.  The amount of collagen 

fibers treated with açai that have a length bigger than 10 µm is 69.3 ± 19.5 while in the 

case of the control group it is 333.0 ± 52.2.  In fibers treated with riboflavin the amount 

is 278.3 ± 56.8. This result shows that the fibers treated with açai have shorter fibers 

than those in the control samples. This short/large relationship is maintained even by 

changing the threshold value. The shortening of the fibers occurs due to the folding, 

without loss of structure. In the crosslinking process using acai, a shortening of the 

collagen is evident which may be attributed to a folding of the fibers in a wave shape 

without the occurrence of a break of the protein chains [38]. 

The clustering is quantized by measuring the distance between each collagen fiber with 

its neighbor. The second clustering factor measures the space between the collagen 

fibers. Both parameters show bigger clustering in samples treated with açai. 

Discussion 

CXL altered the natural history of keratoconus, the leading cause of corneal transplants 

worldwide. Several children and teenagers have been spared of corneal rejection, 

permanent use of contact lenses and long recovery time [39]. Complications such as 

corneal melting and progressive flattering of the anterior corneal curvature are present 

in the literature [40] and partially explain the search for alternatives to the conventional 

Dresden protocol. Fast, epi-on, ultra-fast CXL options are currently under trial and their 
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efficacy is expected to be just enough to slow the progression of the disease, but can be 

associated with some complications and failure [41]. Ultra-fast is one of the strategies 

that use greater power and shorter exposure time. This option has been theoretically 

used with less biomechanical effects, but produce less structural modification in the 

cornea, such as progressive corneal flattening [42]. 

Non UV-based treatments potentially spare adjacent tissue from oxidative stress 

involved in the process, allowing for treatment in thin corneas. Natural agents also may 

be applied overnight or daily, at home or in the office. Doses and delivery strategies 

might further democratize the access and spare even more people from complications. 

This scenario justifies the search for direct, non-destructive, objective methods of tissue 

evaluation, under different chemical agents CXL protocols, along with biocompatibility 

(to be further studied). 

The arrangement of the collagen fibers in the corneal stroma follows principally an 

arrangement parallel to the surface, with few perpendicular fibers in humans [43].
 
We 

have detected a shortening of the fibers that may explain the corneal flattening found in 

some patients treated with CXL (mainly conventional), which until now had no 

satisfactory explanation. This effect must be quantified, predicted and used in order to 

build a more precise model to reach the final refractive result of the procedure. With 

this quantification, it is expected that the therapeutic treatment (which seeks to decrease 

the rate of progression of the disease) also has a refractive purpose (improving the 

patient’s vision by decreasing the corneal curvature). The higher value of the space 

between the collagen fibers observed in the corneas subjected to CXL can be attributed 

to the clustering of collagen fibers. 

CXL using extract of Euterpe oleracea (açai), a fruit obtained from a palm tree that is 

found in the northern states of Brazil, showed more intense fiber curling and clustering. 
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These effects observed in the three-dimensional quantification can be due to the 

observation process and to the molecular structure of açai. In the former case, fibers can 

weave in and out of the focal plane (fibers changing direction and diving in and out of 

the observation plane) and appear shorter. Probably, the fibrils are curling in response to 

acai extract exposure. This is happening on a nanometer scale and is not directly visible 

to SHG, but has a knock-on effect on the much larger fibers, which are visible in the en 

face images scans. If the curling of the nanoscopic fibrils is causing the fibers 

themselves to curl, essentially creating a sinusoidal pattern with a shorter "wavelength" 

than before, then the fibers would appear shorter in the en-face images. On the other 

hand, various polyphenolic compounds, such as proanthocyanidin (condensed tannins) 

are present in açai. These molecules can exhibit the potential to promote stable 

hydrogen-bonded structures formed between the carbonyl groups of the amino acids of 

the collagen fibrils and the hydroxyl groups of the polyphenols. Proanthocyanidins are 

molecules of varying size and structure that act by intra and interfibrillar interaction. In 

the interfibrillar space, the molecules must replace the water of hydration and by their 

size an increase in the distance between the fibers of collagen is expected. The spacing 

between fibers is not related to a hydrogen bond, but is due to the insertion of 

proanthocyanidins which, through interaction with hydrogen, remain in place. Then, the 

increased stability of the corneas subjected to CXL can be attributed to new 

hydrophobic interactions between the collagen fibers, which can be established in the 

CXL by molecules present in the açai extract [5].  

Since açai extract possesses different size molecules, it is possible that a heterogeneity 

of reactions occurs in different parts of the tissue. That may be a marker for the non-

purity of the extract that shall be further characterized and defined. Homogeneous 

molecules will induce predictable and uniformly distributed effects. 
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Although future studies with more samples are needed, in these preliminary results the 

curling effect and fiber shortening under the effects of açai extract are remarkable. This 

further corroborates our finding that this substance (proanthocyanidin) is a strong 

candidate for CXL even under smaller concentrations. The advantage of the acai 

methodology over CXL with UV radiation is related to the formation of free radicals, 

due to riboflavin photo-stimulation and the toxicity already demonstrated from this 

oxidation process in the cellular membrane, leading to its destruction. This principle 

does not occur in the chemical basis of açai action. Therefore, less toxicity and damage 

to cells as sensitive as endothelia cells is expected. This is an important factor fact as 

these cells do not reproduce and their destruction may cause bully keratopathy and a 

consequential need for cornea transplantation.  

Another important aspect to highlight is that the use of natural products, that do not 

require photoactivation, could be applied in the form of eye drops or ointments, through 

controlled release, to be used by patients in everyday life. Then, this strategy would 

reduce risks and discomfort associated with corneal chemical surgery currently required 

for the CXL performance. In addition, dose control and greater effect can be used in 

more serious cases, besides progressive corneal thinning arising from infectious 

necrosis. 

 

CONCLUSION 

We have quantitatively evaluated the morphological changes in the corneal stroma 

architecture, using second harmonic generation microscopy, after treatment with 

collagen crosslinking agents such açai extract. Using a tubeness filter based on the 

Hessian matrix to obtain a 3D fiber characterization, we observed a curling effect and 

fiber shortening after açai applications. In addition, a higher degree of clustering of the 
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collagen fibers with larger empty spaces was detected. However, further studies need to 

be carried out to prove the concept of clustering and titer the dose related to stromal 

(biomechanical) and superficial (curvature) effects, along with biocompatibility of 

fractions to be extracted from the natural plant source. We believe that these studies 

should be validated with three-dimensional quantification procedures (nondestructive 

and free labeling) such as those presented in this paper. 
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Table 1: Descriptive results of the geometric properties and fibers distribution for 

different samples. 

 

Control 

(n=6) 

Açaí  

(n=3) 
Riboflavin (n=3) 

Geometric properties 

Density 6.4 ± 0.2 4.5 ± 0.7 6.2 ± 0.4 

Length  5.0 ± 3.1 4.1 ± 1.9 4.9 ± 2.9 

Size 4.5 ± 2.3 3.7 ± 1.7 4.4 ± 2.5 

Sinuosity 1.1 ± 0.3 1.2 ± 0.5 1.1 ± 0.4 

Curvature 0.1 ± 0.2      0.2 ± 0.3      0.1 ± 0.2 

Threshold 8 µm 

Amount of long collagen fibers 613.4 ± 51.4 180.3 ± 48.9 542.3 ± 100.4 

Amount of short collagen fibers 4397.6 ± 275.4 3325.7 ± 667.1 542.3 ± 333.1 

Relation (short/large) 7.2 18.4 8.0 

Threshold 10 µm 

Amount of long collagen fibers 333.0 ± 52.2 69.3 ± 19.5 278.3 ± 56.8 

Amount of short collagen fibers 4678.0 ± 275.0 3436.7 ± 698.0 4588.0 ± 376.8 

Relation (short/large) 14.0 49.6 16.5 

Threshold 12 µm 

Amount of long collagen fibers 186.4 ± 53.8 29.3 ± 5.5 151.0 ± 47.3 

Amount of short collagen fibers 4824.5 ± 277.2 3476.7 ± 708.1 4715.3 ± 387.2 

Relation (short/large) 25.9 118.5 31.2 

Fibers distribution 

Clustering coeficient 8.0 ± 0.8 9.0 ± 1.3 7.6 ± 0.1 

Maximum distance between collagen 

fibers [µm] 
2.9 ± 0.4 6.3 ± 1.9 3.1 ± 0.7 
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Legends 

Figure 1: Representative maximum projection (stack of 21 images 1 μm steps between 

each section) of normal (A) and CXL treated (B, C) corneas. Normal (A), açaí (B), 

riboflavin (C). Scale bars: 10 μm.  

Figure 2: Steps of the segmentation process of collagen fibers. (A) Filtered image with 

a mean filter. (B) Ridge detection using Hessian matrix. (C) Thresholded image using 

Otsu's method. (D) Skeletonized fibers (red) superimposed on the original image. Scale 

bars: 10 μm. 

Figure 3: Detail of the result of detached algorithm that allows to separate the collagen 

fibers very close together. Before (A) and After (B) the application of the algorithm. 

Scale bars: 10 μm. 

Figure 4: Representative Skeletonized fibers superimposed on the original image for 

each sample type. Control (A), açaí (B) and riboflavin (C). Red lines represent the path 

of skeletonized collagen fibers after segmentation. Scale bars: 10 μm. 

Figure 5: Representative 3D representation (73µm x 73µm x 21µm) of collagen fibers 

segmentation. Control (A), açaí (B) and riboflavin (C). Red lines represent the path of 

skeletonized fibers in the superficial layer and blue lines represent the path of 

skeletonized fibers in the deepest layer. In the right side of the pictures, 3D ROI (21µm 

x 21µm x 21µm) highlight visual fiber collagen distribution.  
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