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Abstract: In recent years, the three dimensional reconstruction of vascular structures in the field of medical research has been extensively developed. Several studies describe the various numerical methods to numerical modeling of vascular structures in near-reality. However, the current approaches remain too expensive in terms of storage capacity. Therefore, it is necessary to find the right balance between the relevance of information and storage space. This article adopts two sets of human retinal blood vessel data in 3D to proceed with data reduction in the first part and then via 3D fractal reconstruction, recreate them in a second part. The results show that the reduction rate obtained is between 66% and 95% as a function of the tolerance rate. Depending on the number of iterations used, the 3D blood vessel model is successful at reconstruction with an average error of 0.19 to 5.73 percent between the original picture and the reconstructed image.
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1  Introduction

The three-dimensional reconstruction of vascular structures has major medical significance in the diagnosis and prognosis of several diseases, including atheromatous disorders [1]. The downside of three-dimensional reconstruction methods is they are too expensive in terms of storage capacity and transmission time [2–11].

The preliminary step to describe images or curves is the extraction of the interest regions. There are many detectors of interest points and interest regions whose purpose is to extract points or regions that have particular properties [12–20] (corners, outlines, projecting regions, etc.) and which are stable in acquisition conditions variations.

This study focused on the description of the regions provided by the Douglas–Peucker 3D procedure. The advantage of this constraint is to cancel all unnecessary geometric invariance of the descriptor in order to increase its discriminating power [21–27].

The aim of this study is to develop a technique that enables a large amount of data to be produced with few errors and very little information to be used as input.

In order to achieve the goal, a novel mathematical morphology-based technique is proposed to ensure a 3D reconstruction taking the entire problem into account.

This study interested in the reconstruction of the 3D skeletons of the blood vessels by the fractal technique. Beginning with a 3D model is based on an approximation of the actual topology of the human retina vascular trees. In the first step, the 3D thinning algorithm presented to detect the blood vessel centerline [12–16]. Thereafter, the crossing number techniques are used to extract the characteristic points [17–20]. Define the characteristic points using the Douglas–Peucker 3D algorithm represent the next step [21–27]. In the final critical step, the 3D Fractal Interpolation and IFS (iterated function systems) algorithm is implemented for 3D reconstruction [28–35].

Several methodologies have been developed in the literature for the reconstruction of a 3D model based on the fractal method. Several 3D fractal algorithms are available. Xiong et al. [29] has proposed a method based on 3D fractal interpolation to reconstruct the 3D terrain surface. This technique uses the fractional Brownian motion (fBm) model to interpolate the surface of this surface. Guedri et al. [30] have used fractal 3D and IFS 3D interpolation to reconstruct a 3D blood vessels model. The flowchart of their proposed algorithm: It consists of two main stages; Stage 1 for detection of the characteristic points by using the 2D Douglas–Peucker (DP) method, and subsequently, in Stage 2, more data points were added using random fractal interpolation approach, to reconstruct a three-dimensional (3D) model of the blood vessel. He et al. [31] have proposed a method to accelerate the execution of probability-based fractal interpolation. They have used the fractal interpolation to reconstruct 3D topography using a little scattered point in the Digital Elevation Model (DEM). Li et al. [32] have presented algorithms for estimating the fractal dimension and the texture gap as fractal characters. An improved subdivision scheme has been developed to reconstruct the fractal surface from extracted fractal characters. They have combined the demonstration of characterization and fractal reconstruction for irregularly measured geochemical data from 1767 stream sediment samples. Guo et al. [33] have proposed a method that combines the fractal dimension and the Marching Cubes algorithm to reconstruct a three-dimensional internal tissue model. They have used fractal interpolation to obtain detailed information on internal tissues. This 3D model of internal tissues is displayed using the Visualization Toolkit (VTK) software. Huang et al. [34] have used the 3D fractal technique to reconstruct two real-world 3D field data sets. They sampled data randomly and rebuilt it them by 3D fractal reconstruction. Guedri et al. [35] have proposed a 3D fractal technique to reconstruct the cylindrical form of blood vessels. They used the Douglas–Peucker 2D algorithm to detect control points. Then, they used 3D fractal interpolation and iterated function systems for reconstruction the cylindrical shaped of blood vessel.

2  Materials and Methods

Fig. 1 demonstrates the algorithms used in this work. There are two main steps: The process of extraction of the 3D blood vessels centerline followed by the process of 3D reconstruction of the blood vessels skeleton by the fractal technique. In a first step, the human retina images contain real information that can be digitally processed to obtain 3D organs models. To be used with confidence, these 3D models must be true to reality. The detection phase of the blood vessel curve is introduced in the next step. Then, 3D skeletal reconstruction of these vessels is performed. Thereafter, this study interested in the defining of distinguishing points based on the Douglas–Peucker procedure. In the final step, 3D Fractal and Iterated Function Systems (IFS) used to visualize and reconstruct the vessels in 3D.
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Figure 1: Synoptic flowchart of the proposed 3D fractal reconstruction method

3  Reconstruction of Three-Dimensional Blood Vessel Centerline Network

3.1 3D Reconstructions Model

In recent years, 3D vessel reconstruction has been widely developed in the medical field to allow physicians to diagnose correctly. Several studies describe various numerical approaches to reconstruction of a blood vessel model that is nearest to reality. This section seeks to reconstruct 3D retinal blood vessels image, even when data are missing. The chosen technique allows an optimized the 3D blood vessels reconstruction of is a method related to that offered by Hichem et al. [3].

In the following sections, the results obtained with this procedure are used to obtain the 3D blood vessels centerline.

3.2 Reconstruction of 3D Skeleton

The 3D centerline is measured by an arbitrary 3D volume. It is a 3D thinning procedure implementation. This algorithm is used to detect centerline on images of tubular or filamentous structures. The skeleton must be thin 1-voxel, it must also be fixed for many effects such as shift zoom and rotation, which means that the geometric and topological characterization of the obtained skeleton is invariant when the 3D model is shifted, scaled or rotated [12–15].

In this section, a 3D thinning algorithm is applied to extract the 3D blood vessel centerlines. The complete description of the proposed algorithm has been published in the studies of Palágyi et al. [16].

A 3D thinning algorithm was used which has a directional strategy, there are 4 direction (South, East, North and West) and each direction has three stages (central, up and Down), which gives us generally 12 direction, as shown in Fig. 2. In the proposed approach, every iteration stage involves 12 parallel operations centered on 12 directions. The thinning Algorithm eliminates the border points in 12 iteration steps and repeats the process until no border points have been removed.
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Figure 2: All main directions in 3D

3.3 Characteristic Point’s Extraction

The characteristic points are obtained from the thinned image.

A crossing number is generated for each pixel by an image scan. The Crossing Number CN(p) of a point Pi,j is described as half the sum of the differences between the selected Pi,j point and the 26 neighborhood points (Pi±1,j±1), as follows [17,18]:

CN=12∑i=18|Pi,j-Pi±1,j±1|(1)

where Pi,j is a the selected point value and Pi,j+1; Pi,j-1;…;Pi+1,j+1 are the points belonging to points sequence defining the 26 neighborhood of Pi,j [19,20].

—If CN=0; P is an isolated point (Fig. 3a).

—If CN=1; P is an endpoints (Fig. 3b).

—If CN=2; P is a connective point (Fig. 3c).

—If CN=3; P is a bifurcation point (Fig. 3d).

—If CN>=4 then P is a crossing point (Fig. 3e).
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Figure 3: Determination of the different types of pixels in the skeleton image by crossing number algorithm (P: Test pixel, ‘1’: Black pixels, ‘0’: White pixels). (a) Example of isolated pixel (CN=0), (b) Example of endpoints (CN=1), (c) Example of connective pixel (CN=2), (d) Example of bifurcation pixel (CN=3), (e) Example of crossing pixel (CN>=4)

Fig. 4 shows the example of this characteristics points extraction stage, where the endpoints, the bifurcation points and the central points.
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Figure 4: The characteristics points’ extraction

4  The 3D Douglas–Peucker Algorithm

The purpose of simplifying the curve in 2D or 3D is to decrease the number of points needed to represent the curve without changing its main features. The proposed technique of the characteristic point detection is illustrated in the following order [21–27]:

(a) A common origin point O, an anchor point (P) and a floating point (T) are determined to generate an initial basic plane. In this example, the coordinate point designated (Xmax, Ymin, Zmin) as initial point O (the first point of the 3D curve), initial anchor point (P) of coordinate (Xi, Yi, Zmax) and the coordinate point (Xi, Ymax, Zi) as the initial floating point (T) (the last point of the 3D curve), these three points OPT build the initial base plane [24–27], as Fig. 5a suggests.

(b) The orthogonal distances between each 3D curve data point and the initial base plane are calculated, as shown in Fig. 5.

(c) If the maximum distance (MD) is less than the predefined threshold (ϵ), all points on the 3D curve between the anchor point and the floating point are deleted. d) If not, the point which has the maximum distance is chosen as a characteristic point P1max and the 3D curve is divided into two 3D sub-curves as shown in Fig. 5c. Thus, this point becomes the floating point for the first 3D sub-curve and the anchor point for the second 3D sub-curve. Thereafter, repeating the same process mentioned above until no new division point is found, the procedure ends.
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Figure 5: The 3D Douglas–Peucker method, (a) Generation of an initial basic plane, (b) Calculate the orthogonal distances, (c) Division of the 3D curve into two 3D sub-curves

The simplification rate is calculated by:

Ts=I-IsI(2)

where I and Is represent respectively the size of the data before and after the simplification.

Indeed, by detecting regions of interest in images or curves, existing transformations between two regions, which represent the same surface elements, can be modeled by a rotation, a translation and a scaling.

5  Fractal Interpolations

Fractal geometry is a compact description of irregular objects where the use of Euclidean geometry becomes impossible. High complexity of the image, low content of knowledge, fractionality and self-similarity are characterized by fractal objects. They are extremely redundant, consisting of transformed versions of themselves or parts of themselves. Fractal interpolation is based on the modeling of a real-world curve or signal as a fractal object and on the exploitation of the redundancy and self-similarity appears in the fractal objects according to the iteration function systems (IFS). IFS are affine transformations set 3D [28–35] or 2D [36–41] combining rotation, scaling and translation at the same time.

This study presents the development of iterated functions systems for the reconstruction of the 3D skeleton.

5.1 Affine Transformations

5.1.1 2D Affine Transformation

Affine transformation transformations will map points in one space to another point. It combines many operations like Scaling, Rotation, Reflection and Shearing [28–30]. It can express as a single matrix multiplication (A) and a vector addition (T).

Let {P0=(x0,y0),…,Pn-1=(xn-1,yn-1):i=0,1,…,N}∈R be n distinct points, N≥2 be a data set, such that x0≤x1≤⋯≤xN.

Consider the IFS {[x0, xN] × R, WN-1}, where

(xi′yi′)=Ki(Pi)=Ki(xiyi)=[aibicidi]*(xiyi)+(fiei)=AP+T(3)

It is usually written as a system of linear equations [29]:

{xi′=aixi+biyi+fiyi′=cixi+diyi+ei(4)

Here (x, y) are the coordinates of the original curve, and (x′, y′) are the coordinates of the transformed curve.

5.1.2 3D Affine Transformations

Consider the interpolation points in 3 dimensions {Pi(xi,yi,zi)∈ℝ3,withi=1,2,…,N} and xi∈[x1,xN].

Let {Pi(xi,yi,zi),i=1,2,…,N,N≥2} be a data set of the control points Pi, Pi∈[P1,P2],…,[Pi-1,Pi],…,[PN-1,PN].

The 3D transformation is defined by two matrices a diagonal 3×3 matrix for the rotation and a 3×1 matrix for the scaling: A′ is the rotation matrix, it is expressed according to the parameters ai, bi, ci, ei, di, fi, gi, hi and ki, and the matrix T′ contains the three parameters ti, oi and mi of the scaling [31,32].

The 3D affine transformation used in this algorithm is defined as follows:

(xi′yi′zi′)=Wi(xiyizi)=(aibicieidifigihiki)(xyz)+(tioimi)=A′P+T′(5)

where (x, y, z) are the coordinates of the 3D original curve and (x′, y′, z′) are the coordinates of the 3D transformed curve [31,32].

To estimate a solution of the equation, a resolution method proposed based on the division of the initial space (3D) into two sub-spaces 2D (XY) and (XZ). Where the first space (XY) could be modeled by the following transformation T1(x)=A1x+T1 and the second space (XZ) is represented by the following transformation T2(x)=A2x+T2 [29].

Firstly, the IFS introduce in a 2D (xy) space. A 2D affine transformation consists of two parameters A and T. The y-axis has no rotation term, therefore, the parameter bi = 0 in Eqs. (3) and (4), the coefficients of the Z-axis=0 (ci = fi = 0) in Eqs. (3) and (4):

It is represented as [29]:

{xi′=aixi+tiyi′=eixi+diyi+oi(6)

Then, the same process repeated to the space x-z. For this, the coefficients of the Y-axis=0 (hi = di = 0) in Eqs. (3) and (4):

{xi′=aixi+tizi′=gixi+kizi+mi(7)

From this pseudo-division and both Eqs. (6) and (7), the different parameters of the 3D affine transformation were determined, that allows the passage from the origin space to the destination space. Hence the solution to the system is:



ai=xi-xi-1xN-x1ti=xNxi-1-x1xixN-x1ei=yi-yi-1xN-x1-di*yN-y1xN-x1ki=di=(N-1)DF-2(i=1,2,…,N)oi=xnyi-1-x1yixN-x1-di*xNy1-x1yNxN-x1gi=zi-zi-1xN-x1-di*zN-z1xN-x1mi=xnzi-1-x1zixN-x1-di*xNz1-x1zNxN-x1

where Fractal dimension (DF), estimated by box-counting algorithm [42,43].

5.2 Algorithm Implementation

As shown in the section above, exploiting the control points, fractal interpolation functions generated, as shown in Fig. 6.
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Figure 6: Exploiting the parameters of the fractal interpolation

These parameters are used to generate new interpolated points. The iteration operation started from the initial point P0, the initial point and the affine transforms set are used to create the initial points set. Then, this first points set used and the same affine transforms to create the next points set [38,41].

The same principle continues applied until the generated data point meets the user’s requirements as shown in the following Fig. 7:

[image: images]

Figure 7: Generation of new 3D points based on fractal interpolation

6  Results

In order to evaluate proposed method, the test had been coded in Matlab, The program test had been run on a workstation provided with an Intel Pentium processor B960 CPU@2.20 GHz and 4 GB RAM and the proposed algorithm applied on images from two database.

6.1 Image Source

Several databases of retinal images are available. The Digital Retinal Images for Optical Nerve Segmentation Database (DRIONS) [44] are also the most popular databases for vessel segmentation containing low-resolution images, STructured Analysis of the Retina (STARE) [45] and Digital Retinal Images for Vessel Extraction (DRIVE) [46]. Alternatively, other databases such as ADCIS: A Team of Imaging Experts [47] is available, Retinal Identification Database (RIDB) [48], Glaucoma Database Glaucoma (DB) [49] and High-Resolution Fundus (HRF) with higher resolutions [50]. During this study, the images illustrated from the database STARE and HRF, to test whether the resolution of the image used has an influence on the reconstruction error.

6.1.1 High-Resolution Fundus (HRF)

The database had three image sets: Each set had 15 images, first set for normal, second set for patients with diabetic retinopathy and third one for glaucomatous patients. All images are taken with a fundus camera CANON CF-60 UVi outfitted with CANON EOS-20D digital cameras, the capture angle with a field of view of 45∘ (FOV). It has 3504 to 2336 pixels of resolution. This database also supported the segmentation of binary gold standard vessels per image. The Field of View masks (FOV) are also available for certain datasets [50]. Fig. 8 illustrates an image from the database.

[image: images]

Figure 8: Fundus image of the high-resolution fundus (HRF) database: (a) Raw image, (b) Manual blood vessel segmentation

6.1.2 STructured Analysis of the Retina (STARE)

In this database, there are twenty retinal fundus images with ten of them have pathologies. The images were captured by a TopCon TRV-50 fundus camera at 35∘ (FOV) with the resolution is 700×605 pixels and 8 bits per color channel. In addition, two set of ground-truth images were identified by two observers (Adam Hoover and Valentina Kouznetsova) and another set with the vessel network provided by the matched spatial filter probing algorithm. Fig. 9 shows an image from the STARE database [45].

[image: images]

Figure 9: Example fundus image of the structured analysis of the Retina (STARE), (a) Raw image im0162.jpg, (b, c) Their respective manual segmentation, (d) Segmentation results created by matched spatial filter probing algorithm

The proposed technique by Hichem et al. [3] was applied, to reconstruct 3D blood vessels from retinal images. The result of the 3D retinal blood vessels model of this algorithm is shown in Fig. 10.

[image: images]

Figure 10: 3D models reconstructed

6.2 3D Skeletons Reconstruction

After getting the 3D model, the 3D thinning algorithm was used, it is then possible to retain geometric characteristics, the result is called 3D skeleton. These results are given in Fig. 11.

[image: images]

Figure 11: 3D models reconstructed

Fig. 11 shows the experimental results tests by applying the suggested method to segment the blood vessels from image 02_h.jpg and im0162.ah.jpg with different arc length (from 50 to 385 pixels). After performing the 3D skeleton reconstruction of the human retina, the approach we have adopted in this work consists to use the properties of curves simplified by the Douglas–Peucker algorithm.

To evaluate the implemented algorithm, some results will present for the simplification of the 3D blood vessels curve from the centerline of the human retina.

By analyzing the 3D skeleton obtained, it could be noted that the voxel corresponding to the characteristic points have a crossing-number different from 2.

Tab. 1 show several typical results of endpoints and bifurcation point recognition for 6 test images, 3 images from STARE database and 3 images from HRF database. Based on the results, the HRF database sample images received more endpoints and the bifurcations than the images from the remaining database. This is due to the image quality and the appearance in these images of a greater number of blood vessels.

Table 1: Detection of endpoints and bifurcation points for an image from High Resolution Image Database (HRF) and image from STARE database

[image: images]

6.3 3D Douglas–Peucker

Figs. 12a–12d shows respectively the simplifications with a tolerance of 0.5, 1, 1.5 and 2 pixels of the 3D blood vessel curve by the Douglas–Peucke algorithm. In red color, it appears the 3D blood vessels curve. In addition, the characteristic points that will be stored and which will be used in the fractal interpolation are in blue.
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Figure 12: Simplifications of the 3D blood vessel curve by the Douglas–Peucker algorithm for different values of ε (blues pixels: Characteristic points and red pixels: Blood vessel curve). (a) For ε=0.5, (b) for ε=1, (c) for ε=1.5, (d) for ε=2

Tab. 2 reviews the results obtained by the Douglas–Peucker procedure. The oversimplification tolerance is given in column ‘ε’ and the simplification ratio in % for each value of ε.

Table 2: The simplification rate for different tolerance values ε

[image: images]

The findings in Tab. 2 show that the simplification rate is more than 66 percent and can go up to 95 percent. This simplification rate grows in proportion to the tolerance value ‘ε’. For example, the simplification rate for the images from HRF database ranges between 71% and 95% for tolerance values between 0.5 and 2. For the similar values of ε and for the images from database STARE, the rate of simplification varies between 66% and 93%. It can be remarked that the rate of simplification of the first image is slightly greater than that of the second image. This is due to the intricate structure of its blood vessels curves.

6.4 Reconstruction of the 3D Blood Vessels Skeleton by the Technique Fractal Interpolation

In fact, the results of the Douglas–Peucker algorithm are used first to calculate the different coefficients of the affine transformations matrices Wn. The technique introduced in Section 5 was applied to the 3D blood vessel skeleton curve, and the resulting approximations are shown in Fig. 13.

[image: images]

Figure 13: 3D models reconstructed at different iteration numbers N. (a) For N=30, (b) For N=100, (c) For N=200, (d) For N=400

Fig. 13 shows the pseudo-continuous evolution of the 3D models reconstituted after IFS interpolation of the 3D blood vessels curves. The limit case appears for the iterations N=30 and N=100 where only a few points appear (Figs. 13a and 13b). Conversely, the results obtained are better with numbers of iterations N=200 than with N=400, and gives graphical results rather satisfactory, and provides models of the 3D curves closer than that of the originals (Figs. 13c, 13d).

In addition, the error rate between the original and the interpolated image in equations is estimated for the study of the efficiency of our interpolation algorithm (8):

Errorrate=NumberoferroneouspixelsTotalpixels*100(8)

If the number of wrong pixels is the number of pixels that do not appear in the interpolated image and the total pixel number is the number of the original image pixels.

The error rate for different iterations numbers N is presented in Figs. 14a, 14b. These two figures show how the quality of the reconstructed images is successively improved by increasing the number of iterations. The results reveal that the error rate is about 5% if the number of iterations N=50 for the test images from two database. It noted that the results show that if N=800, the error rate has the order of 0.20%. Ideally, the results are improved by increasing the number of iterations.

[image: images]

Figure 14: Performance of the proposed method for different numbers of iterations. (a) For test set from HRF database, (b) For test set from STARE database

7  Discussions

In this paper, two steps are discussed in the visualization and reconstruction the 3D blood vessels centerlines, using the fractal technique. The first one is carried out for the determination of the characteristic points of the 3D curve of the vascular network, while the second step is carried out for the 3D fractal reconstruction.

As for the first problem, the determination of the characteristic points by the use of the Douglas–Peucker algorithm was studied. Numerous studies have shown that this algorithm has the best rate of data reduction. In a previous work, the numerical results achieved in this study are compared to the values derived from literature formulations. The drop rate of the 2D NEM (numerical elevation model) data profile obtained by the Douglas–Peucker linear simplification method (DP) in the research of Chen et al. [41] is between 50% and 99%. The result obtained by Guedri et al. [30] offers a reduction in the blood vessel curve that is between 78% and 96%. With regard to the structure of the reduction rates, the difference between the above data and the test data in Tab. 2 is between 4 and 10%. It is due to the large difference in asymmetry coefficient. In terms of data point reduction skills, the DP method gives a fast reduction with a high reduction rate. The results obtained show that using the Douglas–Peucker algorithm allows reducing the storage memory of the 3D blood vessels images and reducing costs and transmission time.

Concerning the evolution of 3D fractal reconstruction, the results obtained by Guedri et al. [30] offers an innovative approach for 3D fractal reconstruction with an error between 0.8% and 8%. The method proposed in this research is indeed better in terms of error. The error value is between 0.19% and 5.7%. It is noted that our proposed method can correctly follow all the 3D branches of the blood vessels while having a minimal error.

The advantage of fractal interpolation that it can give points interpolated more than those initially observed. It allows determining the interconnection between these points, so that the 3D curve of the reconstructed blood vessels gets more natural details and more real. However, it requires specialized equipment such as Calculating Unit and digital signal processor (DSP) due to the computational complexity in the algorithm.

8  Conclusions

In this study, a 3D model of a tree of retinal blood vessels presented, reconstructed from a fundus image using the fractal technique and IFS 3D, also a 3D model of a tree of retinal blood vessels, reconstructed from a fundus image using the fractal technique and IFS 3D. First, a 3D model relies on an approximation of the real topology of the human retina vascular trees. In the first part, the 3D thinning algorithm is used to detect the blood vessel centerline (3D skeleton). Then, the characteristic points are extracted from the curve of centerline obtained. The next step illustrated the use of Douglas–Peucker 3D algorithm to determine the characteristic points. The reduction rate obtained to maintain the whole structure of the vascular tree is between 66% and 95% as a function of the tolerance value. It is found that the reduction rate is relatively higher in the case of a larger tolerance value. Finally, a 3D fractal descriptor and 3D IFS algorithm were used for 3D fractal reconstruction. The results obtained showed that the error committed between the original image and the reconstructed image is between 0.19% and 5.73%. As well as, the interpolated data points gave a higher resolution than the original model. On the other hand, the reconstructed 3D models have an almost real and natural appearance with more detailed characteristics with a higher resolution than initially observed.
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