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Abstract 
This work describes an algorithm developed to quantify the effects of low dose 

radiation on the cardiac endothelial cells with the final objective of inferring how 
radiation may potentially initiate cardiovascular disease in post radiotherapy-treated 
patients. The effects are investigated by using an in-vitro co-culture cellular matrix, 
consisting of endothelial cells on a base of fibroblasts, which in time begin to form 
capillary (tubular) like structures. A range of radiation doses (0.2-16 Gray (Gy)) was 
applied to different samples and the effects observed. The automatic segmentation is 
validated against a set of manual segmented images with satisfactory results 
presenting a correct classification of 0.93; classification is the measure of comparison 
between two sets of images, specified as a number from 0 to 1, whereby 1 denotes 
100% similarity whilst 0 refers to 0% similarity. Measurements related to 
geometrical parameters were further obtained. It was found during the course of this 
project, the largest observable change in endothelial cell structure was found after 
exposure to 0.2 Grays of radiation. 

1 Introduction 
In the United Kingdom an estimated number of ≥ 331,000 people were diagnosed with 
cancer in 2011. Of this number, approximately two-thirds receive radiotherapy as a 
treatment [1]. Patients receiving Mediastinal (chest) radiotherapy for treatment of Breast 
cancer, Lung cancer, Oesophageal cancer and Hodgkin’s lymphoma are at the highest risk 
of exposing ionising radiation to the heart [2]. 
     The heart has long been considered one of the few organs to be moderately resistant to 
radiation induced tissue damage [3]. However, recent epidemiological studies propose 
evidence to the contrary [4]. So far, current epidemiological statistics have revealed that 
moderate to low doses of radiation to the heart may possibly result in a substantial increase 
in cardiovascular associated mortality [5]. Though, the pathogenesis of heart disease from 
irradiation, as of yet, has not been explored in detail. 
     There are various techniques used to quantify the effects of radiation. One of these 
methods consists of irradiating cardiac cells in-vitro and subsequently assessing the effects 
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of the radiation on the morphological and functional properties of cardiomyocytes and 
endothelial cells; the cells that form thin layers that cover the inner part of blood vessels 
[6][7]. Endothelial cells in a co-culture system contained by fibroblasts develop with time, 
eventually forming tube-like structures similar in appearance to capillaries. Such a system 
is used in accordance to replicate the in-vivo angiogenic process; hence, it can be used to 
test inhibitors and activators of angiogenesis [8]. 
     The aim of this work is to investigate the effects of ionising radiation on the cardiac 
endothelial cells (microvasculature) grown in-vitro and its relation to angiogenesis 
inhibition. Tube/capillary-like structures are formed in a perfusion (live) co-culture system 
consisting of endothelial cells and fibroblasts derived from Murinae heart cells. These cells 
are subjected to various levels of ionising radiation (0, 0.2, 2, 8, and 16 Gy) [n=5×3]; 0 Gy 
acting as the reference control for this research. Images of the Murinae heart cells were 
acquired twenty weeks post irradiation. A sequence of segmentation and geometric 
analysis algorithms will be performed on the obtained co-cultured Murinae heart cell 
images via MATLAB programming. These algorithms will subsequently allow 
observational measurements of dosage effects in correlation to time after radiation.  

2 Materials and Methods 

2.1 Materials  
Organotypic cultures (the process of growing cells in a 3-D environment, producing a 
cellular system that is biochemically and physiologically more resembling in nature to in- 
vivo tissue as opposed to 2-D culture sets) were stained with lectin to identify the 
endothelial cells and a representative image at each irradiation dose is shown in Fig. 1. The 
images are greyscale and with low contrast, and each comprises a cluttered background 
overlaid with the tube-like structures formed by endothelial cells. There are significant 
inter-image and intra-image illumination variations. Dead cells or debris were also present, 
sometimes occluding the tubules. The tubules are the primary target of the analysis (as 
changes of these structures indicate the progression of angiogenesis), though the debris; 
biological in nature rather than imaging artefacts, is also relevant. 

 

  
                                              (a)                                               (b) 
Figure 1: Two representative images. (a) An image of a 0 Gy (control) cultured murinae heart cell. 
The debris is highlighted by the blue arrow (right), whilst the tubules are highlighted by the red 
arrow (left). See how brightness increases from the top of the image down to the bottom. A simple 
thresholding technique would leave the top relatively dark compared to the bottom, which would 
cause some of the tubules to be classed as background. (b) Image treated with 8 Gy; notice the 
difference in density and intensity of the background. 
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                         (a)    (b)     (c) 

   
                         (d)    (e)     (f) 

 
 (g) 

Figure 2: Graphical description of the algorithm. (a) Original image treated with 8 Gy. (b) Edges are 
highlighted with the application of 3×3 median filter and un-sharp filter. (c) Binarisation with 
adaptive thresholding (window size = 35, mean-C = 0.02) and erosion with a disk structural element 
was applied. (d) Objects smaller than 350 pixels in diameter were removed with morphological 
operators. (e) Gaps closed by dilation with a disk structural element. (f) Skeleton, branch (yellow-
dots) and end points (blue dots). (g) The final step was to detect closed meshes (green) as it was 
assumed the number of meshes to be related with the health of the cellular development. 

2.2 Algorithm description 
The steps of the algorithm were programmed in MATLAB and the image processing 
toolbox. These algorithms were designed to assist in separating the relevant elements of 
the data, i.e., the structure of the tubules, their density per area, size, length and also the 
geometric distribution; through identification of the number of tubules that go onto form 
junctions, ones that are isolated within the matrix and furthermore, finding their relative 
branching angles.  
     Several challenges for the segmentation process were identified. Since majority of the 
images exhibit low contrast, they become extremely difficult to differentiate from the 
surrounding information, especially at the edges. For this reason, simple segmentation 
based on intensity was not suitable due to the low contrast exhibited by the tubules. By 
eliminating unnecessary shading [9], the images will gain a more uniform background 
intensity. Thus, alternative segmentation techniques can be applied to facilitate the analysis 
of the individual structures and their characteristics, by dividing the image into three 
distinct components; the debris, background and tube/capillary like structures. Prior to 
performing automatic segmentation, all data sets were manually segmented by a single 
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user to create a gold standard for comparison purposes [n=5×3]. The gold standard set was 
achieved through collectively adding successive masks of the individual tube like 
structures of each image using the MATLAB function roipoly. 
      In order to quantify the angiogenic process, the following steps were performed; 
segmenting the background and debris from the tubules, skeletonising the tubules and from 
them, determining the branch and end points of the structure, the number of meshes and 
mesh area (Fig. 2). All these help in quantifying the vessel structure.  

3 Results 
Classification of the results was achieved by subtracting the automatic segmented images 
from its equivalent manual set. From the results an average correct classification of 0.93 
was obtained, the lowest being 0.85 and the highest being 0.97 (Fig. 3), which are similar 
to those reported in [5]. The main benefit of the automatic segmentation is time efficiency. 
Manual segmentation of 15 required approximately 3-4 hours per image, depending on the 
complexity of the tubules. The automatic segmentation on the other hand took only 
seconds. However, there is a trade-off between accuracy and time efficiency using 
automatic segmentation over manual segmentation. 

The automatic algorithm found a lower number of meshes as compared to the gold 
standard, (Fig.4).The number of closed meshes were considered to be one important 
feature of the angiogenic process. An average reduction of 23% in the number of meshes 
was observed. This is partly attributed to some of the tubule structures being deleted during 
the morphological erosion phase necessary to remove the debris. Nonetheless, by applying 
a suitable dilation phase, some of the mesh structures could be restored. 

When quantifying the manual set images, an inverse relationship to the radiation dose 
was witnessed. This trend may be related to the suppression of the signalling protein, 
vascular endothelial growth factor (VEGF). It has been reported [10] that an increase in 
ionising radiation reduces the levels of VEGF and its receptor VEGFR-2, which are pivotal 
in the role of endothelial cell proliferation, hence, a reduction in blood vessel formation. It 
is interesting to see, from the results below, that the most drastic angiogenic inhibition 
occurs between 0 and 0.2 Gy whereby a ~20% decrease in mesh area is noticed. This may 
indicate a prominent rise in VEGF suppression must occur after initial exposure to low 
range doses of ionising radiation, therefore resulting in the changes recognized [5]. The 
MATLAB function ‘Spy’ was used to identify the number of meshes within the vessel 
matrix. This function also produced an adjacency matrix that showed the number of 
meshes that are neighbouring each other. From this it was found, as the radiation dosage 
increased so did the distance between the mesh structures within the co-culture system.  

A linear regression analysis was carried out in MATLAB (statistics toolbox) to see the 
relationship between automatic segmented branch points and manual segmented branch 
points and also their equivalent mesh area. An R-squared value of 0.90 (for branch points) 
and 0.81 (for mesh area) was observed (P < 0.05). This shows that the regression line fits 
the data fairly well, suggesting that there is very little difference in the classification 
between automatic and manual segmentation, thus, owing potential for automatic 
segmentation to gain precedence over manual segmentation in practise, as it produces high 
classification, whilst also offering a considerable reduction in time consumed (greater 
efficiency), therefore, can be used to dose-determine multiple sets of images in relatively 
short periods of time. 
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                                    (a)                                                                      (b) 
Figure 3: (a) Comparison of manual and automatic classifications against radiation dosage. Correct 
classification rose amid increase in radiation. It is assumed that as the tubule density decreased, the 
background had a higher weight in the classification. (b) Number of branch points vs. Radiation 
dosage. The number of branch points decreased with higher radiation doses. 

   
(a)                                                                      (b) 

Figure 4: Comparison of number of meshes detected for (a) automatic and (b) manual 
segmentations. It is clear that fewer meshes were detected with the automatic segmentation. 

   
                     (a)                                                              (b) 

Figure 5: (a) Mesh area and (b) Euclidean distance against radiation dosage. Notice the 
reduction of the mesh area with higher doses. However, the Euclidean distance did not 
show any correlation. 
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4 Conclusion 
This work presented a segmentation algorithm for the analysis of the effects of irradiation 
in in-vitro cardiac cells. The algorithm was programmed in Matlab and followed several 
steps: adaptive thresholding, morphological erosion in conjunction with morphological 
operators for artefact removal. The average correct classification against the manual 
segmentation was 0.93. Whilst sequentially reviewing the data, it was noted that lowest 
dosage of radiation produced the greatest structural change in the tubular structure; 
suggesting even low doses of radiation exhibit high angiogenic inhibition. Automatic 
segmentation yielded fairly robust results and may possibly be used for identification and 
quantification of blood vessel changes in-vitro in place of manual segmentation. In the 
future we can analyse other metrics like Jaccard score and more sophisticated processing 
like separation into training and testing sets. 
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