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Abstract-- We develop a large deformations, Finite Elements 

biomechanical model of a stellate breast tumour, subject to 

prone to supine (MRI to US) breast deformations. Based on 

clinical findings, we introduce a volume of increased 

mammographic density/stiffness around a spiculated tumour, as 

well as a range of reported mechanical properties, both linear 

elastic and hyperelastic. This novel model demonstrates that 

these have a non-negligible effect on stresses and displacements, 

which, in turn, have implications, for example, in breast 

registration. We also show that the choice of material properties 

plays a dramatic effect on the mechanical variables. 

 

I. INTRODUCTION 
 

We develop a novel large deformations, Finite Element (FE) 

biomechanical model of a female cancerous breast for the 

registration of MR and US (prone to supine). A model of 

this type has multiple clinical applications, apart from 

registration, among which we can mention surgical planning 

and image-guided surgery. 

Though modelling the overall structure of the breast is of 

interest, the structure of tumours and surrounding tissues is 

of utmost importance, yet, it has been neglected in previous 

models. With this in mind, this work incorporates two 

effects: the spiculated geometry of the vast majority of 

malignant breast tumours and the presence of 

mammographically dense/stiffer tissues in the vicinity of the 

tumour.  

It has been reported [3] that over 90% of malignant breast 

tumours correspond to invasive carcinomas and show a 

characteristic “stellate” or “spiculated” geometry, 

observable in histopathological images and mammograms. 

The stellate nature of the vast majority of malignant tumours 

has a high positive predictive value of cancer [3], being a 

sign of invasive growth. Surprisingly, previous mechanical 

models of malignant tumours have ignored their spiculated 

geometry assuming, instead, a smooth tumoral surface. As 

we will show, this means that such models are not able to 

capture some of the essential biomechanics of tumours, not 

least for constraining deformable registration. 

Ever since the pioneering work of John Wolfe, in 1976 [4], 

it has been accepted that there is a correlation between 

increased mammographic density and cancer risk. 

Mammographic density is characterized by a higher 

expression of collagen I and deregulated collagen 

metabolism, for example in the form of collagen cross-

linking [5]. It has been shown that both increased collagen 

[6] and increased cross-linked collagen [7] promote 

tumorigenesis and invasion. These findings are of substantial 

relevance to this work, since, for example, Levental and co-

workers in [7] showed experimentally that, in rats, increased 

collagen cross-linking is associated with incremental 

stiffening of mammary gland tissues during the transition 

from normal to premalignant to invasive cancer. They 

observed a three- to eight-fold increase in elastic modulus 

for unconfined compressions, for samples of premalignant 

tissues and tumours.  

Another effect well known to clinicians is the pressure in 

the surface of tumours, that has dramatic clinical effects. 

Even if we have included surface pressures in previous 

models [1,2] lack of space hinders us from doing it here. 
 

In the past we implemented a novel model of an isolated 

stellate breast tumour under mammographic compression 

forces [1, 2]. We show here that, also for a tumour 

embedded in a human breast, as well as for gravitational 

forces, the spiculated geometry of typical breast malignant 

tumours and the presence of stiffer tissues –both well known 

to clinicians but ignored to date in models- have a non-

negligible effect on stresses and displacements.  We also 

show the significant effect introduced by the choice of the 

material properties of the different breast tissues. 
 

II. MATERIALS AND METHODS 

Our large deformations, FE biomechanical model of a 

cancerous breast was implemented in Abaqus 

(www.simulia.com), as shown in Figure 1. Abaqus has 

enabled us to simulate large deformations and to vary 

material properties, mesh densities and tumour geometries 

without loss of precision. Abaqus has been used in the past 

in biomechanical applications [8, 9, 10]. 

The breast 3D geometry is reconstructed from an MR image 

using University of Utah software (http://www.sci.utah.edu): 

Seg3D for segmentation –of fatty and fibroglandular tissues- 

and SCIRun to create the geometry files. Given that during a 

MR scan the patient lies prone, MRI shows the breast 

deformed under gravity, which means that in a first step the 

gravitational force effects have to be subtracted, in order to 

generate the stress-free “reference” state. In a second step,  

since the patient lies supine while a US scan is performed, 

gravitational forces need to be applied again. 
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Figure 1. Meshed model that includes adipose and fibroglandular 

tissues as well as a stellate tumour (dark). 

 

Our Abaqus model consists, thus, of two identical steps, in 

both of which gravity is applied in the same direction, 

keeping the breast fixed. In both steps, tissues were 

considered homogeneous, isotropic and incompressible. The 

density value used in this work is 1 g/cm
3
, given the high 

water content of soft tissues. 

 

We assume zero-tractions at breast-air interface nodes and 

zero-displacements at the breast-chest interface nodes, 

assuming that the patient does not move/breath during scans. 

We have implemented three sets of material properties, -

E2, PP and PA- both linear elastic and hyperelastic, as 

shown in Table 1. We have also explored other reported 

values [1] but found that they give rise to convergence issues 

or lead to physically unrealistic results. 

Tetrahedral meshes were created in Abaqus for the 

mathematically created tumour [1,2] and for the adipose and 

fibroglandular tissues. After performing a convergence 

analysis (results not shown here), the final number of 

elements was, for the adipose tissue, 851890, for the 

fibroglandular tissue (in both breasts), 240617 and for the 

tumour, 198105. 

Noted above, we have analysed the effect of spiculated (as 

opposed to smooth) tumours, as well as the effect of 

mammographically dense/stiffer tissues. Table 2 summarises 

this, so that, Case A corresponds to a smooth tumour, Case 

B corresponds to a stellate tumour, while Case CN 

corresponds to a spiculated tumour surrounded by a fully 

stiffer fibroglandular tissue volume, that is, where the 

material properties correspond to the average between 

normal fibroglandular and tumour. We note here that the 

choice of a fully stiffer fibroglandular tissue volume is 

probably not realistic. However, since malignant tumours are 

usually located in areas of high density/stiffness, and these 

areas may, in some cases, be significantly large, CN would 

correspond to the most extreme case. 

In each case, the relevant mechanical variables are von 

Mises stresses σvm [Pa] and displacement modulus u [mm], 

where σvm was chosen, not as a measure of fracture (as  

 Figure 2. (a) path-esp includes nodes in the core and in the tips of 

the spicules in the tumour, such as nodes i, 2, 7 and 13. Path-esp is 

perpendicular to the gravitational force (b) path-nipple includes 

nodes at the nipple. Both paths are located in the right breast.  

 

traditionally), but as a scalar that captures the complexity of 

the stress tensor.  These variables were calculated at two 

paths (Figure 2, (a) and (b)): path-esp and path-nipple. 

Path-esp, perpendicular to the gravitational force, includes 

nodes in the core and in the tips of the spicules in the tumour 

or the corresponding nodes for smooth tumours. Path-nipple 

only includes nodes in the right nipple, located, obviously in 

the right breast, where we have placed the tumour. We 

should note here that we have varied the position of the 

tumour, even if lack of space hinders us from showing the 

results here. 

 

III. RESULTS 

The following tables show the values of σvm [Pa], 

displacement modulus u [mm] as well as the corresponding 

percentage relative differences Δ. 

 

1. Comparison of smooth and stellate tumours. 

Table 3 shows the von Mises stresses σvm for smooth (A) and 

stellate (B) masses in path-esp, nodes 2, 7 and 13 (Figure 2). 

Table 3 (a) corresponds to the linear elastic set of material 

properties (E2), (b) to the first hyperelastic set (PP) and (c) 

to the second hyperelastic set (PA). Table 3 clearly 

demonstrates the dramatic increase in stresses generated by 

spiculated tumours. As shown for the isolated tumour in 

[1,2], the increase in stresses is more evident for the latter 

set of materials, emphasising the importance of the chosen 

material properties for the breast tissues. We should note 

here that this dramatic effect can be observed even for 

relatively small forces, such as the gravitational load. 

 
Table 1. Different sets of material properties analysed and 

compared in this work. 

Na

me 

Type of 

fit 

Glandular and 

fatty tissues 

Malignant 

tumours 

E2 Linear 

elastic 

Linear elastic 

[11] 

Linear elastic 

[11] 

PA Hyper 

elastic 

Polynomial-

quadratic [12] 

Arruda-Boyce 

[13] 
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PP Hyperela

stic 

Polynomial-

quadratic [12] 

Polynomial-

quadratic [13] 

Table 2. Cases analysed and compared. 

CASES Description 

A Smooth tumour 

B Stellate tumour 

CN Stellate tumour surrounded by stiffer 

fibroglandular tissue 

 

The presence of the spicules generates small differences in 

displacements of the tumour -below 5%-, so that they are not 

shown here. That the stellate geometry of the tumours does 

not seem to introduce a significant difference in 

displacements is not fully surprising, since the spicules in 

case B only introduce a small volume increase to the tumour, 

yielding a small difference in displacements. A similar 

argument could be made about the small relative percent 

difference between displacements at the nipple that are not 

significantly changed by the presence of spicules. 

 

2. Comparison of stellate and stellate surrounded by 

stiffer tissue models (cases B and CN). 

 

Table 4 shows the von Mises stresses for (a) the E2, (b) the 

PA and (c) the PP material properties, for the spiculated (B) 

and spiculated surrounded by stiffer tissue (CN), in path-esp, 

nodes 2, 7 and 13. In this table the values for B may be 

higher or lower than the values for CN, which shows that 

there is not a clear trend associated with the increase of 

stiffer tissue for the tumour embedded in a breast. Unlike 

those results shown in [1, 2] for the isolated tumour, the 

stress shield introduced by stiffer tissues may increase or 

decrease as the volume of stiffer tissues increase, suggesting 

that the geometry of the structure and the distance to the 

fibroglandular tissue and breast boundary may also play a 

role. 

Comparison of Tables 4 (a), (b) and (c) show here again the 

significant increase in stresses for the PA and PP sets of 

materials, highlighting here again the importance of the 

choice of material properties. 

Table 5 shows the values of the modulus of the 

displacements u [mm] for the node i (see Figure 2) at the 

core, that will inform us of the general displacements of the 

tumour. 
 

Table 3. von Mises stresses σvm for smooth (A) and stellate (B) 

masses, (a) for E2. (b) for PP and (c) for PA, respectively.   

(a) path-esp σvm  

E2 A B ΔAB 

NODE 2 1838 27977 1422 

NODE 7 1119 11299 910 

NODE 13 1476 21653 1367 

(b) path-esp σvm  

PP A B ΔAB 

NODE 2 1370 615983 44853 

NODE 7 1431 287623 19993 

NODE 13 1397 93176 6568 

(c) path-esp σvm  

PA A B ΔAB 

NODE 2 1370 642125 46760 

NODE 7 1431 296358 20603 

NODE 13 1397 89504 6305 

 

Table 5 clearly shows the decrease in displacements due to 

the presence of a stiffer fibroglandular volume, confirming 

here the need to include stiffer tissues in a realistic breast 

model. The extent of the mammographically dense or stiffer 

tissue should be determined for each individual patient, as 

well. 

Table 5 also shows that the results vary for the E2 and PP 

and PA sets of materials, making here again the choice of 

material properties significant. 

Finally, Table 6 shows the modulus of the displacements at 

the right nipple, averaged for all the nodes. It may be 

observed that there is a significant decrease in displacements 

for the CN case. Not only are displacements smaller for but 

also the values of ΔBCN are higher for the E2 set of material 

properties, highlighting here again the importance of the 

chosen material properties, if a purely mechanical 

registration of the prone to supine deformations were made, 

and the need to include these effects in a realistic model. 

 
Table 4 von Mises stresses σvm for and stellate (B) masses and and 

stellate surrounded by stiffer tissue (CN), (a) for E2. (b) for PP and 

(c) for PA, respectively.   

(a) path-esp σvm  

E2 B CN ΔBCN 

NODE 2 27977 15249 -45 

NODE 7 11299 10665 -6 

NODE 13 21653 8478 -61 

(b) path-esp σvm  

PP B CN ΔBCN 

NODE 2 615983 449018 -27 

NODE 7 287621 469934 63 

NODE 13 93176 274095 194 

(c) path-esp σvm  

PA B CN ΔBCN 

NODE 2 642125 570705 -11 

NODE 7 287623 469944 63 

NODE 13 89504 338184 278 

 
Table 5. Modulus of the displacements u [mm] for a stellate (B) 

mass and and stellate surrounded by stiffer tissue (CN), (a) for E2. 

(b) for PP and (c) for PA, respectively.   

(a) path-esp u  

E2 B CN ΔBCN 

NODE i 3.0 2.5 -16.6 
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(b) path-esp u  

PP B CN ΔBCN 

NODE i 7.9 4.6 -42.4 

(c) path-esp u  

PA B CN ΔBCN 

NODE i 7.9 4.6 -42.4 
 

Table 6. Modulus of the displacements u [mm] for a stellate (B) 

mass and and stellate surrounded by stiffer tissue (CN), (a) for E2. 

(b) for PP and (c) for PA, respectively.   

(a) path-nipple u  

E2 B CN ΔBCN 

 5.5 4.6 -15.3 

(b) path-nipple u  

PP B CN ΔBCN 

 14.0 9.3 -33.5 

(c) path-nipple u  

PA B CN ΔBCN 

 14.0 9.3 -33.5 

 

 

IV. CONCLUSIONS 

 

Comparison of smooth and stellate tumours shows that the 

von Mises stresses increase dramatically for the spiculated 

tumours. Moreover, this increase can be observed for 

relatively small forces, such as the gravitational load. 

However, the displacements at the right nipple as well as the 

tumour do not vary significantly, whether the tumour is 

smooth or spiculated. 

The increase of stiffer tissue volume around the tumour 

results in a decrease of the displacements of the tumour, as 

well as a difference in stresses. However, this decrease does 

not necessarily increase for “stiffer” tissue volume. 

Comparison between stellate and stellate plus stiffer tissue 

tumours shows that the increase of stiffer tissue volume 

around the tumour results in a decrease of the displacements 

of the right breast nipple, where the tumour is embedded. 

We conclude that to realistically model the breast 

biomechanical response, the material properties and the 

extent of the mammographically dense or stiffer tissue 

should be determined for each individual patient. 

Extremely important for this work, for all the analysed cases, 

both the displacements and stresses vary significantly for the 

three sets of material properties. This leads us to conclude 

that the registration of prone to supine for a random patient 

would, then, render completely different results for any of 

the three different material sets -taken from the literature- 

and none of these may even give the correct results. This 

highlights the need for patient-specific material properties 

and fits, if a purely mechanical registration is to be 

performed. 
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