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Abstract. We introduce in this work a new method of retrieving the reference 

state of the breast in a stress-free configuration and estimating at the same time 

the elasticity of the breast tissues by combining MRI and surface imaging data 

and using finite element analysis. This reference state of the breast is particularly 

useful in predicting the cosmetic outcome and the healing process of breast can-

cer surgery, and breast conserving therapy in particular. 
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1 Introduction 

Breast cancer is the most prevalent form of cancer affecting women, accounting for 

26% of cancer cases in the United States [1]. Additionally, breast cancer survival rate 

has been increasing during the past decades thanks to advances in early detections, 

mammography and general breast cancer awareness [2]. This increase in early detec-

tions and survival rate of breast cancer has resulted in the development of Breast Con-

serving Therapy (BCT) that combines localized breast cancer surgery with radiation 

and adjuvant therapy. By trying to preserve the contour of the breast, BCT improves 

the quality of life of the patient after surgery [3,4], without impacting the cancer sur-

vival rate [5,6]. The cosmetic outcome of BCT remains however less than optimal in 

many of the cases [7,8]. 

In order to predict and help improve the cosmetic outcome of BCT we have devel-

oped a multiscale model that combines a finite element analysis of the deformation of 

the soft tissues of the breast after surgery at the macroscopic scale with a biological 

model of wound healing, operating at the spatial and time scale of a cell cycle. In our 

wound healing model, we assume that the breast is in a reference state defined as the 

breast geometry free of mechanical stresses, i.e. in the absence of gravity. We assume 

in other words that the topology of the cellular matrix can be modelized with a regular 

hexagonal grid in a fixed frame of reference that is not sensitive to the effect of gravity. 

We neglect as well the residual internal stresses resulting from the inversion of the 
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gravity using finite element analysis. In this gravity-free state, the mechanical stress 

and strain present in the breast under the effect of gravity is taken into account in the 

probability of cellular division during the production of scar tissue [9,10]. 

This reference state of the breast serves as a basis to our model by defining the “un-

loaded” frame of reference where the biological model of wound healing operates to 

model the closure of the wound over time. We also use this reference state to compute 

the contour of the breast and the stress distribution under the effect of gravity in a 

“loaded” frame of reference. The scheme of Fig. 1 summarizes these two frames of 

reference and how they interconnect in our multiscale model. 

 

 

Fig. 1. Flowchart of the multiscale model of BCT, from [10]. The reference state of the breast 

(top left) is used as a basis to both define the gravity-free “unloaded” frame of reference where 

the healing model operates and to compute the effect of the gravity in the “loaded” frame of 

reference. 

We have verified the feasibility of our model with a case study of a patient presenting 

an ideal tumor configuration in the center of the breast, where the reference state of the 

breast was retrieved from pre-operative MRI imaging only [10]. However the large 

variability in the anatomy of the patients enrolled in our clinical trial has shown the 

limitation of MRI imaging as a unique data source in our reconstruction of the reference 

state of the breast. Indeed, during the MRI acquisition the breast is often compressed 

onto the MRI coils, resulting in artifacts and missing information in the MRI data 

[11,12]. We have also looked into using pre-operative surface imaging of the breast as 

input data to retrieve the reference state of the breast. However surface imaging of the 

breast fails to capture the whole breast contour when the data is acquired with the pa-

tients in a standing or sitting position. Indeed the breast is resting on the abdomen and 

the lower surface of the breast is not visible [13]. 

To account for this missing ground truth data in our model due to either i) the com-

pression of the breast on the MRI coils and ii) the hidden surface of the breast when the 

patient is standing up, we present here a method to combine the pre-operative MRI 



imaging with the 3D surface imaging of the breast in order to improve the reconstruc-

tion of the reference state of the breast. 

2 Methods 

Determining the reference state of the breast is not a new issue, and previous studies by 

Rajagopal et al. have looked at retrieving the reference state of a finite element model 

of the breast using an iterative optimization algorithm [14]. The same technique has 

been used to perform multimodal image registration between MRI and mammography 

data [15]. 

In order to retrieve the correct, patient-specific geometry and elastic modulus of the 

breast, we combine pre-operative MRI imaging of the breast with a pre-operative 3D 

surface imaging of the breast, acquired using a Microsoft Kinect device. The recon-

struction and generation of the finite element model of the breast from the MRI data is 

detailed in our previous work [9,10]. The data collected with the Kinect device is pro-

cessed using the RecFusion software in order to reconstruct a 3D surface mesh of the 

breast [16]. The Kinect surface reconstruction and the MRI data of a patient enrolled in 

our clinical trial is shown in Fig. 2; this data is then processed to isolate the 3D surface 

of the breast only. 

The method, we propose here, makes use of multimodal imaging to retrieve both the 

missing boundary conditions in the reference state of the breast reconstructed from the 

pre-operative data as well as an estimation of the elastic modulus of the breast tissues. 

We show in the results section an application of our method on a 2D and a 3D model 

of the breast of the same patient enrolled in a clinical trial currently underway at the 

Houston Methodist hospital [17]. 

 

 

Fig. 2. Kinect Surface reconstruction of the patient acquired before surgery (left). The sagittal 

plane going through the nipple is drawn over the surface mesh (solid line). MRI image of the 

same patient in the same sagittal plane, acquired in the prone position (right). 

2.1 Two-dimensional simplification 

We first consider in this study a 2D section of the breast in the sagittal plane going 

through the nipple for both the MRI and the Kinect surface data, assuming no displace-

ment of the breast in the direction orthogonal to the sagittal plane. We inverse the effect 



of the gravity on the breast model by applying a body force opposite to the one of the 

gravity, see Fig. 3, using the finite element analysis software FEBio with no displace-

ment boundary conditions on the top, bottom and back surfaces of the breast model 

[18]. As stated, we neglect here the residual internal stress in the breast after inversion 

of the gravity. We have developed on this subject an optimization algorithm to com-

pensate for the residual internal stress detailed in Thanoon et al. [19]. We use a uniform 

hyperelastic Neo-Hookean material to model the breast tissues, parameterized in FEBio 

by its Young’s modulus 𝐸 and a density 𝜈. We fix the density in this study to 𝜈 = 0.49, 

assuming the breast tissue be quasi-incompressible. 

 

 

Fig. 3. 2D mesh of the breast reconstructed from the MRI data 𝐴 (left), and result after inversion 

of the gravity 𝐴∗ (right). Axis in meters. 

Let us name 𝐴 = {𝑎𝑖} the curve defining the skin envelope of the breast, i.e. the 

breast contour, retrieved from the MRI data acquired with the patient in the prone po-

sition, with 𝑎𝑖 = {𝑥𝑖 , 𝑦𝑖}, 𝑖 ∈ [1, 𝑁]. We note 𝐴∗ = {𝑎𝑖
∗} the breast contour 𝐴 after in-

version of the effect of gravity, where 𝐴∗ is a function of the unknown Young’s modu-

lus 𝐸. Similarly, we name 𝐵 = {𝑏𝑖} the skin envelope of the breast retrieved from the 

Kinect surface data, with 𝑏𝑖 = {𝑥𝑖 , 𝑦𝑖}, 𝑖 ∈ [1, 𝑀]. 
Due to the fact that, for most patients enrolled in our clinical study, the breast of the 

patient is resting on the abdomen when the patient is standing up during the acquisition 

of the 3D surface imaging, as seen in Fig. 2, it is actually not possible to retrieve entirely 

the contour of the breast. To virtually recover this missing contour of the breast, we 

define the unknown lower extremity of the breast contour in the sagittal plane 𝑏𝐵 =
{𝑥𝐵 , 𝑦𝐵} such that the curve going through {𝑏𝑖 , 𝑏𝐵} is the contour of the entire breast. In 

practice, we define a sampling of the space of the 2D sagittal plane where 𝑏𝐵 is a priori 

located, see Fig. 4. For each possible 𝑏𝐵
𝑘, 𝑘 ∈ [1, 𝐾], where 𝐾 > 1, we define a new 

curve 𝐶𝑘 = {𝑐𝑖}, interpolation of the parametric curve {𝑏𝑖 , 𝑏𝐵
𝑘} on a regular interval of 

𝑀∗ > 𝑀  points, with 𝑐𝑖 = {𝑥𝑖 , 𝑦𝑖}, 𝑖 ∈ [1, 𝑀∗]. The curve 𝐶𝑘  is computed using the 

piecewise cubic Hermite interpolating polynomial function of MATLAB in order to 

ensure smoothness and C1 continuity. We fix 𝑀∗ = 150 data points. The upper, lower 

and back sides used for the no displacement boundary conditions are created artificially 

in MATLAB in order to close the 2D breast contour. Finally, we name 𝐶𝑘∗ = {𝑐𝑖
∗} the 

breast contour 𝐶𝑘 after inversion of the gravity on the breast model. 

 



 

Fig. 4. Skin envelope of the breast 𝐵 acquired from surface imaging (solid line, where the top of 

the breast is on the right end and the bottom on the left end) and sampling of the 2D space for the 

possible location of the 𝑘 possible lower extremum points 𝑏𝐵
𝑘 (left). This particular grid of 𝑏𝐵

𝑘 

points is chosen in order for the finite element simulation of the inversion of the gravity to con-

verge without error from the solver. Sample of a generated 2D breast contour (right). Axis in 

meters. 

In order to retrieve the unknown parameters of the model 𝐸 and 𝑏𝐵
𝑘, we minimize an 

objective function f defined as the average distance between the two breast contours in 

the absence of gravity 𝐴∗ and 𝐶𝑘∗: 

 𝑓(𝐸, 𝑘) =
1

𝑀∗
∑ ‖�̃�𝑖

∗(𝐸) − 𝑐𝑖
∗(𝐸, 𝑘)‖𝑖  (1) 

where �̃�𝑖
∗ is the interpolation of 𝑎𝑖

∗ on the regular interval defined previously for 𝑐𝑖
∗. The 

minimum (𝐸𝑚𝑖𝑛 , 𝑘𝑚𝑖𝑛) of the objective function is such that 𝐴∗(𝐸𝑚𝑖𝑛) is the estimated 

reference state of the breast in our multiscale model. We show in Fig. 5 a diagram to 

illustrate the workflow leading to the evaluation of the objective function and the opti-

mization of the parameters of our model. 

2.2 Three-dimensional formulation of the problem 

We develop a similar method on a 3D mesh of the breast composed of a number 𝑆 

sagittal slices equally spaced for both the MRI and the Kinect surfaces of the breast. 

For those two datasets, each curve of the breast contour surface is closed using top, 

bottom and back surface boundaries identical to the ones shown in Fig. 3, with no dis-

placement boundary conditions. From the resulting 3D cloud of points of the combined 

slices, we first generate a surface mesh using the Poisson surface reconstruction algo-

rithm implemented in Meshlab [20]. Finally, a 3D volumetric mesh using tetrahedral 

volume elements is generated using the Gmsh software [21]. 

Following the same methodology, we name 𝐴𝑗 = {𝑎𝑖
𝑗
} the collection of 𝑆 slices de-

fining the surface of the breast retrieved from the MRI data acquired with the patient in 

the prone position, with 𝑎𝑖
𝑗

= {𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖}, 𝑖 ∈ [1, 𝑁𝑗] and 𝑗 ∈ [1, 𝑆]. We note 𝐴𝑗
∗ = {𝑎𝑖

𝑗∗
} 

the slice 𝐴𝑗  after inversion of the effect of gravity on the 3D model of the breast. Simi-

larly, we name 𝐵𝑗 = {𝑏𝑖
𝑗
} collection of 𝑆 slices defining the surface of the breast re-

trieved from the Kinect surface data, with 𝑏𝑖 ′ = {𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖}, 𝑖 ∈ [1, 𝑀𝑗] and 𝑗 ∈ [1, 𝑆]. 



In order to reduce the number of unknown parameters in the 3D reconstruction of 

the breast surface from the Kinect data, we use the follow technique: we define the new 

unknown parameter point that 𝑏𝐵
𝑘, 𝑘 ∈ [1, 𝐾] such that 𝑏𝐵

𝑘 is the projection of 𝑏𝑀𝑠
𝑠  on 

the belly surface of the patient extracted from the Kinect data and interpolated under 

the surface of the breast, where 𝑠 is the sagittal slice going through the nipple, see Fig. 

2 (left). The degrees of freedom of 𝑏𝐵
𝑘 are then reduced to one by constraining the point 

𝑏𝐵
𝑘 to belong to the interpolated belly surface of the patient. The curve 𝐿 defined by the 

spline interpolation between the points {𝑏𝑀1
1 , 𝑏𝐵

𝑘, 𝑏𝑀𝑆
𝑆 } is the lower boundary of the 

breast, initially missing from the Kinect surface imaging. Let us note 𝑙𝑘
𝑗
 the intersection 

of the sagittal plane of the slice 𝑗 and the curve 𝐿. We define a new collection of slices 

𝐶𝑗
𝑘 = {𝑐𝑖

𝑗
}, interpolation of the parametric curve {𝑏𝑖

𝑗
, 𝑙𝑘

𝑗
} on a regular interval of 𝑀∗ 

points. Finally, the same algorithm for the evaluation of the objective function is ap-

plied; a diagram Fig. 5 summarizes the data workflow leading to the evaluation of the 

objective function 𝑓. 

 

 

Fig. 5. Data workflow leading to the construction of the objective function 𝑓. The variable de-

fined for the 3D formulation of the problem are noted between parentheses. 



3 Results 

We show here the result of our method on a 67 years old patient enrolled our clinical 

study, diagnosed with an invasive dual carcinoma on the lower inner quadrant of the 

right breast. Post-operative MRI and Kinect surface imaging were acquired at the Hou-

ston Methodist hospital. The MRI data was acquired with a voxel resolution of 

07031x0.7031x1 mm, and the Kinect surface data was acquired with an average reso-

lution of 1.2 mm. For both data sets, a 2D triangular mesh and 3D tetrahedral mesh are 

generated with an average resolution of 2 mm. 

In the 2D formulation of our problem, the objective function f defined in Eq. (1) was 

evaluated with a Young’s modulus 𝐸 ranging from 0.2 kPa to 7.5 kPa with a resolution 

of 0.1 kPa from 0.2 to 1 kPa and a resolution of 0.5 kPa from 1 to 7.5 kPa and a total 

number of 19 values; 𝑏𝐵 was chosen on a grid of 596 points on a regular grid of 5 mm 

resolution, for a total of 19*596 simulation runs. The minimum of the objective func-

tion is obtained for 𝐸𝑚𝑖𝑛 = 0.6 kPa, within the range of measured values for fat and 

glandular breast tissues in the literature [22]. We observe indeed on Fig. 2 (right) that 

the breast appears to have a large proportion of fat tissues that correlates with a lower 

Young’s modulus. 

The fitting between the breast contours reconstructed from MRI data and surface 

imaging of the breast after optimization of the objective function is shown in Fig. 6 

(left). We observe a relatively good fit for the upper, “visible” section of the breast 

contour with an error within in the order of magnitude of the mesh resolution of 2 mm. 

The less optimal fit of the lower section of the breast can be explained by the use of 

interpolation where the surface imaging of the breast initially failed to capture the breast 

contour. 

 

 

Fig. 6. Optimum fitting between the breast contour reconstructed from the MRI data (o) and the 

surface imaging of the breast (*) after minimization of the objective function 𝑓 for the 2D model 

(left) and the 3D model (right) of the breast. We limit the nodes of the 3D finite elements model 

of the breast to the region within +/- 4 cm of the sagittal plane going through the nipple to help 

the visualization and comparison with the 2D model of the breast. Axis in meters. 



We then evaluated the objective function on the 3D breast contour, with a Young’s 

modulus 𝐸 ranging from 0.5 to 2 kPa with a resolution of 0.25 kPa; we then construct 

𝑘 = 10 different 3D breast model from the Kinect data corresponding to different val-

ues of 𝑏𝐵. An illustration of a subset of those models are shown in Fig. 7. We obtain a 

global minimum of the objective function 𝑓 for 𝐸 = 0.75 kPa, comparable to the result 

obtained with the 2D formulation of the problem. 

 

 

Fig. 7. Subset of the 𝑘 = 10 3D breast model reconstruction from the Kinect surface imaging 

of the breast obtained by varying the constraining the parametric point 𝑏𝐵
𝑘, corresponding to dif-

ferent lower surface of the breast. 

4 Conclusion 

We have detailed here a method making use of non-invasive, multimodal imaging of 

the breast of BCT patients that can successfully be used to accurately estimate simulta-

neously retrieve the breast elastic modulus, a critical parameter of our multiscale model, 

as well as the missing data of the breast contour when acquired with either MRI or 

surface imaging. This technique was easily extended to a three-dimensional analysis of 

the MRI and surface imaging data acquired in our clinical study with good results. We 

also plan to compare our estimation of the elastic modulus of the breast tissues with 

elastography measurements in order to complete the validation of our model. 

The methods presented here provide a simple and non-invasive way to reconstruct a 

3D, patient-specific reference model of the breast and will help further validate our 

model of the outcome of breast conserving therapy, in order to provide clinically rele-

vant insights to both patients and surgeons. 
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