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Abstract Mammography is a specific type of breast imaging that uses low-dose
X-rays to detect cancer in early stage. During the exam, the women breast is com-
pressed between two plates until a nearly uniform breast thickness is obtained. This
technique improves image quality and reduces dose but can also be the source of
discomfort and sometimes pain for the patient. Therefore, alternative techniques
allowing reduced breast compression is of potential interest. The aim of this work is
to develop a 3D biomechanical Finite Element (FE) breast model in order to analyze
various breast compression strategies and their impact on image quality and radia-
tion dose. Large breast deformations are simulated using this FE model with ANSYS
software. A particular attention is granted to the computation of the residual stress in
the model due to gravity and boundary conditions (thorax anatomy, position of the
patient inside the MRI machine). Previously developed biomechanical breast models
use a simplified breast anatomy by modeling adipose and fibroglandular tissues only
(Rajagopal et al. in Wiley Interdiscip Rev: Syst Biol Med 2:293–304, 2010).
However, breast reconstruction surgery has proven the importance of suspensory
ligaments and breast fasciae on breast mechanics (Lockwood in Plast Reconstr Surg
103:1411–1420, 1999). We are therefore consider using a more realistic breast
anatomy by including skin, muscles, and suspensory ligaments. The breast tissues
are modeled as neo-Hookean materials. A physical correct modeling of the breast
requires the knowledge of the stress-free breast configuration. Here, this undeformed
shape (i.e., without any residual stress) is computed using the prediction–correction
iterative scheme proposed by Eiben et al. (Ann of Biomed Eng 44:154–173, 2016).
The unloading procedure uses the breast configuration in prone and supine position
in order to find a unique displacement vector field induced by gravitational forces.
The 3D breast geometry is reconstructed from MRI images that are segmented
(Yushkevich et al. in Neuroimage 31:1116–1128, 2006) to differentiate the four
main tissue types. The breast volume is discretized with a hexa-dominant FE
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meshing tool as a unique volume. Finally, the model is evaluated by comparing the
estimated breast deformations under gravity load with the experimental ones mea-
sured in three body positions: prone, supine, and oblique supine.

Introduction

Today, projection mammography is the key imaging modality for breast cancer
screening and plays an important role in diagnostics. During the exam, the women
breast is compressed between two plates until a nearly uniform breast thickness is
obtained. Breast compression improves image quality and reduces the absorbed dose
of ionizing photons. But breast compression can also be the source of discomfort and
sometimes painful for the patient during and after the exam. The discomfort per-
ceived during the exam could deter women from getting the exam. Therefore, an
alternative technique with reduced breast compression is of potential interest.

The aim of this work is to develop a biomechanical finite element (FE) breast
model allowing the investigation of alternative breast compression strategies.
Ultimately, their impact on mammography image quality and radiation dose could
be investigated using a simulation framework generating numerical breast-like
phantoms, FE mammographic breast deformation, and image acquisitions. The 3D
strain/stress cartography derived from the FE solution could be used as a first
measure of pain and discomfort.

Previously developed biomechanical breast models have used a simplified breast
anatomy by modeling adipose and fibroglandular tissues only (ANSYS®).
However, breast reconstruction surgery has proven the importance of suspensory
ligaments and breast fasciae on breast mechanics (Hipwell et al. 2016). We are
considering using a more complex breast anatomy by including breast ligaments as
well as the skin and muscles.

A physical correct modeling of the breast deformation requires the knowledge of
the stress-free breast configuration; i.e., the absence of gravity load. Here, the
stress-free shape was computed using the prediction–correction iterative scheme
(Carter et al. 2012), the unloading procedure used the breast configuration in prone
and supine position to find a unique displacement vector field induced by gravi-
tational forces. Finally, the estimated breast deformations under gravity load were
compared with the experimental ones obtained from the MR images.

Materials and Methods

Data Acquisition and Preprocessing

The biomechanical breast model is built using MR images of two women between
50 and 55 years old and with respectively small and large breasts. Both women
participated on a voluntary basis and signed an informed consent form approved by
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the ethics committee. The MRI was performed at 3T (Achieva 3.0TX, Philips, NL,
USA) at IRMaGe MRI facility (Grenoble, France). Both women were imaged in
three configurations: prone, supine, and supine tilted positions (Fig. 1).

The positions were chosen to assess the largest possible breast deformation
without any contact area between the patient and the MRI scanner bore. Before
image acquisition, ten fiducial markers were fixed on the skin surface; four on the
chest wall and six on the breast skin. The markers were used to aid preprocessing
registration of the breast volume and to validate the modeled breast deformation.

Image preprocessing starts with an image registration step. The rigid transformation
between two breast configurations was computed using the marker’s coordinates and
the chest wall position in the three images. We assumed that only the four chest-wall
markers affect the rigid transformation between breast configurations. Next, the MRI
data were classified according to three tissue types: muscle, breast, and skin (Fig. 2).
The segmented data set was then used to reconstruct the three-dimensional breast
geometry. The image preprocessing steps were performed using ITK libraries
VERSION_4.3.2 and ITK-Snap software VERSION_3.4.0 (Yushkevich et al. 2006).

Patient-Specific Finite Element Model (PSFEM)

From the segmented data, a tetrahedral finite element mesh was generated using
ANSYS meshing tool (ANSYS®). Two components were created: one representing
the breast soft tissues and its surroundings and the other representing the pectoral
muscle (Fig. 2). The contact surface between the two components was defined as a

Fig. 1 Breast configurations under gravity loads
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“no-separation” contact (the two components are bonded) with an infinite friction
coefficient (ANSYS®). As the skin is a thin layer organ (thickness of 2 mm) we
used triangular shell elements to represent it.

Finally, the new finite element mesh was subjected to a hyper-elastic quasi-static
simulation. Soft tissues were modeled as quasi-incompressible (Poisson ratio = 0.45)
neo-Hookean materials. The optimal elastic parameters were determined by mini-
mizing the error between the simulated and the experimental data, using a manual
dichotomy on the elastic modulus. The search intervals were defined for each tissue
type based on the data found in the previous studies (Hipwell et al. 2016; Krouskop
et al. 1998; Rajagopal et al. 2008). The elastic parameter of the pectoral muscle was
set to 30 kPa and the elastic parameters of breast tissues and skin were varied from 0
to 30 kPa and from 5 to 80 kPa respectively.

Stress-Free Geometry Estimation

In this work, the stress-free geometry was computed using a prediction–correction
iterative scheme. The algorithm first proposed by Carter et al. (2012) was improved
and adapted to our problem.

First, we assumed zero internal stress for the breast supine configuration gen-
erated from MR images (Fig. 3a Geometry of measured supine configuration).
Then, the gravity load was applied in the reverse direction to give a first estimation
of initial stress-free state (Fig. 3b Geometry of estimated stress-free configuration).
Next, the gravity load was applied to the stress-free geometry to estimate the breast
geometry in prone configuration (Fig. 3c). At this step, we defined a group of
nodes (active nodes) which were used to compute the difference between the nodes
position in estimated and measured prone configuration. The nodes were selected
at the external surface of the breast. This active node difference was then applied
to the stress-free geometry. The process was repeated until convergence was
achieved.

Fig. 2 aMRI data for supine position, b segmented data and c corresponding finite element mesh
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Fig. 3 Prediction–correction iterative scheme for stress-free geometry estimation. GM measured
breast geometry; GE estimated breast geometry, Δ difference between estimated and measured
geometries; k regularization factor

Fig. 4 Comparison of simulated configurations with the measured ones
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Results

The breast stress-free geometry was estimated for each pair of elastic parameters
defined from the search intervals. After the stress-free geometry estimation, the
prone and supine breast positions were computed to evaluate the model. The best
fitting of real data in both positions is obtained using an elastic parameter equal to
0.3 kPa for breast tissue and equal to 10 kPa for skin (see Fig. 4). The manual
adjustment of elastic parameters conducted to breast tissues is softer than most
values found in the literature.

Discussion

The results derived from the manual adjustment of tissues elasticity revealed that
our breast model is highly sensitive on the value of elastic parameters. Therefore, a
good estimation of the breast mechanics requires a precise estimation of tissues
elasticity for each individual volunteer. We should note, however, that our results
are only consistent with models developed and validated with data using MR
images. Most of published papers on breast tissue elasticity propose very high
values for fat, glandular and skin elastic parameters (Rajagopal et al. 2008). The
large difference may come from the inter-women variability of breast elastic
properties but also by a wide range of mathematical models and experimental
methods.

Knowing that we need a proper estimation of the elastic properties for each
volunteer, we will develop an automatic optimization procedure replacing the
manual one described here. An automatic optimization should allow a more
accurate estimation of elastic parameters. One of the major difficulties of automatic
optimizations is the accumulation of finite elements simulations on the same mesh.
As a hyper-elastic model with large deformations is used, the finite element mesh
can be distorted after each simulation. Therefore, the optimization process can be
stopped due to the poor-quality elements without achieving the convergence.

As a future work, we intend to consider the breast heterogeneity in our model.
More specifically, it is necessary to differentiate the glandular tissues and adipose
tissues, as well as to introduce the Cooper’s ligaments and facias. Our biome-
chanical model will be then validated using the third breast configuration (supine
tilted Fig. 1) and will be used to simulate artificial tomographic images.

Acknowledgements This research project is financially supported by ANRT, CIFRE Convention
no. 2014/1357. We are thanking the IRMaGe MRI facility (Grenoble, France) for their partici-
pation in image data acquisition.

34 A. Mîra et al.



References

Bolt Automatic Hex Meshing, Computational Simulation Software. http://www.csimsoft.com/
boltoverview.jsp

Carter T, et al (2012) Application of biomechanical modelling to image-guided breast surgery. In:
Soft tissue biomechanical modeling for computer assisted surgery. Springer, Berlin, pp 71–94

Eiben B, Vavourakis V, Hipwell JH, Kabus S, Buelow T, Lorenz C, Hawkes DJ (2016) Symmetric
biomechanically guided prone-to-supine breast image registration. Ann of Biomed Eng 44
(1):154–173

Hipwell JH et al (2016) A review of biomechanically informed breast image registration. Phys
Med Biol 61(2):R1

Krouskop TA et al (1998) Elastic moduli of breast and prostate tissues under compression.
Ultrason Imaging 20(4):260–274

Lockwood T (1999) Reduction mammaplasty and mastopexy with superficial fascial system
suspension. Plast Reconstr Surg 103(5):1411–1420

Rajagopal V et al (2008) Creating individual-specific biomechanical models of the breast for
medical image analysis. Acad Radiol 15(11):1425–1436

Rajagopal V, Nielsen PM, Nash MP (2010) Modeling breast biomechanics for multi‐modal image
analysis—successes and challenges. Wiley Interdiscip Rev: Syst Biol Med 2(3):293–304

ANSYS® Academic Research, Release 16.2, Help System, ANSYS Mechanical APDL Contact
Technology Guide, ANSYS, Inc

ANSYS® Academic Research, Release 16.2, Help System, ANSYS Meshing, ANSYS, Inc
Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, James Gee C, Gerig G (2006) User-guided

3D active contour segmentation of anatomical structures: significantly improved efficiency and
reliability. Neuroimage 31(3):1116–1128

Breast Biomechanical Modeling for Compression Optimization … 35

http://www.csimsoft.com/boltoverview.jsp
http://www.csimsoft.com/boltoverview.jsp

	4 Breast Biomechanical Modeling for Compression Optimization in Digital Breast Tomosynthesis
	Abstract
	Introduction
	Materials and Methods
	Data Acquisition and Preprocessing
	Patient-Specific Finite Element Model (PSFEM)
	Stress-Free Geometry Estimation

	Results
	Discussion
	Acknowledgements
	References


