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Abstract

Breast cancer is the most common type of cancer affecting women throughout the

world and the second most common type of cancer in the United States. Significant

progress have been made in the last decades in terms of early detection of breast

cancer and breast cancer care, improving effectively its survival rate. As a conse-

quence of the increased number of early detections, recent advances in breast cancer

care and in particular breast conserving therapy have been made possible in order

to minimize the impact of the surgery on the quality of life of patient. However, in

the case of breast cancer, the outcome of the surgery, i.e. the contour of the breast,

remains potentially non-satisfactory to some patients.

The goal of the work presented in this dissertation is to provide a computational

framework to model the effects of the breast conserving therapy on the breast. This

computational tool aims to facilitate the dialogue between the surgeon and the pa-

tient by providing a vizualization of the breast contour following surgery, and specif-

ically to the anatomy and pathology of the patient. We developed a patient-specific,

multiscale model, taking into account the anatomy of the breast of the patient, the

mechanics of the breast tissues, and the biology of the wound healing following the

surgery. We particularly focus in this work on an agile and modular development of

this model. We provide a class of biological models of wound healing, with uses rang-

ing from a theoretical model aiming to help understand the dynamic of the healing

of breast cancer surgery wounds, to a computationally efficient model well adapted

for clinical use.

In addition, we develop in this dissertation a clinical protocol designed for the
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validation of this multiscale model on patient data, and we present the results of

a first case study with a patient undergoing breast conserving therapy. We show

promising first results in the validation of some of the critical parameters of the model

developed in this dissertation, and aim to define a new computational framework

relevant in a clinical context.
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Chapter 1

Introduction

Breast cancer is today the most common type of cancer affecting women throughout

the world [51]. In the United States, it is estimated that one woman out of eight will

be exposed to breast cancer during her lifetime [79]. Public awareness campaigns

and the widespread of mammography screening, as well as effective uses of radiation,

hormonal, and chemotherapy treatments, has helped to increase early detection of

breast cancer [11, 107].

For most women with early stage breast cancer, surgical removal of the entire

breast (mastectomy) is not required. Instead, up to 70% of women can be effectively

and safely treated by breast conserving therapy (BCT), consisting in a localized

surgical removal of the tumor (lumpectomy) followed by radiation therapy of the

remaining breast tissues [44, 28]. The aims of BCT are to achieve local control

of the cancer as well as to preserve the contour of the breast in order to satisfy
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the emotional and physical needs of the patient. As BCT reaches, overall, similar

survival rates than mastectomy in patients diagnosed with non-metastatic breast

cancer, its offers significant advantages for the 70% of patients who are candidates

for this procedure. Indeed, in the specific case of breast cancer, the physiological and

psychological traumas can be important for the patient [2, 136]

There are currently no tools, other than surgical experience and judgment, that

can optimize the outcome of the surgery or predict the impact of BCT on the treated

breast. Furthermore, it is estimated that the final contour of the breast is sub-optimal

in approximately 30% of the patients [29, 134]. The goal of this dissertation is to

provide a comprehensive and patient-specific model of the breast conserving therapy

that can be used in a clinical context to facilitate the dialogue between the surgeon

and the patient in order to reach a satisfactory decision based on the options available

to the surgeon.

1.1 Dissertation Outline and Contributions

The work presented in this dissertation encompasses (i) the development of a patient-

specific, multiscale model of BCT, and (ii) the establishment of a clinical trial in order

to provide a first validation of this model with clinical data.

The objective of BCT modeling is to provide the mathematical and computational

tools needed to provide a better understanding of the mechanisms of wound healing

and tissues mechanics involved after breast cancer surgery. We base this tool on a
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number of hypothesis to build a realistic model of BCT that aims to be clinically

relevant, i.e. beyond the scope of its theoretical study. For this purpose we use a

multi-disciplinary, agile approach in order to provide:

(i) A bio-mechanical modeling of the breast tissues after surgery and its interaction

with wound healing,

(ii) A mathematical modeling of the long-term dynamics of the wound healing

process in the breast tissues,

(iii) A high-performance computational solution to deliver accurate results within

a reasonable time frame for the surgeon.

By following the philosophy of agile software development, we insure the adaptability

and modularity of our model to patient and therapy-specific constrains, as well as to

the development of additional bio-mechanical and mathematical models.

This dissertation is divided into four major parts, each dedicated to a particu-

lar area of research. We provide here a detail of the content of each parts of this

dissertation along with a brief overview of each chapter.

Part I — Motivations and Background

Part I of this dissertation gives an introduction and a scientific background to the

work detailed in the rest of this dissertation.
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Chapter 2 provides a general medical and biological background of BCT and more

generally breast cancer surgery, and its impact on the quality of life of the patient.

This chapter focuses in particular on the biology of wound healing.

Part II — Multiscale Modeling of Breast Conserving Therapy

Part II of this dissertation provides the theoretical framework that is the main subject

of this dissertation.

Chapter 3 details the hypothesis on which this work is based, and provides a liter-

ature review on the modeling of breast tissue mechanics and the existing computa-

tional models of wound healing.

Chapter 4 defines the notion of a virtual model of the breast. We detail here how

a three-dimensional reconstruction of the breast is performed, starting from DICOM

data. This chapter introduces as well the finite element methods used to model tissue

mechanics of the breast.

Chapter 5 describes an original model of wound healing. This model takes into

account various biological processes such as angiogenesis and fibrosis, and takes into

account the mechanical stress present in the breast tissues.

Chapter 6 summarizes the findings resulting from the theoretical development of

this new multiscale model. We will explore in this chapter the dynamic of this

mechano-biological model based on qualitative simulations.
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Part III — Parallel Implementation and Clinical Validation

Part III of this dissertation introduces a computationally efficient implementation

of a subclass of our theoretical model of wound healing. We introduce as well the

clinical protocol developed for its validation and the case study of a patient going

through breast conserving therapy.

Chapter 7 introduces a parallel agent-based implementation of the wound healing

model developed in Chapter 5 and designed for a fast and scalable clinical application.

Chapter 8 details the clinical protocol developed in order to calibrate and validate

our model, as well as the first results obtained from the case study of a single patient

in a long-term follow-up after surgery.

Part IV — Conclusions

Chapter 9 provides a summary of the work developed in this dissertation. In this

chapter we will also give an overview of the potential developments of such a model

in this context of its clinical application.
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Chapter 2

Background

This chapter introduce the theoretical background necessary to understand the chal-

lenges brought by BCT and the modeling of wound healing. In particular, we will

start in Sections 2.1 and 2.2 by giving a basic overview of the anatomy of the woman’s

breast and breast cancer. Section 2.3 defines the protocol followed before and during

BCT as well as its impact on the quality of life of the patient. In Section 2.4 we

will detail the biology of the wound healing in soft tissues. We will provide as well

a literature review on the influence of mechanical stress on the wound healing.

2.1 Anatomy of the Breast

We provide in this section an anatomical description of the breast at a macroscopic

level. We will first define the boundaries of the breast as an organ and will then
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discuss its functional anatomy.

2.1.1 Topographical Anatomy of the Breast

While the breast is an organ present in both males and females, it only develops into

a functional organ in the pubescent women. In the pubescent woman, the breast

is an apocrine gland, a highly differentiated sweat gland. It purpose is to provide

lactation during the postpartum period.

From an anatomical point of view, the breast is an external organ of circular

shape covering the chest wall [98]. In the woman, the breast extends vertically from

the 2nd to the 6th or 7th ribs of the thoracic cage and is separated from the thoracic

cage by the pectoralis major muscle, also referred to as the thoracic wall [113]. The

breast rests on the fascia pectoralis, or pectoral fascia, a thin layer of tissue covering

the pectoral fascia. The breast extends horizontally from close to the sternum up to

the mid-axillary line. In addition, both breasts present an extension of breast tissues

into the axilla and known as the axiallary tail [66]. We can distinguish four types of

tissues in the breast, namely:

• Adipose (or fat) tissue,

• Glandular tissue,

• Fibrous (or connective) tissue,

• Skin (or cutaneous) tissue.
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Figure 2.1: Anatomy of breast and cross section in the sagittal plane (Taken from
[79]).

Adipose and glandular tissues are soft tissues and comprise the bulk of the breast

tissues. The proportion of adipose and glandular tissue in the breast is highly variable

between women, with a proportion of adipose tissue varying from 7% to 56%, and

with no correlation to the age or body mass index [133].

The breast is a highly vascularized organ; it contains blood vessels as well as

lymphatic vessels. Lymphatic vessels in particular are connected to lymph nodes that

are present in clusters in the axilla, above the clavicle, and in the chest. Lymph nodes

are part of the lymphatic system and present a high concentration of lymphocytes and

macrophages. Lymphatic vessels are lined by endothelial cells and play an important

role in the development of breast cancer.
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2.1.2 Functional Anatomy of the Breast

The glandular tissue includes both lobules and ducts. We consider in this work

mature and non-lactating breasts where the mammary glands are inactive. The

lobules, or terminal ductal lobular units (TDLU), are the functional units of the

breast. Those secretory glands are activated during lactation and are not present

in the breast of the men. Each lobule has a diameter of 1 to 2mm and consists

of a compound tubulo-acinar, i.e. a combination of acinar glands secreting milk

during lactation and intralobular ducts connecting the glands to the terminal duct,

or interlobular ducts. The terminal ducts of each lobule connect into lactiferous

ducts, forming a network that converges towards the nipple-areola complex. The

typical female breast counts 15 to 20 main lactiferous ducts [8], with an average

diameter of 2.0mm for both lactating and non-lactating women at level of the lobes

[90]. The lactiferous ducts connect to the nipple-areola complex through an open

orifice with a diameter of 0.4 to 0.7mm. They constitute, with the lobules, the

parenchyma of the breast, which extends for the most part within a radius of 30mm

around the base of the nipple-areola complex [90].

The lactiferous ducts are lined by pseudostratified columnar epithelial cells, ex-

cept at the level of the nipple-areola complex where they are lined by two layers of of

cuboildal epithelial cells. Inside the lobules, the intralobular and interlobular ducts

are lined by an inner layer of cuboidal or columnar epithelial cells and an outer layer

of myoepithelial cells. Those two layers are supported by a basal membrane, attached

to the connective tissue of the breast stroma. The acinar glands of the lobules, or

10



acini, are composed of spherical clusters of cuboidal or columnal epithelial cells rest-

ing on myoepithelial cells and supported by a basal membrane; they are considered

as extensions of the terminal ducts and often not distinguished in the non-lactating

breast.

Finally, the nipple-areola complex is found on the skin envelope just below the

center of the breast and connect each lactiferous ducts to the surface of the skin.

In the mature breast, the glandular tissue of the breast has a conical or pyramidal

shape radiating from the base of the nipple-areola complex, as a result of the lobular

architecture of the parenchyma. We refer in this work to the breast parenchyma as

glandular tissue, with no further distinction between the lobules and the ducts.

The breast stroma includes, in addition to the adipose tissue, fibrous tissue.

The fibrous tissue of the breast is a connective tissue mainly composed of extra-

cellular matrix (ECM) and fibroblasts [63]. The intralobular connective tissue forms

a fibrotic stroma that surrounds and separates the different terminal ductal lobular

units in the breast parenchyma, resulting in a framework maintaining the structural

integrity of the breast. It is composed mostly of fibroblasts and lymphocytes cells and

is highly vascularized. The interlobular, or perilobular, connective tissue surrounds

the lactiferous ducts. It is more dense and contains collagen and adipose tissue as it

is surrounded by the breast adipose tissue. The fibrous tissue is also connected to

the skin envelope to the pectoral fascia, creating a fibrocollagenous septa supporting

the breast parenchyma and allowing the breast to maintain its morphology and

external appearance. Some literature mentions the existence of a network of thick
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Figure 2.2: Schematic anatomy of the breast parenchyma and cross-section of lobules
(Taken from [4]).

fiber referred to as “Cooper’s ligaments”; however their existence and role is contested

and thus will not be dissociated from the breast septa in this work [74, 66].
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Figure 2.3: Histology of the breast showing the lactiferous ducts within the connec-
tive and adipose tissues (Taken from [53]).

2.2 Types of Breast Cancer

There exist several types of breast tumors; we will focus in this section on cancerous

tumors and their classifications while ignoring breast tumors such as fibroadenomas

or intraductal papillomas, considered non-malignant and non-cancerous.

2.2.1 The Breast Cancer in Women

In the breast, cancerous tumors are designated as carcinoma or adenocarcinoma as

they arise in a large majority from the epithelial cells of either the ducts or the

lobules of the glandular tissue [40].
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Breast cancer is commonly diagnosed as either ductal carcinoma when it origi-

nates from the lactiferous ducts, or lobular carcinoma when it originates from the

lobules.

Each of those type of breast cancer can be further diagnosed as either:

• Invasive, where the tumor has grown outside of boundaries of the duct or lobule,

• In situ, where the tumor is confined inside the duct of lobule from which it

originated.

Based on this definition, breast cancer can be classified as one of the four possible

following combination:

• DCIS, Ductal Carcinoma In Situ, is a non-invasive cancer where the cancerous

cells are localized in the epithelial cell layer lining the ducts, within the basal

membrane. DCIS represent 20% of the diagnosed breast cancers, and while not

life-threatening, it is considered to be a precursor to Invasive Ductal Carcinoma.

• LCIS, Lobular Carcinoma In Situ, is a non-invasive cancer where the cancerous

cells are localized within the epithelial cell of the lobules. It is a benign form

of tumor and is often classified as a non-cancer.

• IDC, Invasive Ductal Carcinoma, is the most common of breast cancers. It

occurs when a Ductal Carcinoma In Situ breaks through the basal membrane

and invades the surrounding tissues. IDC can metastasize and invade other
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organs in the body through the lymphatic network. About 80% of invasive

breast cancer are diagnosed as IDC.

• ILC, Invasive Lobular Carcinoma, is the second most common of breast can-

cers, accounting for about 15% of the diagnosed invasive breast cancers. Like

IDC, it results from the alteration of the basal membrane by the tumor and

can invade other tissues in the body. It is however less prone to form a lump

and thus to be detected, and is a more challenging form of cancer to be treated

with breast conserving therapy.

While in situ carcinomas are considered as non- or pre-cancers, invasive carci-

noma represent 37% of diagnosed breast cancer. About 15% of diagnosed invasive

breast cancers are ILC [16], with an increasing trend in the recent years [67]. In ad-

dition, in about 30% of the cases of invasive breast cancers, cancer cells metastasize

and cancerous epithelial cells are found in the lymph nodes. The development of

metastasis is a direct function of the tumor size and location, as well as the anatomi-

cal distribution of the lymph nodes and lympthatic vessels in the body. The regional

lymph nodes in the breast include the axilliary, supraclavicular and internal mam-

mary nodes from which the cancer can metastasize to the bones, lungs, liver, or

brain.
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2.2.2 Classifications of Breast Cancer

In order to classify breast cancers and target more accurately the type of surgery

and care that must be provided to the patient, the advancement of breast cancer can

be separated into five distinct stages:

• Stage 0 designs the occurrence of an in situ carcinoma, either DCIS or LCIS.

It represents the stage at which the tumor is non-invasive, however it is not

necessarily followed by a progression into any of the following phase.

• Stage I designs the occurrence of either an invasive carcinoma in the breast

where the tumor is of size 2mm or smaller and has not spread outside of the

breast (Stage IA) or where the tumor is of size 2mm or smaller and along with

presence of cancer cells in the lymph nodes not larger than 2mm (Stage IB).

• Stage II designs the occurrence of either an invasive carcinoma in the breast

where the tumor is larger than 2mm but smaller than 5mm and has not spread

outside of the breast; or where the tumor is smaller than 2mm and cancer cells

are found in the lymph nodes (Stage IIA); or where the tumor is larger than

2mm but smaller than 5mm and has spread outside of the breast; or where

the tumor is larger than 5mm and has not spread outside of the breast (Stage

IIB).

• Stage III designs the occurrence of either an invasive carcinoma in the breast

where the tumor can be of any size in the breast and where cancer cells are

16



found in the lymph nodes (Stage IIIA); or where the tumor can be of any size

in the breast and has spread to the chest wall and/or to the skin and where

cancer cells are found in up to 9 lymph nodes (Stage IIIB); or where the tumor

can be of any size in the breast, may have spread to the chest wall and/or to

the skin and has spread to 10 or more lymph nodes (Stage IIIC).

• Stage IV designs the occurrence of an invasive carcinoma that has spread to

other tissues or organ in the body. This phase is also called metastatic breast

cancer.

2.3 Breast Cancer Care and Quality of Life

In this section we will focus on the different approaches for breast cancer surgery and

pre-surgery screening, as well as its influence on the recent development of breast

conserving therapy. We will then discuss in detail the modalities of breast conserving

therapy and other adjuvant therapies.

2.3.1 Breast Cancer Screening

Metastatic breast cancer (stage IV breast cancer) is the most advanced form of breast

cancer and accounts for 5% to 6% of breast cancers diagnosed in the United States

and the European Union. It has a survival rate of 15% to 21% after 5 years [124, 22].

In the the case of stage III or stage II breast cancers, the survival rates increases
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to 72% and 93%, respectively. For early detection of stage I and stage 0 breast

cancers, the survival rate is of 98% in the United States [4]. In order to improve

the diagnosis of early breast cancer before the development of distant metastasis and

thus metastatic breast cancer, screening of the breast through radiographic imaging

has been increasingly used and recommended [57]. Breast cancer screening has been

shown to have helped increase breast cancer survival rates of 30% for woman of ages

40 to 79 [120].

The American Cancer Society recommends yearly screening and clinical breast

examination for women after the age of 40 as well as clinical breast examinations

every 3 years for women between the ages of 20 and 40 [114]. A mammography, or

screening mammogram, consists into a radiography of both breasts of the patient

using low-energy X-rays in order to detect the presence of a lump, characteristic of

invasive breast tumors. The breast is compressed in its transverse plane in order to

achieve a uniform breast thickness between the nipple-areola complex and the chest

wall, and to reduce scattering of X-rays. This technique allows as well an overlapping

of the breast anatomy, providing a more accurate detection of potential lumps on

the mammogram. The sensitivity to mammography has been found to be of 78% for

women in the US, i.e. a rate of false negative of 22%, with an increased sensitivity

of 83% for women over the age of 49 [65].

A patient can be categorized with a higher risk of breast cancer based on mam-

mography examinations as well as various statistical models taking into account the

genotype of the patient. In particular, the genes BRCA1 and BRCA2 have been
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identified as potential sources of breast cancer [76, 144] and are found in 5% to 10%

of women with breast cancer [14]. In this case, ultrasound and magnetic resonance

imagery (MRI) examinations are recommended during the screening process and in

addition to mammography examinations.

After detection of a lump with a highly significant or proven malignancy during

screening tests, the patient will undergo biopsy to confirm the presence of cancerous

cells. A biopsy is a surgical operation consisting in the removal of part or the

entire lump of tissues inside the breast in order to proceed to its examination by a

pathologist. Alternatively, a core or fine-needle aspiration biopsy can be performed

where only a small amount of cells is removed through a needle. Multiple tests can

be performed by the pathologist in order to classify the stage of the tumor, such

as the tumor estrogen and progesterone receptor status (ER and PR tests) or the

overexpression of human epidermal growth factor receptor 2 (HER2/neu test). The

pathologist will also measure the mitotic rate or check for the presence of proliferation

markers such as the Ki-67 proliferative index in order to classify the stage of the

tumor and its dynamic, and to better advise the surgeon.

2.3.2 Breast Cancer Surgery

After diagnosis of non-metastatic breast cancer, two surgical procedures are typically

available to the surgeon in order to remove the breast tumor: either mastectomy

(whole breast surgery) or lumpectomy (localized surgery). The choice between either

surgeries depends on the judgment of the surgeon who will perform the operation
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and is based on the tumor stage assigned by the surgical pathologist, along with a

discussion with the patient. This choice is made with the primary goal of selecting

the treatment that would minimize breast cancer recurrence.

• Mastectomy is the surgical removal of the entire breast. During mastectomy,

the entire breast tissues, i.e. the breast stroma and parenchyma, are removed.

In the case of total mastectomy the skin and nipple-areola complex are also

removed, while the pectoralis major muscle and axillary lymph nodes are pre-

served. In order to facilitate a potential reconstructive surgery of the breast,

the patient can choose to undergo a skin-sparing mastectomy where the skin

of breast is preserved; however the nipple-areola complex is removed. Radical

mastectomy removes, in addition to the tissues removed with total mastectomy,

the axillary lymph nodes and pectoralis major muscle. Modified radical mas-

tectomy is now prefered over radical mastectomy as it preserves the pectoralis

major muscle. In the case of total mastectomy, the remaining pectoralis major

muscle and axillary lymph nodes can be treated by radiation therapy to avoid

radical mastectomy.

• Lumpectomy, or partial mastectomy, is a breast-conserving, localized surgery

in which only part of the breast is removed. During lumpectomy, the lump of

the breast tumor is removed along with a surrounding width of non-cancerous

breast tissue referred to as a “negative margin”. The negative margin used in

the breast cancer lumpectomy surgery improves local control by decreasing the

rate of local recurrence [81]. The negative margin consist of a rim of healthy
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tissue typically of at least 2mm width. Quadrantectomy is an extension of

lumpectomy where the entire quadrant of the breast that containing the tumor

is surgically removed. In both cases, the surgery is often followed by radiation

therapy in order to minimize the risks of cancer recurrence.

Figure 2.4: Schematic representation of various breast cancer surgeries (Taken from
[4]).

Total or (modified) radical mastectomy are the preferred surgeries in the case

of a metastatic or advanced case of breast cancer (stage IV breast cancer), but can

also be chosen by a patient diagnosed with an early case of breast cancer for various

reasons. This includes stages IIIB, IIIC, and stage IV breast cancers. Mastectomy is

also recommended in the case of multiple cancers in the same breast or if the patient

previously went through radiation therapy. A mastectomy can also be recommended

21



Stage
In Situ (63%) Invasive (37%)

DCIS LCIS (benign) IDC (85%) ILC (15%)

0 BCT – – –

I – – BCT BCT

II – – BCT, mastectomy BCT, mastectomy

III – – BCT, mastectomy BCT, mastectomy

IV – – mastectomy mastectomy

Table 2.1: Simplified classification of the stages of breast cancers, and their preferred
types of surgery.

after lumpectomy in the case where the breast tissues removed along with the can-

cerous lump is found to contain cancerous cells, and a clear negative margin cannot

be established by the surgeon.

When breast cancer is detected early, lumpectomy can be considered over mas-

tectomy and has been shown to provide, with additional local radiation therapy,

similar survival rates [44, 70]. This includes stages I, II, and stage IIIA breast can-

cers. Local therapy for breast cancer treatment typically involves radiation therapy

following surgery. This combination of lumpectomy surgery and radiation therapy is

more commonly referred to as breast conserving therapy (BCT). We summarize in

Table 2.1 the different stages of breast cancer and the associated surgeries.
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2.3.3 Breast Conserving Therapy and Adjuvant Therapies

Breast Conserving Therapy is a specific type of local therapy of breast cancer where

the lumpectomy surgery is followed by radiation therapy as an adjuvant therapy.

Radiation therapy has been shown to help reduce the risk of local cancer recurrence

by 19% after 5 years and 5.4% after 15 years, compared to breast-conserving surgery

alone [28].

Radiation therapy consists of the delivery of high-energy X-rays or gamma-rays

towards the operated breast in order to induce the death of potential remaining

cancerous cells. X-rays and gamma-rays are ionizing radiations altering the DNA of

cells and thus lead to either radiation-induced apoptosis, death of the cell after cell

division, or mitotic cell death [35, 94]. It has been shown that the DNA damage

response (DDR) pathway differs between cancerous and non-cancerous cells, where

most cancerous cells lacks or present an inhibited DDR [60]. In particular, the genes

BRCA1 or BRCA2 have been shown to inhibit the DDR of cancer cells [42]. This

justifies the use of radiation therapy in order to target cancerous cells.

Radiotherapy is generally administered as external beam radiation therapy (EBRT)

where the entire operated breast is irradiated with a total dose of 45 to 50Gy (grays,

or m2 · s−2) administered in doses of 1.8 to 2Gy, 5 days per week over a period of 3 to

6 weeks. Finally a boost of 10 to 16Gy can be administered to the tumor bed in or-

der to further reduce the risk of cancer recurrence [93]. A novel alternative to EBRT

is internal radiation therapy, or brachytherapy. During brachytherapy, the patient
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is exposed to a single dose of radiation deposited within the site of the lumpectomy

wound [140, 83]. Radiation therapy, along with the use of a negative margin, helps

improving the local control on the site of the lumpectomy in order to minimize the

risk of cancer recurrence.

In addition to the radiation therapy, other systemics therapies such as chemoter-

apy, hormone therapy or targeted therapy can be considered and adapted to each

patient, if necessary. Chemotherapy in particular is recommended in the case of

estrogen receptor positive (ER+) tumors, more prone to metastasis dormancy [64].

Neo-adjuvant therapies can also we be an option for the surgeon in order to control

or reduce the size of the tumor prior to the surgery by using either radiation therapy

or chemotherapy.

The outcome of breast cancer surgery and BCT in particular affect both the

breast contour and the quality of life of the patient, and are difficult to quantify and

predict. There exists, however, a direct correlation between the outcome of BCT and

the psychological status, or quality of life, of the patient [2]. While the contour of the

breast following mastectomy is easily predictable, the outcome of BCT is subject to

a greater variety of direct and indirect factors [123, 20]. Breast conserving therapy

can induce asymmetry, distortion of nipple-areola complex, deformities of the shape

of the breast, change of volume and change in the tissue stiffness in the breast. The

final contour of the treated breast has been found to be sub-optimal in about 30%

of the patients [29, 134].
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2.4 Biology of Wound Healing

While the lumpectomy surgery is a localized and minimally invasive surgery com-

pared to traditional mastectomy, it remains an operation resulting in an acute wound

in the breast tissues. In addition, it necessitates several months of healing during

which the patient is subject to various adjuvant therapies, such as radiation therapy.

We will provide in this section the basic knowledge required to understand the

biology of wound healing. We will explain as well the influence of adjuvant therapies

and in particular radiation therapy as well as the influence of mechanical stress and

strain on the biological processes of wound healing.

2.4.1 Biological Mechanisms of Wound Healing

Wounds are generally categorized as either chronic wounds or acute wounds. We will

focus here on the healing of acute wound, as they are typically the result of surgical

operations, i.e. incisional wounds, and heal over a finite period of time. Chronic

wounds, on the contrary, are either a side-effect of pathologies such as diabetes, or

are the result of non-healing surgical acute wounds.

In the case of acute wounds, the healing process can be separated into three

successive and overlapping phases that are:

i) Hemostasis and inflammation,

ii) Cells proliferation and migration,
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iii) Wound contraction and tissue remodeling.

There exist a wide variety of acute wounds depending on the nature of the tissues

affected, however the biological healing response remains the same and follows the

same three phases at different time scales [77]. An illustration of the timeline of the

biological processes involved during the wound healing is shown in Figure 2.5.

Figure 2.5: Timescale of the different phases of wound healing (Taken from [68]).

• First phase of healing Homeostasis and inflammation of the wound are the

two immediate phenomenon that follow the injury of the tissue. Homeostasis
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occurs after vascular injury in the tissue when the platelets found in the blood

enter in contact with the collagen of the wound. It involves vasoconstriction,

platelets aggregation, and fibrin deposition in the blood vessels. This cascade of

event, catalyzed by thrombin, results in the clotting of blood vessels (vascular

thrombosis) and allows to stop the bleeding inside the tissues to avoid contam-

ination from and to the site of the wound. Thrombin is also responsible for

the extravascular migration of leukocytes that follows homeostasis by increas-

ing the vascular permeability, at the origin of the wound inflammation. The

extravascular migration of leukocytes is also facilitated by the vasodilatation

that follows the vasoconstriction, active only during the first 5 to 10 minutes

after the injury.

During the inflammation, mature monocytes (inflammatory cells of the immune

system) differentiate into macrophages after migrating into the extravascular

space. Macrophages eliminate bacteria and damaged cellular matrix present on

the site of the wound. Side effects of the inflammatory phase include feelings

of heat and pain. The vasodilatation induces the development of gaps between

the endothelials cells that are lining the blood vessels, allowing the draining of

blood plasma and other fluids such as lymph fluid into the tissues. Seroma is

found to develop in 9.2% of the patient after lumpectomy surgery [50]. This

localized accumulation of fluid can be at the origin of a swelling of the wound,

inducing further pain for the patient due to the swelling of the wound area [77].

Leukocytes and macrophages are present during the first week of healing and
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define the inflammatory phase. Macrophages are also at the origin of the pro-

duction of several cytokines that play a role in the following phases of healing.

In particular, the Transforming Growth Factor-β (TGF-β), Platelet-Derived

Growth Factor (PDGF) and Vascular Endothelial Growth Factor (VEGF) are

produced by macrophages, as well as fibroblasts and endothelial cells [9, 117,

43, 45, 116].

• Second phase of healing The TGF-β and the PDGF are the two main growth

factors involved in the production and migrations of fibroblasts and collagen

in the second phase of healing. Fibroblasts are naturally present in the tissues

and proliferate starting from the second week of healing. The TGF-β indi-

rectly stimulates the mitogenesis of fibroblasts by allowing the macrophages to

secrete the Fibroblast Growth Factor (FGF). It also modulates the production

of collagen and collagenase enzymes by the fibroblasts. In addition, the PDGF

directly induces the mitogenesis of fibroblasts. This cytokine signaling path is

part of what is referred to as the “healing cascade”.

The accumulation of macrophages in the wound along with the disrupted vas-

cularization resulting from the injury induces hypoxia. Under hypoxia, the

macrophages produces a new cytokine, the Vascular Endothelial Growth Fac-

tor (VEGF). The production of VEGF is stimulated by the Hypoxia-Inducible

Factors (HIFs), produced by the vascular endothelial cells under hypoxia. The

HIFs are transcription factors binding to the DNA of macrophages under hy-

poxia and allowing the production of VEGF.
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The VEGF is a major contributor to the angiogenesis in the wound. During

angiogenesis, the development of new endothelial cells from the blood vessels

found at the periphery of the wound is stimulated by the VEGF. The migration

of new endothelial cells through the collagen network allows the sprouting of

new capillaries into the site of the wound. This allows the neovascularization

of the wound and results in an increase of the oxygen tension. When the

oxygen tension has increased to a normal level, the macrophages return to

their non-hypoxic state, leading to a decrease in the production of VEGF. The

restoration of oxygen tension facilitates in return the further proliferation of

fibroblasts [92].

Growth factors also participate in the chemotaxis, i.e. the migration of cells

driven by a gradient of cytokines. The PDGF is involved in the chemotaxis of

macrophages and fibroblasts, and the TGF-β is involved in the chemotaxis of

fibroblasts. Collagen and fibroblasts make for the bulk of scar tissue produced

in the site of the wound during the second phase of healing. This proliferative

phase lasts 2 to 4 weeks following the first phase of healing.

• Third phase of healing During the third and last phase of the wound heal-

ing, the rate of the collagen production by the fibroblasts is reduced and the

new collagen is remodeled to create a mature extracellular matrix. The colla-

gen found in the interstitial matrix and secreted by the fibroblasts is initially

constituted of thin and disorganized collagen fibers. The remodeling of the

extra-cellular matrix is a continuous process in which the collagenase enzymes
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produced by the fibroblasts are involved in the degradation of the initial thin

fibers of collagen of type I, while new collagen fibers of type III are created

with a higher number of cross-links [68]. As a result, the collagen fibers posses

a higher tensile strength and thus increase the overall stiffness of the wound

[77]. The scar reaches maturation when an equilibrium is found between the

production and the degradation of collagen fibers. A common pathological

outcome occurs when the rate of collagen production becomes higher than the

rate of degradation due to high levels of TGF-β, resulting in the accumulation

of scar tissues in the wound. This phenomenon is referred to as fibrosis.

In addition to the remodeling of the extra-cellular matrix, the wound contrac-

tion begins soon after the beginning of the second phase of healing, usually 4

to 5 days after the injury, and remains active as long as the wound is open.

The contraction of the wound results from the differentiation of the fibroblasts

into myofibroblasts, mainly at the edge of the wound where the contraction is

initiated. Fibroblasts differentiate into myofibroblasts under the influence of

the TGF-β [129]. Mechanical stress is also cited an additional factor influenc-

ing the differentiation of fibroblasts into myofibroblasts, under the presence of

the TGF-β [142].

Myofibroblasts are a non-motile, specialized type of fibroblast possessing smooth-

muscle-like actin microfilaments, or actin-myosin system, allowing the cell to

contract. The actin microfilaments of the myofibroblasts are connected to fi-

bronectin fibrils of the extra-cellular matrix through the fibronexus complex.
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Fibronectins are proteins secreted by the fibroblasts into the extra-cellular ma-

trix during the wound healing that play a role in cells adhesion to the extra-

cellular matrix. The fibronexus complex allows the transduction of the mechan-

ical stress generated by the myofibroblasts into the surrounding extra-cellular

matrix, allowing contraction of the wound.

Figure 2.6: Schematic representation of the binding of myofibroblasts to the extra-
cellular matrix through integrin, part of the fibronexus complex (Taken from [141]).

The contraction of the scar tissues during the healing is at the origin of a decrease

in the volume of the wound cavity resulting from the lumpectomy surgery in patient
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undergoing breast conserving therapy. The wound cavity has been observed to reduce

of at least 20% in volume in 86% of the patients [87].

2.4.2 Wound Healing and Radiation Therapy

We have shown in Section 2.1 the role of the radiation therapy in the control of breast

cancer recurrence. The radiation therapy that follows the lumpectomy surgery also

has an important impact on wound healing and can play a major role in the quality

of life of the patient [138]. Normal “healthy” tissues in the breast are also exposed

to radiations, and in particular in the targeted wound area. Due to the late effects of

radiations on exposed tissues, the dosimetry during radiation therapy is performed

empirically, thus increasing the risk of affecting non-cancerous cells [118].

Adverse acute effects of the radiation therapy include nausea, pain, pigmentation,

and desquamation of the skin and can manifest for up to two weeks after exposition.

Long-term effects of radiation therapy include fibrosis and necrosis of the breast

tissues and can progress for more than three months after exposition, sometime up

to several years [118, 36]. Radiation-induced carcinogenesis has also been observed

on some patients who underwent BCT [111].

The effect of radiation on normal and scar tissues of the breast is similar to its

effect on cancerous cells, resulting in an alteration of the DNA of the cells. Unre-

paired or incorrectly repaired DNA leads to cellular death via apoptosis or mitotic

death. The effect of the radiation therapy can differ, depending upon which phase
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of the healing process is underway at the time of the irradiation. In the early stages

of healing in particular, irradiated fibroblasts present a decreased rate of collagen

deposition, a possible cause of delayed healing [101]. During the third phase of heal-

ing, the rate of deposition of collagen by fibroblasts as well as the degradation of

type I collagen by collagenase enzymes is increased, due to changes in the regulatory

role of the TGF-β. This results in the accumulation of type I collagen and potential

fibrosis of the wound [100, 59].

2.4.3 Wound Healing and Mechanical Stress

Cells in general are constantly exposed to mechanical stress due to the gravity and

body movements. This is even more true for in the breast, laying on the pectoralis

major muscle that remains vertical during the time of the day when the woman is

standing up or sitting. As a consequence, gravity induces large deformations of the

breast and thus creates a non-negligible mechanical stress on the breast tissues. At

a cellular level and during wound healing, the effect of mechanical stress translates

into different levels of the expressions of various growth factors.

In particular, mechanical stress has a direct influence on the Connective Tissue

Growth Factor (CTGF) gene expression through transmembrane receptors (inte-

grins). The CTGF is found the extra-cellular matrix and acts as a mediator for the

TGF-β in the synthesis of fibronectin and type I collagen by the fibroblasts as part

of the wound healing signaling cascade [102, 24, 26]. In [102], cells under mechanical
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stress induced an increase in the production of CTGF by a factor 4 compared to re-

laxed cells. The increased production of collagen fibers and the extra-cellular matrix

remodeling is shown to follow the direction of the principal mechanical stress in the

tissue, resulting in an alignment of the collagen fibers in the scar tissue [128, 56].

In addition, mechanical stress has been found to be directly involved, along with

the TGF-β, in the differentiation of the fibroblasts into myofibroblasts observed

during the third phase of wound healing [46, 141]. Mechanical stress is also found to

increase the binding between myofibroblasts and the extra-cellular matrix through

the fibronexus complex, allowing an increased activity of the contractile activity of

the myofibroblasts and thus further reduction in the volume of the wound [141].
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Part II

Multiscale Modeling of Breast

Conserving Therapy
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Chapter 3

Motivations and Literature Review

We detail in Section 3.1 of this chapter the motivations behind the original work of

this dissertation and in the scope of current researches on breast cancer, as well as its

potential impact on the quality of life of the patient. We will then review in Section

3.2 the existing work on the modeling of the wound healing and the mechanical

models of the breast. Section 3.3 details the set of hypothesis that will serve as a

basis for the development of a multiscale model in this work.
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3.1 Motivations for a Model of Breast Conserving

Therapy

Breast cancer is the single most common cancer affecting women in the world. It is

estimated that one out of eight woman will be exposed to breast cancer in her lifetime

[79]. Improving breast cancer treatment outcome and survival rate depends on early

detection and effective use of multimodal therapies: radiation therapy, hormonal

therapy, and chemotherapy [11]. Women diagnosed with early stage breast cancer

are not always required to undergo complete removal of the breast (mastectomy)

to treat their cancer; indeed, up to 70% of women can effectively be treated by

breast conservative therapy (BCT) involving surgical removal of the tumor only

(lumpectomy) followed by radiation treatment of the remaining breast tissues [44, 28].

The goals of BCT are to achieve local control as well as to preserve the contour of

the breast of the patient. However, the final contour of the breast after BCT remains

sub-optimal in about 30% of the patients [29, 134].

Current research to improve the surgical outcome of BCT in regard to the pre-

diction of the contour of the breast is very limited. There are currently no available

tools other than surgical experience able to predict and optimize the impact of breast

conserving therapy on the contour of the treated breast. This work proposes a novel

computational framework designed to predict the contour of the breast after breast

conserving therapy. It aims to help determine if patterns of deformity can be pre-

dicted by multiscale mathematical models, based on pre-operative data and surgical
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measurements [10]. Our overall hypothesis is that the complex interactions between

mechanical stress due to gravity, breast tissues distribution, inflammation induced by

the radiation therapy, and the internal stresses generated by the healing process play

a dominant role in determining the success or failure of lumpectomy in preserving

the contour of the breast. The ability to accurately predict the contour of the breast

after BCT for breast cancer could significantly improve the patient decision process

regarding the choice of the surgery for breast cancer – either BCT or mastectomy

[2, 136].

This computational framework is developed as a multiscale model combining a

mechanical model of the deformation of the breast tissues to a biological model of the

wound healing. We provide a highly modulable and parameterizable model following

an agile development methodology. We aim to be able to adapt to the specific cases

of therapies encountered by the patients. This framework focuses in particular on the

use of patient-specific data, involving different medical imaging modalities as well as

inputs from the surgeons. We will review in the following section the current state

of the art in terms of bio-mechanical models of soft tissues and biological models of

wound healing.
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3.2 A Review of Wound Healing and Soft Tissue

Mechanics Models

Deformation of soft tissues such as breast tissues are often non-rigid and thus cannot

be modeled using rigid transformation models, i.e. the combinations of translations

and rotations. Finite-element models have been found to model at best the non-

rigid transformations characteristic of the large deformations of soft tissues and in

particular breast tissues [104, 103, 7, 96].

The work of Schnabel et al. in particular introduced the use of finite-elements

methods to model the breast tissues and skin tissue using linear elasticity [104, 103].

Linear elasticity however is limited to small displacements, typically less than 1%.

This work was extended by Azar et al. in [7] to non-linear finite element methods

(FEM) in order to account for larger displacements, and thus higher strains.

There exists an extensive literature on the use of linear and non-linear finite-

element methods to model the deformation of soft tissues. Hyperelastic models and

the neo-Hookean model in particular appear to fit best the deformation of breast

tissues in the latter literature [89, 99, 32, 27]. The constitutive law of the neo-

Hookean model define the strain energy function W as:

W =
µ

2
(J−2/3I1 − 3)− µ ln J +

λ

2
(ln J)2 (3.1)

where J = detF is the determinant of deformation gradient F , I1 = tr(B) is the

first invariant of the left Cauchy-Green deformation tensor B = FF T , and µ and K

39



are the shear modulus and bulk modulus, respectively. In the literature, the breast

and skin tissues are considered incompressible, reducing the Neo-Hookean model to

J = 1.

The Mooney-Rivlin hyperelastic model, from which the neo-Hookean model is

derived, is also mentioned in the literature [6]. Despite its larger number of param-

eters, this model does not present significant improvements over the neo-Hookean

model [122].

In addition to the modeling of the adipose and glandular tissues, the skin envelope

of the breast has to be taken into consideration, given its major effect on the contour

of the breast under gravity [7]. Modeling of the skin in [99, 32] is done through

triangular or quadrilateral surface elements of constant width. Hyperelastics model

such as the neo-Hookean model appear also well adapted to model the skin envelope,

due to the established hyperelastic nature of the skin [130]. In [55], the authors add

an additional transversely istrotopic material to model the effect of the Cooper’s

ligaments with an additional term in the right-hand side of Equation 3.1 and param-

eterized by a direction vector and a strength coefficient, without, however, providing

a definitive distinction between the supposed influence of the Cooper’s ligaments and

the distribution of connective tissue on the final contour of the breast.

It is worth mentioning that the work on Tanner et al. in [121, 122] also indicates

that both the neo-Hookean and the Mooney-Rivlin hyperelastic models perform very

close to traditional linear of piecewise-linear elastic models in the case of incom-

pressible deformations, i.e. for a Poisson ratio ν > 0.49. The breast, however, is a
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compressible organ [86] and the Poisson ratio used in our model needs to be chosen

accordingly. Depending on the aim of the simulation, Tanner et al. recommend to

use a low Poisson ratio (ν ∈ [0.5, 0.49]) for compressible deformations inducing a

potential loss of volume, while recommending a high Poisson ratio (ν > 0.49) for

incompressible deformations required for validation purposes [121]. Finite-element

methods in the literature are applied to either image registration or model validation;

there exists currently no accurate model able to predict the contour of the breast

post-surgery [139].

Wound healing and remodeling are very complex bio-mechamical processes and

remain subject to various scientific discussions and findings [18]. In addition, many

the observations and thus mathematical models of wound healing are derived from

cutaneous wound injuries, i.e. either dermal or epidermal wound healing. Very little

work has been published regarding internal wound healing in soft tissue, however

there exist a consequent literature on the modeling of the biology and the mechano-

biology of dermal wound healing.

Early mathematical models of wound healing include the work of Sherrat and

Murray in [110, 108, 109] and Olsen et al. in [82]. In [110, 108], the authors presented

a simple model of cell growth in the context of epidermal wound healing, using a

one-dimensional system of reaction-diffusion equations modeling the evolution of

epidermal cells and epidermal growth factor (EGF) concentrations and expressed as:

∂s

∂t
= D∇2s+ f(s)− λs (3.2)

where D and λ are the coefficients of diffusion and decay of the specie s, respectively,
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and f a function modeling the growth of the species. In this work the authors used

a logistic function f to model the growth of epidermal cells.

This work initiated the development of a multitude of more complex wound heal-

ing models based on systems of partial differential equations. In [131], the authors

extended the work of Sherrat and Murray by including the mechanical contraction of

the wound. In this work the one-dimensional displacement of the wound along the x

axis is modeled using a linear viscoelastic model where the equation of conservation

of momentum ∇ · σ + Fext = 0 is written as:

∇ · (σvisc + σcell)− sρu = 0 (3.3)

In this equation, σvisc is the stress tensors obtained from the constitutive law of the

viscoelastic material:

σvisc = µ1
∂ǫ

∂t
+ µ2

∂θ

∂t
I+

E

1 + µ
(ǫ+

ν

1− 2ν
θI) (3.4)

where ǫ = 1
2
(∇u + ∇uT ) and θ = ∇ · u are the strain tensor and dilation, u is the

displacement in the x direction, µ1 and µ2 are the bulk and shear viscosity coefficients

of the ECM, and E and ν are Young modulus and Poisson ratio, respectively. The

second tensor σcell models the internal stress generated by the myofibroblasts and is

expressed as:

σcell = τ0
ρn

1 + γn2
(3.5)

where ρ and n are the concentrations of collagen and fibroblasts, respectively. Finally,

the external force Fext = sρu is a function of an elastic coefficient s and models the
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elastic restoring force of the underlying tissue. In addition, a convection term

∇ · s∂u
∂t

(3.6)

is added to the left-hand side of Equation 3.2 to account for the displacement of the

cellular species during the closure of the wound. This model is used as a reference

for many of the bio-mechanical models of wound healing later published.

In the work of [82], the authors presented a mechano-chemical model of the wound

healing in the dermis, often cited as a reference model in subsequent publications.

This work extends the work of Tranquillo and Murray in [131] by taking into account

the role of the TGF-β and PDGF-like growth factors in the wound healing. In this

work, the cellular and extra-cellular species of the dermis (fibroblasts, myofibroblasts,

and collagen) as well as the growth factors (TGF-β and PDGF) are modeled using

a more complex system of partial differential equations using a continuity equation

coupled to a source term modeling the kinetics of the species. In addition, chemotaxis

is modeled with the introduction of a function of the gradient of the growth factor

concentration [c]

∇ · [f(c)s∇c] (3.7)

in the left-hand side of Equation 3.2.

Models of the angiogenesis in the wound healing in [84, 72, 106] generally do not

account for the changes in the geometry of the wound. However, they do reproduce

qualitatively the behavior of the angiogenesis in the wound healing in soft tissues. In

[84, 72], the authors presented two different models of angiogenesis in the dermis of
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the skin where the evolution of the concentrations in capillary sprout, blood vessels

(assimilated to the oxygen tension), and VEGF-like growth factors are modeled using

a one-dimensional system of partial differential equations. In [106], a more complete

model of angiogenesis is presented, where the capillaries and the oxygen tension are

modeled along with cellular and chemical species, including the concentration in

macrophages modeling the inflammation of the wound.

Further mathematical analysis of the wound healing include the work of Javierre

et al. in [62, 61]. In [62], the authors proposed a mathematical framework for a simple

two-dimensional model of wound healing described in [1], using a single diffusion

equation of growth factor coupled to a level-set equation modeling the closure of

the wound. In this model, the closure of the wound is parameterized by its normal

velocity νn using the following equation:

νn = (α + βK)H(c− θ) (3.8)

whereK is the wound edge curvature, c the growth factor concentration, θ a threshold

value, H the heavyside function, and α and β are the parameters of the model.

In [61], the authors extended the work of Olsen et al. in [82] by taking to ac-

count the effect of the mechanical stress on the differentiation of the fibroblasts into

myofibroblasts, as well as their internal stress σcell introduced in Equation 3.5.

In [135] and [132], the authors developed two new models based on [82, 62] com-

bined with the work of Maggelakis et al. in [72]. The result is a more complete model

of wound healing taking into account the mechanical contraction of the wound as
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well as the effect of angiogenesis. These models reproduce qualitatively the phases

of the wound healing observed in skin injuries, with a comparison with normalized

experimental data in [132]. In addition, [132] introduced a neo-Hookean hyperelastic

model replacing the viscoelastic material originally introduced in [131].

Most of the recent work on the modeling of wound healing derived from [110,

108, 82, 131] involves combinations of system of partial differential equations mod-

eling the convection-diffusion of cellular and chemical species. Similar observations

can be made regarding constitutive models of soft tissues where viscoelastic and

linear-elastic models are prevalent in the literature. The work of Valero et al. in

[132] introduced the shift from a viscoelastic model to an hyperelastic model for the

modeling of soft tissues mechanics.

3.3 Hypothesis and Multiscale Considerations

We aim in this work to build a model able to give an accurate and insightful prediction

of the contour of the breast after breast conserving therapy, based on patient data.

As previously stated, no tools are currently available to the surgeons in order to assess

the contour of the breast following a lumpectomy surgery. We focus here beyond the

classical tissue mechanics models and try to incorporates novel important variables

that are tissue plasticity and dynamics of tissue healing and repair, both primarily

and in the setting of radiation therapy. We base the development of our model on that

fact that the complex interactions between the mechanical stress due to gravity, the

45



breast tissue mechanics, the inflammation induced by radiotherapy, and the internal

stresses generated during the healing play a dominant role in determining the success

or failure of breast conserving therapy in preserving the breast contour.

We have reviewed in Chapter 2 the biology of wound healing and its interaction

with mechanical stresses. We extracted in particular from this literature three major

hypotheses that will define the basis of our multiscale model.

Hypothesis 1. We assume that the internal stresses on breast tissues resulting from

the effect of gravity influence the wound healing; in particular cellular division is

stimulated in areas of high mechanical stress.

Hypothesis 2. We assume that the dynamic of wound healing and the resulting

scar tissues filling the wound influence the external contour of the breast and thus

the quality of life of the patient; in particular the contraction of myofibroblasts and

the higher stiffness of scar tissues impact the geometry of the breast.

Hypothesis 3. The topology of the cellular networks in the breast is not sensitive to

deformations and motions of the breast for small time scales, i.e. at the time scale

of the cellular division.

With Hypotheses 1 and 2, we predict the main factors influencing the breast

contour following BCT are the distribution of mechanical stress in the breast tissue,

on the one hand, and the shape of the wound and the distribution of new scar tissues

on the other hand. These two factors are interconnected, as a high mechanical stress

in the breast influences the rate of production of scar tissues and thus contributes to

46



a faster closure of the wound.

Figure 3.1: Illustration of the multiscale nature of the wound healing model in time
and space, and the interactions between the mechanical and biological models.

Hypothesis 3 implies that the arrangement of cells is unchanged under the effect

of gravity. This serves as a basis of the definition of our multiscale model into two

sub-models; a mechanical model of the breast tissues modeling effect of gravity, and

a biological model of the wound healing with no direct consideration of the effect of

gravity. The modeling of the effect of gravity on the dynamic of the wound healing

is described in Chapter 5.
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Chapter 4

Virtual Model of the Breast

In this chapter, we present the process of the construction of a three-dimensional

virtual breast based on patient data. This virtual breast will then serves as a basis

for our multiscale model. Section 4.1 reviews the different medical image modalities

used in this work. Section 4.2 describes the image analysis algorithms used to perform

a three-dimensional reconstruction of the breast from medical images. We describe in

Section 4.3 the mechanical modeling of the breast tissues, and the concept of virtual

surgery as well as the various assumptions used in our model.

4.1 Patient Data Acquisition

We aim in this work to provide a patient-specific model of the breast conserving-

therapy in order to provide relevant information to both the patient and the surgeon
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and to facilitate the discussion process. In order to fulfill this purpose, the use

of clinical patient data is a critical point in the development of this model. The

variability in tumor configurations with respect to its size and location and its effect

on the breast contour in particular has been extensively studied by Thanoon et al.

[126, 125]. In addition, the work of Blair et al. has shown a large variability in the

choice of the surgical margin by the surgeons depending on their degree of expertise,

among other factors [15].

Multiple image modalities are available in a clinical context. Magnetic Resonance

Imaging (MRI) is the standard in medical imaging for providing imaging of internal

structure, along with Computed Tomography (CT). MRI presents the advantage

of being non-ionizing and thus non-invasive for the patient, and provides a better

sensitivity to changes in the tissue density, making it a preferred modality for the

imaging of the breast.

As opposed to CT, MRI examinations rely indeed on strong, non-ionizing, electro-

magnetic fields able to force a certain orientation of the spin magnetic moment of

the hydrogen nuclei present in the water molecules of the body. By exciting the

hydrogen nuclei to their magnetic resonance frequency, or Larmor frequency, and

measuring their relaxation times it is possible to differentiate the different tissues.

The measurement of either the spinlattice relaxation time (T1) or the spin-spin

relaxation time (T2) defines T1-weighted and T2-weighted images, respectively. Each

tissue is characterized by different T1 and T2 times, contrasting in the imaged area

and allowing a direct visualization of the different tissues. The spatial encoding of
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Figure 4.1: MRI image of a patient breasts in the transverse plane.

the MRI data is achieved using gradients of the electromagnetic fields, modifying

the resonance frequency of the hydrogen nuclei along the gradient direction. This

allows the production of a two-dimensional MRI signal in order to form the final

MRI image. Modern MRI devices allows the acquisition of three-dimensional MRI

data consisting in time series of MRI images.

Breast MRI data in general are acquired in either the sagittal, transverse, or

coronal plane of the patient In the particular case of three-dimensional imaging of

the breast, individual MRI images are acquired in the transverse plane when the

patient is laying in the prone position on the bed of the MRI device. We use in

this work fat-suppressed T1-weighted images, more adapted to the segmentation of

adipose and glandular tissues [17].
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Figure 4.2: Planes of the body typically used for MRI images acquisition (Taken
from [79]).

Breast MRI examinations are often recommended to patients prior to surgery in

order to locate accurately the tumor bed in the breast without the risks associated

to CT, and help the surgeon in the estimation of the optimal margin. For this

reason and because of the relatively high spatial resolution of MRI images, MRI

data are used as a ground-truth data in order to perform the virtual reconstruction

of the breast. Other modalities include surface imaging and ultrasound imaging;

ultrasound imaging in particular is used during the post-surgery period in order to

assess the internal structure of the wound, while surface imaging can be used to

assess the contour of the breast.
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Figure 4.3: MRI device with dedicated coil for breast imaging (Taken from [112]).

4.2 MRI Data Segmentation

MRI data are retrieved from the MRI physicist after examination of the patient ans

serve as input data in our model. Prior to the processing of the MRI data, we will

discuss in this section the formatting and pre-processing of the MRI data.
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4.2.1 DICOM Data Pre-processing

MRI data is retrieved as DICOM (Digital Imaging and Communications in Medicine)

data, a standardized format for MRI data encapsulation. The MRI data set con-

tains a certain number of MRI images each containing its own metadata. DICOM

metadata include:

• The dimension of the MRI image nx, ny in pixels (DICOM attributes Rows,

Columns)

• The dynamic of the image in bits Db (DICOM attribute BitsStored)

• The spacial resolution of the MRI image δx, δy in mm (DICOM attribute

PixelSpacing),

• The spacial resolution in the normal direction to the transverse plane of the

MRI image δz in mm (DICOM attribute SpacingBetweenSlices).

as well as additional metadata related to the patient and the MRI device used for

the acquisition.

Because DICOM images are encoded with a large dynamic Db of usually 16 bits,

a first pre-processing step is introduced to reduce the dynamic of the data to 8-bits

in order to apply image processing algorithms more efficiently. We use for this a

Values of Interest Look-Up Table (VOI LUT) transformation on the 16 bits DICOM

data. The VOI window is computed using the min-max algorithm of the DICOM

Toolkit software [39], which allows to automatically compute the width and center
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of the VOI window and ignore outlier values as well as perform the LUT operation.

This pre-processing step is applied to every DICOM image of the data set to produce

a set of 8 bits images. The final MRI data set consists of a three-dimensional array

of dimension nx × ny × nz with a voxel resolution of δx × δy × δz and a dynamic of 8

bits, where nz is the number of MRI images in the original DICOM data set.

4.2.2 MRI Image Segmentation

MRI data are stored in two-dimensional arrays equivalent to single channel images,

thus enabling the use of traditional image processing algorithm in order to classify

the pixels of the MRI data. The MRI data were processed using the GNU Octave

software [38]. We note D(i, j, k) the three-dimensional MRI data set, where D is a

collection of nz 8-bits MRI images Ik(i, j) of dimension nx×ny pixels, with (i, j, k) ∈

{1, . . . , ny} × {1, . . . , nx} × {1, . . . , nz}.

We will use in the rest of this work the following convention: x represents the axis

normal to the sagittal plane, y the axis represents the normal to the coronal plane,

and z represents the axis normal to the transverse plane. The frame of reference

used is shown in Figure 4.4, where Ik is an MRI images acquired in the transverse

plane of the patient.

In order to reconstruct a three-dimensional model of the breast from MRI data,

we need to proceed to its segmentation into a pre-defined number of classes. This

step is decomposed into three successive sub-steps:
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Figure 4.4: Frame of reference and coordinate system of the MRI data used in this
work, where Ik is acquired in the transverse plane of the patient.

i) The segmentation of the MRI data set into the MRI signal of the tissues and

the background noise.

ii) The segmentation of the pectoralis major muscle from the breast tissues.

iii) The classification of the breast tissue pixels into adipose and glandular tissues.

Segmentation of the skin in breast MRI images is a challenging task, however

the skin plays an important role in the mechanics of breast tissues and need to be

taken into consideration [115]. We make here the hypothesis that the skin envelope

of the breast is of constant width, allowing us to model the skin in the mechanical

model of Section 4.3 independently of the MRI data. The skin envelope of the breast

is thus defined as the boundary between the MRI signal of the breast tissues and

the background noise. This results in the definition of four classes: background

noise, adipose tissue, glandular tissue, and muscle tissue, to which we associate the

respective labels L = {ln = 0, la = 1, lg = 2, lm = 3}. We define then the label

map Dlabel such that Dlabel(i, j, k) ∈ L is the label of the MRI signal of the voxel
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D(i, j, k).

We consider for the rest of this work the glandular tissue as a uniform bulk

of tissue comprising both the actual glandular tissue, i.e. the network of lobules

and lactiferous ducts described in Chapter 2, and the connective fibrous tissue of

the breast stroma. Indeed, in the inactive breast the actual glandular tissue of the

breast stroma is sparse and consists mostly of lactiferous ducts and surrounded by

dense connective tissue [95].

Prior to the classification of the pixels of the breast in the adipose and glandular

classes, it is necessary to remove the background noise of the MRI image, defined as

the area where no tissue are present during the MRI acquisition. Ideally, the MRI

signal measured in an area where no hydrogen atoms are present is zero. However,

changes in the gradient of the electromagnetic field of MRI devices induces a charac-

teristic noise. This noise can be modeled, in the absence of MRI signal, as a Rayleigh

distribution [52]:

pnoiseM (M) =
M

σ2
e−M2/2σ2

(4.1)

where M is the voxel intensity and pM its probability distribution in the absence

of MRI signal. In addition, the probability distribution of the MRI signal in the

absence of noise A can be modeled as a Gaussian distribution [52]:

psignalM (M) ≈ 1√
2πσ2

e−(M−
√
A2+σ2)2/2σ2

(4.2)

where M is the voxel intensity and pM its probability distribution when the signal

to noise ratio SNR = A2/σ2 is high.
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We introduce here a simple approach to segment the background noise based on

a gradient descent-like algorithm applied to the normalized histogram h∗ of the MRI

data set D. The segmentation algorithm is detailed in Algorithm 1. The normalized

histogram of I is defined as:

h∗ =
h

max(h)
, with h(m) =

∑

i,j,k

δ(D(i, j, k),m) and m ∈ {1..255} (4.3)

Figure 4.5: Histogram h(k) of a 8-bits, 512 × 512 × 199 voxels MRI data set and
truncated in the vertical axis at h(k = 2)

We can interpret h∗ as a discrete estimate of the probability density function in

the case where:

∆h∗

∆m
≈ δpM

δM
(4.4)

Thus, h∗ can be modeled as the summation of two probability density functions

for both the noise and the MRI signal. We made the hypothesis that the noise power
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σ2 is small enough that:

max(pnoiseM ) ≫ max(psignalM ) (4.5)

which is justified by the shape of the histogram shown in Figure 4.5.

The result of Algorithm 1 is a collection of binary images Iknoise, k ∈ {1..nz}

such that Inoisek = 1 in the area where no MRI signal is present under our hypothesis,

and the associated labels in the label map Dlabel. We ensure the segmentation of

the MRI image into two distinct regions by applying mathematical morphological

operations in order to select and fill the largest binary blob of value 0.

We identify the boundary Ck(j) between the two classes {0, 1} in Inoisek as the

skin envelope of the breast. A reconstruction in three-dimension of the surface of

the breast is shown in Figure 4.6.

The segmentation of the pectoralis major muscle is performed semi-automatically

and is described in Algorithm 2. The surface of the muscle is defined as the normal-

ized product of two surfaces sx and sz, projection of D on the sagittal and transverse

planes, respectively. The result of Algorithm 2 is such that Dlabel = lm in the area

containing the MRI signal measured in and beneath the muscle tissue. The choice

of a semi-automatically algorithm requiring a user input is motivated by the lack of

clear contrast between the breast and muscle tissues in the MRI images. Addition-

ally, the surface of the thoracic wall resulting of the segmentation of the pectoralis

major muscle is used as a boundary condition surface in the mechanical model pre-

sented in Section 4.3 and thus can be considered less sensitive to local errors in the
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Algorithm 1 Segmentation of the background noise in an MRI data set.

1: Compute the normalized histogram h∗

2: m = {m0 |m0 = argmaxm h∗(m)}
3: while ∇h∗ < 0 do
4: ∇h∗ = h∗(m+ 1)− h∗(m)
5: m = m+ 1
6: end while
7: mt = m
8: for K ∈ {1, . . . , nz} do
9: Define the images IK , I

noise
K = D|k=K

10: InoiseK (i, j) = 0 ∀(i, j)
11: for (i, j) ∈ {1, . . . , ny} × {1, . . . , nx} do
12: if Ik(i, j) < mt then
13: Inoisek (i, j) = 1
14: end if
15: end for
16: Perform largest blob selection on Inoisek

17: for j ∈ {1, . . . , nx} do
18: i0 = argmini(I

noise
k (i, j) = 0)

19: Inoisek (i0..ny, j) = 0
20: Ck(j) = i0
21: end for
22: Dlabel(c) = ln with c = {(i, j,K) | InoiseK (i, j) = 0}
23: end for
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Figure 4.6: Result of the segmentation of a 512×512×199 voxels MRI data set after
convolution by a 3× 3 pixels Gaussian kernel with σ = 2.

segmentation.

Following Algorithms 1 and 2, it is possible to isolate in the MRI data set D the

MRI signal of the breast tissues, apart from the skin tissues as previously stated. The

isolation of the signal of the breast tissues in the MRI data set allows its classification

into two classes of adipose and glandular tissue. We use for this a Fuzzy C-Means

algorithm based on the work of Nie et al. [13, 80]. We confound the two classes of

background noise and muscle tissue MRI signals {ln, lm} into a new class of label
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Algorithm 2 Segmentation of the thoracic wall surface in an MRI data set.

1: Define Ix(k, i) =
∑

j D(i, j, k)
2: Define Iz(i, j) =

∑

k D(i, j, k)
3: for n=1..4 do
4: At the interface between the breast and the pectoralis major muscle:
5: - select a pixel coordinate pxn of Ix

6: - select a pixel coordinate pzn of Iz

7: end for
8: Interpolate {px1 ..px4} to a spline sx(j)
9: Interpolate {pz1..pz4} to a spline sz(i)

10: for (i, j, k) ∈ {1..ny} × {1..nx} × {1..nz} do
11: if (sx(j) ∗ sz(i))1/2 < k then
12: Dlabel(i, j, k) = lm
13: end if
14: end for

ln,m = 0 and perform a classification of the pixels of the resulting MRI data set.The

result is a new label map L ′ = {ln,m, la, lg} where the labels {la, lg} represent the

adipose and glandular tissues classes labels of L . Mathematical morphological op-

erations are again used to remove false positives in the classification of the pixels as

glandular tissue in the new label map. The overall process is described in Algorithm

3.

The result of Algorithm 3 is a fully defined label map Dlabel(i, j, k) ∈ L ∀(i, j, k)

that can be used to reconstruct a three-dimensional model of the breast with the

distribution of adipose and glandular tissues along with the skin envelope. The

classification of the breast tissues in the sagittal plane is shown in Figure 4.8 with

the label map L ′ defined in Algorithm 3.
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Algorithm 3 Segmentation of the breast adipose and glandular tissues in an MRI
data set.

1: Define Dtissue =

{

D(i, j, k) if Dlabel(i, j, k) 6= {ln, lm}}
0 else

2: Perform Fuzzy C-Means clustering of Dtissue into a label map L ′ = {ln,m, la, lg}

3: Define the morphological operator B =





1 1 1
1 1 1
1 1 1





4: for J ∈ {1..nx} do
5: Define the image IJ = Dtissue|j=J

6: IJ =

{

1 if Dtissue(i, J, k) = lg

0 else

7: IJ = IJ •B
8: IJ = IJ ◦B
9: Perform largest blob selection on IJ

10: Dtissue(i, J, k) = IJ
11: end for

12: Dlabel(c) =

{

la for c = {(i, j, k) |Dtissue(i, j, k) = 0}
lg for c = {(i, j, k) |Dtissue(i, j, k) = 1}
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Figure 4.7: Projection of a 512× 512× 199 voxels MRI data set in the sagittal plane
(left) and transverse plane (right).

4.3 3D Breast Reconstruction and Virtual Surgery

In our model, the assessment of the breast contour resulting of the breast conserv-

ing therapy is performed using a mechanical model of breast tissues coupled to a

biological model of wound healing. We present here the mechanical model of the

breast using the results of the algorithms developed in Section 4.2. This biological

model and its multiscale coupling to the mechanical model of the breast is described

in Chapter 5.

4.3.1 3D Model of the Breast

We define an initial finite volume V 0
breast of the virtual breast by six surfaces:
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Figure 4.8: Slice of a 512× 512× 199 voxels MRI data set in the sagittal plane (left)
and label map L ′ (right).

• The front surface Sbreast: the surface of the skin envelope defined by the col-

lection of parametric curves Ck(j), (j, k) ∈ {1..nx, 1..nz},

• The back surface Smuscle: the surface of the pectoralis major muscle defined by

the normalized product of surfaces (sx ∗ sz)1/2,

• The top, bottom, left and right surfaces: the four planes surfaces joining the

surfaces Sbreast and Smuscle to form the finite volume V 0
breast.

A volume mesh is then created from this virtual model of the breast using tetra-

hedral elements. The volume mesh is generated using the Gmsh software [48]. Each

tetrahedral element is defined by four nodes having each three degrees of freedom:

a displacement in the x,y and y directions. Additionally, the surface of the breast

Sbreast is meshed using triangular shell elements of thickness tskin [103, 12, 71]. Trian-

gular shell elements are defined by three nodes shared with the tetrahedral elements
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of the mesh that are in contact with the skin surface Sbreast. The shell elements

share the same three degrees of freedom. This allows the modeling of the skin of the

breast as a surface of constant thickness tskin over the surface Sbreast, similarly to the

work of Schnabel et al. [103]. A different mechanical model can then be associated

to the skin material. The resulting mesh is scaled down to the spacial resolution of

the MRI signal (δx, δy, δz) extracted from the MRI metadata. We set the resolution

of the mesh, i.e. the average distance between two nodes of the mesh, to the order

of magnitude of the maximal voxel resolution of the MRI data max(δx, δy, δz).

Figure 4.9: Tetrahedron volume element and node numbering used in FEBio.

4.3.2 Virtual Surgery

As stated previously, the acquisition of MRI data is performed with the patient laying

in the prone position on the MRI device. Hence, the virtual breast resulting from

the processing of the MRI data is under the effect of gravity, resulting in internal
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Figure 4.10: Mesh of the virtual breast, projected in the sagittal plane.

stress in the breast tissues. In order to revert the effect of the gravity on the breast

we apply an acceleration
−→
g′ = +g−→uz such that

−→
g′ + −→g = 0, where −→g = −g−→uz is

the Earth’s standard gravity. We refer to the configuration of the virtual breast after

inversion of the gravity as “unloaded”; similarly we refer to the configuration of the

virtual breast under the effect of gravity as “loaded”.

Retrieving the unloaded configuration of the breast involves solving a non-trivial
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inverse problem by optimizing finite element computations of the mechanical model

of the breast described in Chapter 5. The solution of this inverse problem applied

to the breast has been described in detail in the work of Thanoon et al., where the

surface of the breast in its loaded configuration is fitted to the surface of the breast

in its unloaded configuration, after application of the gravity acceleration [127]. A

similar iterative scheme was initially developed by Rajagopal et al. [88].

We limit ourselves to the application of an acceleration
−→
g′ and define the following

assumption, valid for the rest of this work:

Assumption 1. We assume that the virtual breast is free of mechanical stress after

reversal of the effects of the gravity.

We define this new configuration as the reference state of the breast under which

we define the concept of virtual surgery. During the lumpectomy surgery, the sur-

geon removes the cancerous lump from the breast along with the negative margin of

healthy tissues. We assume here that the surgery is performed with the breast in a

stress-free configuration, as previously detailed in [127]. We model the volume of the

wound cavity resulting of the removal of breast tissues after the surgery as a sphere

of radius rW , centered on (xW , yW , zW ) and of volume V 0
wound. This approximation of

the wound cavity by a sphere is based on direct observations of lumpectomy surgeries

on patients, and the subsequently removed lump.

In order to account for the loss of tissues in the virtual breast, we define the virtual

surgery as the creation of a new volume for the virtual breast V 1
breast = V 0

breast\V 0
wound.
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This operation introduces a new surface Swound within the volume V 1
breast. This new

surface is meshed using triangular elements defined by three nodes shared with the

tetrahedral elements of the mesh in contact with the wound surface Swound and having

the same degrees of freedom.

Finally, in order to account for the growth of scar tissues within the wound cavity,

we define a new volume for the virtual breast V 2
breast = V 0

breast \V 1
wound, where Vwound1

is the shape of the wound cavity after a certain time of healing thealing > 0. We note

Vscar = V 1
breast \V 0

wound the volume of scar tissues grown during the time thealing inside

the wound.
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Chapter 5

Computational Modeling of the

Wound Healing

This chapter introduces the multiscale model that we developed in order to answer

the questions raised in Chapter 3. In Sections 5.1 and 5.2 we detail the modeling of

the breast tissues mechanics and the biology of wound healing, respectively. Section

5.2 introduces the different classes of biological models of wound healing developed

in this dissertation.

5.1 Mechanical Model of the Breast and Healing

The mechanical model of the breast is developed in order to account for the principal

effects of the gravity and the wound healing on the breast. We start with an initial
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three-dimensional mesh of the virtual breast in an unloaded configuration derived

from MRI patient data under the hypothesis detailed in Chapter 4. The mechanical

modeling of the breast tissues is performed using finite element methods. In order

to solve the non-linear system of equations derived from the hyperelastic model, we

use in this work the finite element solver FEBio [71]. The system of non-linear finite

element equations is solved in FEBio using the quasi-Newton BroydenFletcherGold-

farbShanno algorithm with a convergence tolerance on the displacement ǫ such that

‖∆U‖
‖Uk+1‖

< ǫ (5.1)

with ∆U = −K−1
k Rk the displacement increment and Uk+1 = Uk + ∆U the total

displacements at the time step k + 1, where Kk is the stiffness matrix of the system

and Rk the residual vector, both updated at each time step k.

We model the deformation of the breast under gravity using a compressible,

isotropic neo-Hookean hyperelastic model whose consititutive law is described by

Equation 3.1. Hyperelastic models as well adapted to model large non-linear defor-

mations. The neo-Hookean model, in particular, extends Hooke’s law found in the

classical theory of linear elasticity to model more accurately the deformation of soft

tissues such as the breast tissues [89, 99, 32, 27]. Considering the breast tissues as

homogeneous and isotropic, we can relate the parameters of the neo-Hookean con-

stitutive law µ and K to the Young modulus (E) and Poisson ratio (ν) present in

the literature of the linear elasticity theory using the following relationships:

µ =
E

2(1 + ν)
and K =

E

3(1− 2ν)
(5.2)
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We can then define the parameters of the mechanical model of the breast as the

set of variables (E, ν) defined for the adipose, glandular, skin, and scar tissues of the

breast. In addition, a third parameter ρ is added to the model to account for the

different densities of the breast tissues.

We use no-displacement boundary conditions on the top and bottom surfaces

and the back surface Smuscle of the virtual breast by constraining dx = dy = dz = 0.

The gravity is modeled by an acceleration of −→g = −g−→uz with g = 9.81, the Earth’s

standard gravity.

5.1.1 Mechanical Models of the Effects of Wound Healing

In addition to the effects of gravity, we can model the direct effects of the wound

healing on the breast tissues. In particular, we model the swelling of the wound due

the accumulation of lymph fluid in the wound cavity by applying a normal pressure

P to the surface of the wound in the virtual breast, in addition to the effects of

gravity. The pressure P is applied as a force normal to each elements of the surface

Swound.

Another effect of the wound healing on the breast tissues is the contraction of

the scar tissues found in the wound through the action of the myofibroblasts. This

contraction is modeled by applying an isotropic pre-stress on the elements of the

volume Vscar in the virtual breast. This is achieved by using the biphasic material of

the finite element solver FEBio, combining a neo-Hookean hyperelastic model of the

71



scar tissue with a “cell growth” material in which the pres-stressing of the volume

elements is modeled by a Cauchy stress tensor σ defined by:

σ = RT (
ci

J − φ
− ce) · I (5.3)

where I is the identity matrix of dimension 3, J = detF the relative volume, R =

8.13N.m.mol1.K−1 the ideal gas constant, T = 298K the temperature of the material,

φ = 0.3 the volume fraction and ce, ci the parameters of the model. With ce constant,

the ratio ci/ce is such that the change in volume of Vscar is directly proportional to

ci/ce:

dVscar = a
ci
ce

+ b (5.4)

with dVscar the change in volume of Vscar and a < 0. This model, similar to the ther-

mal expansion model initially introduced in [47], provides a linear parameterization

of the change in volume of Vscar.

5.1.2 Post-processing

The solution of the hyperelastic model defined for each nodes of the finite element

mesh can be used to retrieve relevant indicators on the effects of gravity on the

breast tissues. In particular, the contour of the breast under gravity is defined as the

surface interpolated from the new positions {xi + dxi, yi + dyi, zi + dzi} of the nodes

of the shell elements defining skin surface Sbreast where {dxi, dyi, dzi} is the nodal

displacement of the node i.
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We define as well an energy function U which, in accordance to Hypothesis 1

defined in Chapter 3, provides a measurement of the distribution of the internal

stress and strain in the breast tissues. Let us note j a volume element of the finite

element mesh in contact with the wound surface; parameterized by four nodes of

coordinates (xj
i , y

j
i , z

j
i ) with i ∈ {1, . . . , 4} such that three of its nodes define a

triangular element of the mesh of the wound surface Swound. We then define for each

element j of volume Vj the function:

U(r, θ, φ) = (σj
xǫ

j
x + σj

yǫ
j
y + σj

zǫ
j
z + σj

xyǫ
j
xy + σj

xzǫ
j
xz + σj

yzǫ
j
yz)Vj (5.5)

where σj and ǫj are the Cauchy stress tensor and Green-Lagrange strain tensor of the

volume element j, respectively. The energy function U , defined at the surface of the

wound cavity, is parameterized by spherical coordinates centered on (xW , yW , zW )

defined in Chapter 4 and the element j is such the point (r, θ, φ) is contained within

its volume. We note Tk is the k-component of the tensor T = {σ, ǫ}. The function U

is used to relate the mechanical model of the breast to the biological model of wound

healing described in Section 5.2, as shown in Figure 3.1.

5.2 Biological Model of Wound Healing

The biological model of wound healing represents the second sub-model of the mul-

tiscale model introduced in Chapter 3. It aims to model at the cellular scale the

closure of the wound filled by scar tissues. Based on the literature review of Chapter

3, we have derived a partial differential equation-based model of the dynamic of the
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cellular and chemical species involved in the wound healing, combined to a level-set

model of the closure of the wound. This model is in part derived from the work of

Javierre et al. in [135, 61, 132]. Prior to computing the numerical solution of this

biological model of wound healing, we define an additional hypothesis in order to

simplify its computational aspect:

Assumption 2. We assume, for the biological model of wound healing, a transla-

tional symmetry of the wound cavity in the direction normal to the sagittal plane of

the breast.

We use this assumption to restrict the computation of the solution of this biolog-

ical model of wound healing to a two-dimensional case, where the virtual model of

the breast is reduced to a two-dimensional slice on the sagittal plane of the wound

cavity defined by x = xW . The simplification from a three-dimensional model to a

two-dimensional model is justified by the large gains in computation time, necessary

for the validation of the model performed in Part III of this dissertation.

5.2.1 Modeling of the Dynamics of Wound Healing

In order to model to dynamic of the wound healing processes following the surgery, we

model the concentration of the cellular and chemical species involved in the biology

of wound healing using a number of simplifications based on the models found in

[135, 61, 132]. A first simplification consists into combining the oxygen tension with

the concentration of capillaries in the wound, based on the fact that the capillary
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Specie Notation

Oxygen tension O

Fibroblasts and myofibroblasts F

Extra-cellular matrix E

VEGF Ga

PDGF, TGF-β Gb

Table 5.1: Notation of the cellular and chemical species of the dynamical model of
wound healing.

concentration does not influence any other species other than the oxygen tension,

which increases with the concentration of capillaries. A second simplification consists

of combining the concentration of fibroblasts and myofibroblasts, hypothesis also

found in [135, 132]. Finally, we define two families of growth factors regulating

the production of fibroblasts and extra-cellular matrix on the one hand, and the

angiogenesis on the other hand. We summarize the species involved in this dynamical

model of wound healing in Table 5.1.

The interactions between the different species of the multiscale model are shown

in Figure 5.1. The dynamics of the biological model of wound healing is expressed

as a system of partial differential equations (PDEs) describing the evolution of the

concentration of the species found in Table 5.1 using reaction-diffusion equations.

Each individual equations is described in detail below.

Oxygen tension The modeling of the oxygen tensions follows the classical Fisher’s

equation, adapted from the model of capillary density found in the work of Valero
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Figure 5.1: Conceptual diagram of the biological model of wound healing; the me-
chanical model and its interaction with the biological model is represented in dashed
lines.

et al. in [132]:

∂O

∂t
= αO

0 ∇2O + (αO
1 + αO

2 Ga)O(1− O

Oeq
) (5.6)

where the reaction term is a logistic growth modulated by a linear combination

of a constant term αO
1 and the concentration of VEGF Ga, parameterized by the

coefficient αO
2 . The coefficient αO

0 allows the diffusion of the oxygen in the tissue as

a result of the angiogenesis. The term Oeq represents the maximal oxygen tension
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found in the uninjuried tissue.

Fibroblasts The modeling of fibroblasts and myofibroblasts concentrations follows

the same Fisher’s equation with an additional decay term:

∂F

∂t
= αF

0 ∇2F + (αF
1 0 + αF

2

Gb

Geq
b +Gb

)F (1− F

F eq
)− αF

3 F (5.7)

where the logistic growth term is modulated by the oxygen tension and the growth

factor concentration Gb through the parameters αF
1 and αF

2 , respectively. The coeffi-

cient αF
3 models the cellular death. The term F eq represents the fibroblast maximal

capacity of the tissue. The term Geq
b model the maximal enhancement of the fibrob-

last production by the growth factor family Gb.

Extra-cellular matrix The modeling of the production and the degradation of

the extra-cellular matrix is derived from the work of Olsen et al. in [82] with the

simplifications previously stated:

∂E

∂t
= (αE

1 + αE
2

Gb

Geq
b +Gb

)(
F

αE
3 + E2

)− αE
4 FE (5.8)

where the production of extra-cellular matrix is modulated by a linear combination

of a constant term αE
1 and the the growth factors concentration Gb, parameterized

by the coefficient αE
2 . As the extra-cellular matrix consists of non-motile collagen

fibers, the diffusion term is omitted.
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VEGF The evolution of the VEGF concentration is modeled using a reaction-

diffusion equation where the reaction term is a linear combination of a production

and a consumption term:

∂Ga

∂t
= αGa

0 ∇2Ga + αGa

1 Q(
O

Oθ
)− αGa

2 Ga with Q(x) =











1− x if x ≤ 1

0 else
(5.9)

where the production of the VEGF, parameterized by αGa

1 , is active over a certain

threshold of oxygen tension Oθ. The consumption of the growth factor is modeled

with a linear decay rate parameterized by αGa

2 .

PDGF, TGF-β The growth factor family Gb modeling the concentration in PDGF

and TGF-β is modeled using a similar model of reaction-diffusion:

∂Gb

∂t
= αGb

0 ∇2Gb + αGb

1 F
Gb

Geq
b

− αGb

2 Gb (5.10)

where the production of growth factors is modulated by the concentration in fibrob-

lasts and myofibroblasts F and parameterized by αGb

1 . The consumption of growth

factor is also modeled with a linear decay rate parameterized by αGb

2 .

The parameters of this model were partially derived from the literature, and

normalized in order to facilitate the estimation of the parameters not found in the

literature. The complete list of parameters is given in Table 5.2. We present as well

and for reference the physiological values of the concentrations in fibroblasts and
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extra-cellular matrix extracted from the work of Olsen et al. in [82], where those

numerical values are valid for the human dermis tissue.

This model is solved over a finite domain Ω and integrated over a finite number

of days. As stated in Assumption 2, we work in a two-dimensional domain in the

sagittal plane at the level of the wound cavity defined by x = xW in the virtual model

of the breast. The domain Ω, represented in Figure 5.2, is of dimension lx× ly, where

(x, y) are the spatial coordinates of the domain. The domain Ω is a sub-domain of

the entire domain defined by the virtual model of the breast. It is defined such that

its origin (x = 0, y = 0) coincides with the center of the wound cavity (yW , zW ) in

the frame of reference of the sagittal plane x = xW of the virtual breast. While the

mechanical model of the breast is solved over the entire domain, we restrict in the

rest of this dissertation the solution of the biological model of wound healing to the

domain Ω, as we focus only on the cellular and chemical activity in the breast tissue

at the periphery of the wound cavity.

A sub-domain Ωw represents the wound cavity and is defined such that for (x, y) ∈

Ωw, S(x, y) = 0 ∀t, where S is a specie of the model described in Table 5.1. We chose

a square domain for ease of computation, with {lx, ly} normalized such that Ωw is a

disc of radius 1 and center (x = 0, y = 0).

The parameters of Table 5.2 are normalized such that an integration over a period

of dt = 1 correspond to one day of healing. The initial concentrations of the species S

are found in Table 5.3; they represent the concentration of the cellular and chemical

species found in the uninjuried tissue, considered as an equilibrium state.
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Parameter Numerical Value (day−1) Source

Oeq 1.0 [132]

F eq 1.0 [132]

Geq
b 0.01 This work

Oθ 0.5 [132]

αO
0 0.00432 [132]

αO
1 0.864 [132]

αO
2 0.864 [132]

αF
0 0.02 [132]

αF
1 0.832 [132]

αF
2 0.3 [61]

αF
3 0.749 [132]

αE
1 1.0 This work

αE
2 1.0 This work

αE
3 1.0 This work

αE
4 0.1 This work

αGa

0 0.0864 [132]

αGa

1 1.22 [132]

αGa

2 0.863 [132]

αGb

0 0.05 [61]

αGb

1 1.0 This work

αGb

2 0.462 [61]

Table 5.2: Parameters of the biological model of wound healing
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Figure 5.2: Two-dimensional domain of computation Ω for the biological model of
wound healing, with the wound cavity represented as the sub-domain Ωw.

We use as an initial condition the following values for each species S of the model:

S(x, y, t0) =











S(t0) if (x, y) ∈ Ω \ Ωw

0 if (x, y) ∈ Ωw

(5.11)

This dynamical model of healing is thus run on the sub-domain Ω \Ωw. The domain

Ω and the wound cavity Ωw are represented in Figure 5.2.

We use no-flux and Dirichlet boundary conditions on the boundaries of the do-

mains Ωw and Ω respectively:

∇S · −→n = 0 and S|∂Ω = S(t0), ∀t (5.12)

where −→n is the normal vector of the wound edge defined by ∂Ωw, and ∂Ω is the

boundary of the computation domain. We use a no-flux boundary conditions on

the wound edge ∂Ωw in order to ensure S = 0 inside Ωw. Finally, we use Dirichlet

boundary conditions on ∂Ω, under the assumption that the size of the computation

domain Ω is large enough so that the tissues found at the domain boundary are
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Specie S S(t0)

O ǫ ≪ 1

F F eq

E Eeq

Ga ǫ ≪ 1

Gb ǫ ≪ 1

Table 5.3: Initial concentrations for the biological model of wound healing

initially uninjuried and do not impact the concentrations of the cellular and chemical

species at the periphery of the wound cavity.

5.2.2 Modeling of the Wound Closure

We previously described a model of the temporal evolution of the cellular and chem-

ical species found in the breast tissues during the wound healing process. In con-

junction with this model, we present here a biological model describing the closure

of the wound using level-set algorithm and based on the work of Javierre et al. in

[62]. In this model, the wound edge ∂Ωw is defined by the function φ(x, y) = 0 where

φ is a level-set function defined on the computation domain Ω. The evolution of the

level-set is described by the following equation:

∂φ

∂t
+ νn‖∇φ‖ = 0 (5.13)

where νn is the closure rate of the wound.

In order to take into account the fact that the collagen fibers filling of the wound
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cavity are mainly produced at the periphery of the wound, we define a layer of

constant width δ > 0 around the wound edge and referred to as the “active layer”

δw. The active layer is defined by:

δw(t) = {(x, y) ∈ Ω | 0 < φ(x, y, t) < δ} (5.14)

The definition of νn is extended from Equation 3.8, such that:

νn =











Gb(α
φ
0 + αφ

1K + αφ
2U(θ)) in δw

0 in Ω \ δw
(5.15)

where the closure rate νn is defined as a linear combination of:

• A constant closure rate parameterized by αφ
0 modeling the natural closure of

the wound in absence of external factors,

• The wound edge curvature K parameterized by αφ
1 and initially introduced in

[62] to model the higher healing activity in the regions of high curvature. The

wound edge curvature is defined as:

K = ∇ · n with n =
∇φ

‖∇φ‖ , (5.16)

• The spatial distribution of stress and strain defined in Equation 5.5 by the

function U and parameterized by αφ
2 , modeling the role of the mechanical

forces in the cellular division described in Chapter 2.

We choose to modulate the closure rate µn by the concentration of the growth

factor family Gb in order to account for the role of the growth factors in the pro-

duction of scar tissue,i.e. the collagen fibers of the extra-cellular matrix, by the
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fibroblasts and filling the wound cavity. We note that Equation 5.15 is equivalent to

solve Equation 5.13 with ν∗
n = νnH(δ − |φ|) where H is the Heavyside function.

This model is solved over the same finite domain Ω shown in Figure 5.2 and

integrated over the same number of days with the same time step dt. Due the two-

dimensional nature of this model, we restrain the function U defined in Section 5.1

to a one-dimensional function U(θ). The dependency in r is neglected as we assume

the mechanical stress and strain independent of the distance to the wound for small

distances, which is verified for a domain Ω smaller than the virtual model of the

breast. Finally, we fix the azimuthal angle φ = 0 defining the sagittal plane of the

breast x = xW on which the domain Ω is defined. In this case, the wound edge is

parameterized by θ only.

5.2.3 Classes of Biological Models of Wound Healing

We introduce here two new classes of simplified biological models of wound heal-

ing, derived from the complete model presented above. Those simplified models, in

addition to Assumption 2, aim to provide a computationally efficient framework to

simulate the complex biology of wound healing in the scope of our multiscale model.

Let us note A the complete biological model of wound healing presented above,

composed of a model of the dynamic of the biology of wound healing (Equations

5.6–5.10) combined with a model of wound closure (Equation 5.13). We introduce

in this section the first simplified model B derived from the complete model A,
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where the system of partial differential equations is reduced to a simple model of the

diffusion of a growth factor. Finally, the second simplified model of wound healing C

is an agent-based implementation of the first simplified model B and is described in

Chapter 7 of the Part III of this dissertation. The diagram in Figure 5.3 summarizes

the complexity and the scales of those three models.

Figure 5.3: Classification in complexity and scale of the complete and simplified
biological models of wound healing.

In the simplified model B, the system of partial differential equations defined by

Equations 5.6–5.10 is simplified to a unique partial differential equation modeling

the diffusion of the growth factor family Gb in the active layer and derived from the

work of Javierre et al. in [62]:

∂Gb

∂t
= αGb

0 ∇2G+ Pχa.l. − αGb

2 G (5.17)
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where α0 and α1 parameterize the diffusion and decay of the growth factor, respec-

tively. The parameter P models a constant production rate, and χa.l. is a step

function equals to 1 inside the active layer δw and 1 elsewhere. The level-set model

of wound closure defined by Equations 5.13 and 5.16 is conserved. We present in

Chapter 6 a qualitative study of the simplified model of the biology of wound healing

B, along with a study of the dynamical behavior of the complete model A.
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Chapter 6

Results and Discussion

We present in this chapter a brief qualitatives study of the multiscale model of

wound healing introduced in Chapter 5. Section 6.1 details the numerical scheme

implemented to solve the complete multiscale model. We show in Section 6.2 an

interpretation of the dynamics of the biological model of wound healing and the

possible insights that can be derived from it. We limit ourselves here to a qualitative

analysis of the model with the normalized parameters found in Tables 5.2 and 5.3

introduced in Chapter 5. A more quantitative and analysis of a this multiscale model

with the simplified model of the biology of wound healing C and based on clinical

data is presented in Part III of this dissertation.
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6.1 Numerical Scheme for theWound Healing Model

The multiscale model of wound healing involves two sub-models, each taking place

under different configurations described in Chapter 4:

• The mechanical model of the breast computes the configuration of the breast

in its “loaded” configuration, allowing the measurement of the effects of gravity

on the tissues through the function U introduced in Chapter 5,

• The biological model of wound healing models the closure of the wound in

the “unloaded” configuration of the breast according to Hypothesis 3. In this

configuration the effects of gravity is introduced through the function U .

The diagram shown in Figure 6.1 summarizes the interactions between the two me-

chanical and biological models.

We show in Algorithm 4 the pseudo-code of the iterative scheme of this mul-

tiscale model. In order to conform to Assumption 2 and to the restriction to a

two-dimensional biological model of wound healing introduced in Chapter 5, we de-

fine a pseudo-three-dimensional virtual model of the breast presenting a translational

symmetry in the direction normal to the sagittal plane. We use for this a new initial

finite volume defined as a δx mm extrusion of the slice of the three-dimensional virtual

breast V 0
breast in the sagittal plane of the center of the wound defined by x = xW . We

will use for this new pseudo-three-dimensional virtual model of the breast the same
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Figure 6.1: Schematic representation of the configurations and interactions between
the mechanical and biological models.

notations as introduced in Chapter 4, where Vbreast is a pseudo-three-dimensional sur-

face and Vwound a pseudo-three-dimensional disk. In order to model a two-dimensional

deformation of the breast, we use additional no-displacements boundary conditions

on the lateral surfaces of new virtual model of the breast, defined by x = xW and

x = xW + δx, by constraining dx = 0.

The dynamical model of the complete biological model of the wound healing

A defined by the system of partial differential equations in Equations 5.6–5.10 is

solved using a FTCS scheme, based on the Euler explicit scheme in time and the

central difference scheme in space [5]. The same FTCS scheme is used to compute
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Algorithm 4 Iterative scheme of the multiscale model.

1: Initialize Ω with Ωw a disc of radius rnormw = 1
2: Initialize V 1

breast with V 0
wound a disc of radius rw

3: while rnormw > 0 do
4: Solve the mechanical model of the breast
5: Compute U
6: Solve the biological model of wound healing:
7: t = 0
8: while t < thealing do
9: t = t+ dt

10: Solve the PDE-based model of the dynamics of wound healing and compute
Gb

11: Solve the level-set model of the wound closure
12: Compute the new wound edge ∂Ωw defined by φ = 0
13: Compute the average new of the normalized radius rnormw

14: Update Ω with the new wound cavity Ωw

15: end while
16: Define the new wound cavity volume V 1

wound from Ωw scaled to rw
17: Update the virtual model of the breast as V 2

breast = V 0
breast \ V 1

wound

18: end while
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the solution of the dynamical model of the simplified model B defined by Equations

5.17.

The system of equations is initialized according to Equation 5.11 with ǫ = 1 ×

10−6, and the domain Ω is discretized on a grid of nx×ny points. Finally, the system

of equations is solved with a time step dt respecting the stability condition:

dt <
1

2

hxhy

α0

(6.1)

where in this case hx = lx/nx and hy = ly/ny are the spatial resolutions of the

discretized domain. We choose α0 = max(αS
0 ) with S the species of the biological

model defined in Table 5.1 and αS
0 defined in Table 5.2. In order to account for

the no-flux boundary condition at the wound edge defined in Equation 5.12, we use

an immersed boundary method where the diffusion term in Equations 5.6–5.10 is

replaced by:

∇2S → ∇(Λ∇S) with Λ =











1 in Ω \ Ωw

1
ǫ

in Ωw

(6.2)

with ǫ ≪ 1.

The wound closure model of the complete biological model of wound healing

defined by the level-set in Equation 5.13 is also solved using a FTCS scheme with

the same time step dt. In order to ensure the stability of the numerical solution,

we re-initialize the level-set φ as a distance function at each iteration of the FTCS

scheme [25]. In that case, the definition of the wound edge as the level-set φ = 0 is

preserved.
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6.2 Qualitative Study of the Multiscale Model

We show here the results of the multiscale model where the virtual model of the breast

was reconstructed from patient MRI data, with the resulting mesh shown in Figure

4.10. We use in this work an average volume element size of 2mm in pseudo-three-

dimensional mesh of virtual breast. The virtual surgery was performed by removing

a disc of radius rw = 25mm in the sagittal plane of the nipple-areola complex of the

virtual breast. The domain Ω is discretized on a grid of nx = ny = 100 points with

a domain normalized such that Ωw is a disc of radius rnormw = 1 and lx = ly = 2. We

choose for the active layer a width of δ = 5mm. The multiscale scheme defined in

Algorithm 4 is run with healing periods of thealing = 1day and with dt = 40minute.

We use for the level-set model the parameters αφ
0 = 0.02, αφ

1 = 0.02 and αφ
2 = 0.05.

We show in Figure 6.2 the solution of the biological system of wound healing

defined by Equations 5.6–5.10 over a total period of six weeks. We observe in this

simulation the same dynamic as modeled in [132], in particular the delayed effect of

the concentration in the family of growth factor Gb on the evolution of the concentra-

tion in (myo)fibroblasts and extra-cellular matrix, as well as the rapid establishment

of the equilibrium state of the species involved in the angiogenesis process in the first

few weeks of the healing.

The evolution of the normalized wound cavity area aw = 2πr2w is shown in Figure

6.3, where rw is an average of the radius of wound edge ∂Ωw defined by:

rw =
1

2π

∫

θ

∂Ωw (6.3)
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Figure 6.2: Dynamic of the biological of the wound healing model.

where θ parameterizes the wound edge.

We observe an acceleration of the contraction of the wound with the increase in

production of the growth factors family Gb. We note that the trend of the evolution

of aw is qualitatively consistent with the observations made in the literature [75].

We show in Figures 6.4, 6.5, 6.6, and 6.7 the evolution of the radius of wound

edge rw and the influence of the curvature term α1K, the mechanical energy term

α2U(θ), and the concentration in the growth factor family Gb. We observe that
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Figure 6.3: Normalized average wound area derived from the biological model of
wound healing.

both the curvature term α1K and the concentration in the growth factor family Gb

impact the rate of the wound closure in a non-linear way with an increase of the

wound closure rate towards the end of the healing. This observation is in alignment

with experimental results [19]. The sensitivity of the wound closure rate to the

curvature K is due to the fact that the ratio of the surface to the perimeter of the

active layer δw increases with the curvature of the wound cavity.

The mechanical energy U however impacts the rate of the wound closure in a

globally linear way, but produces local faster velocities of the wound edge in the

areas of high mechanical stress and strain, observable on the evolution of the level

set. This observation is also in alignment with the literature [102].

The influence of the mechanical energy term α2U(θ) is also observed in Figure 6.8
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Figure 6.4: Influence of the normal velocity term α0 on the wound closure rate (left)
and the level-set φ = 0 (right), with Gb = 1, α1 = 0 and α2 = 0.

where the temporal evolution of the mechanical energy U(θ) differs whether α2 = 0

or α2 6= 0. In the case where α2 = 0, the mechanical energy U(θ) stays concentrated

at the same angle θ during the healing process. In contrast, when the closure rate

νn depends on the mechanical energy we observe an elongated shape of the wound

cavity as well as a relaxation of the mechanical energy that gets better distributed

around the wound edge.

We show in Figures 6.9 and 6.10 the evolution of the profile of the breast contour

in the sagittal plane after simulation of the complete healing of the wound. This

simulations shows the ability to monitor the evolution of the breast contour during

the breast conserving therapy and assess the impact of the new mechanical properties

of the scar tissue created during the complete healing process.
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Figure 6.5: Influence of the curvature term α1K on the wound closure rate (left) and
the level-set φ = 0 (right), with Gb = 1, α0 = 0 and α2 = 0.

Figure 6.6: Influence of the concentration in the growth factor family Gb on the
wound closure rate (left) and the level-set φ = 0 (right), with α1 = 0 and α2 = 0.
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Figure 6.7: Influence of the mechanical energy term α2U(θ) on the wound closure
rate (left) and the level-set φ = 0 (right), with Gb = 1, α0 = 0 and α1 = 0.
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Figure 6.8: Evolution of the mechanical energy U(θ) during the healing, when α2 = 0
(left) and α2 6= 0 (left).
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initial profile

final profile

Figure 6.9: Profile of the breast contour in the sagittal plane before and after healing.

initial profile

final profile

Figure 6.10: Close-up on the evolution of of the breast contour during the healing.
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Part III

Parallel Implementation and

Clinical Validation
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Chapter 7

Parallel Agent-based Model of

Wound Healing

7.1 Introduction

We have described in Chapter 5 two classes, A and B, of biological models of the

wound healing based on a combination of a system of partial differential equations

and a level-set equation to model the closure of the wound. While this approach has

been shown to qualitatively reproduce the dynamic of the wound healing [109], the

continuous nature of PDE-based models does not allow to account for discrete events

at the cellular level typical of stochastic biological processes. Agent-based models,

on the other hand, has been shown to model dynamical systems at the cellular level

while retaining the behavior of continuous models [21]. In particular, agent-based
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models of wound healing developed have been shown to accurately predict in vivo

measurements [137, 69].

Agent-based models (ABMs) model the local interactions between agents using

simple rules over a discretized space-time domain. They are defined by four compo-

nents:

• A discrete lattice defining neighboring relationships,

• A finite number of sites in the lattice,

• A finite set of states for each site,

• A finite set of rules for each site.

The agent-based model rules are generally deterministic or stochastic and de-

scribe the evolution at each time step of the state and position of each agent at the

microscopic level. From these rules, the behavior of the model emerges at a macro-

scopic scale [143, 41]. The discrete and stochastic natures of agent-based models are

in particular well adapted to the modeling of biological processes using a bottom-up

approach where the rules can be easily derived from in vivo observations [3, 34].

Another advantage of agent-based models resides in their ease of implementation

and ease of parallelization, facilitating the modeling of large agent populations char-

acteristic of biological systems such as wound healing [37, 31, 91]. We propose in this

chapter a lattice-based agent-based model implementation of the simplified model of

wound healing B introduced in Chapter 5.
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7.2 Agent-based Implementation of the Wound Heal-

ing Model

In this section we describe the rules of the agent-based model derived from the sim-

plified model of wound healing B, defined by Equations 5.17 and 5.13 modeling the

diffusion of a growth factor in the tissue and the closure of the wound, respectively.

In this model, a reduced set of probabilistic rules is defined based on simple biological

processes such as cells mobility, cells growth and cells death. We will show that the

emergent behavior of this model is comparable to the behavior of the two classes of

continuous models of wound healing A and B defined in Chapter 5.

We use here a domain discretized on a two-dimensional hexagonal lattice. Hexag-

onal lattices provide better anisotropy than regular triangular or square lattices

[105, 58]. In addition, hexagonal lattices and close-packed lattices in general offer a

good representation of the natural arrangement of cells in tissues [49].

7.2.1 Definitions of the ABM Rules

Each site of the lattice is defined as either free or occupied by a unique cell. Cellular

migration is possible only from an occupied to an adjacent free site. Cellular division

is a function of the cell location and its surrounding environment, in particular the

concentration in growth factor and the local mechanical stress and strain. We do

not consider in this model the cellular death; instead, the effect of cells loss is taken
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into account in the rate of cellular division as it can be interpreted as the global gain

in cell population. As a consequence, all cells are considered “healthy” and have no

internal clock.

We note ui the state of the site i of the lattice, with i ∈ {1, . . . ,M} where M is

the total number of sites. Each site i can take two distinct states 1 or 0, whether

the site is occupied by a cell or is free. Additionally, each site i has six neighbors

denoted j with j ∈ Ni.

The initial domain Ω is such that the domain of the wound cavity Ωw is a disc of

normalized radius 1, as defined as in Chapter 5, and all sites within Ωw are empty

while all other sites of the domain are occupied. We show in Figure 7.1 the initial

domain discretized over an hexagonal lattice with the wound cavity modeled by the

empty sites ui = 0 of the lattice. As previously introduced in Chapter 5, we define

the active layer δw as a strip of constant width δ around the wound edge in which we

restrict cellular division. The parameter δ is assumed to be of the order to O(10h),

where h is the spatial resolution of the discretized domain and defined as the distance

between two sites of the hexagonal lattice.

We describe next the probabilistic rules of our agent-based model that define four

different steps of cells division and migration within the domain Ω.

i) Cells division at the wound edge Cellular division of the cells in contact with

the wound edge ∂Ωw is processed separately from the rest of the cells of the domain.

Due to the availability of open space, the mitosis rate is higher than the mitosis rate
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Figure 7.1: Discretization of the initial domain Ω on an hexagonal lattice for the
agent-based model of wound healing.

withing the tissue. Potential cells division are processed in a random order in order

to ensure the stochastic nature of the model. Each processed cell at the site i can

undergo mitosis with a probability pedge. If cellular division occurs at the site i, the

new cell is assigned to a randomly chosen free site j with j ∈ Ni. The pseudo-code

of this rule is described in Algorithm 5, where p is a pseudo-randomly generated

number p ∈ [0, 1].

Algorithm 5 ABM rule for cell division at the wound edge.

1: if ui ∈ ∂Ωw AND p ≥ pedge then
2: Choose uj ∈ Ωw, j ∈ Ni

3: uj = 1
4: end if

We assume a uniform distribution for p; this step involves one parameter pedge.

ii) Cells mobility Cells in contact with the wound edge ∂Ω can move randomly from
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one site i to another free site j, j ∈ Ni also in contact with the wound edge, without

privileged direction. The probability distribution corresponding to this Brownian

motion is computed with the diffusion operator

∂t −∆. (7.1)

The probability distribution pi ∈ [0, 1] of the cell location after diffusion is com-

puted using a P1 finite element approximation of the diffusion operator of Equation

7.1. We use for the finite element computation a triangulation using nodes centered

on the sites of the hexagonal lattice. The initial value of the probability distribution

pi is equal to the current state 0 or 1 of the site i. The probability distribution pi is

computed using the following scheme:

pn+1
i = pni +

1

2
(
1

6

∑

j∈Ni

pnj − pni ) with n = {0, . . . , Nd − 1} (7.2)

where the number of steps Nd is a parameter that characterizes the mobility of the

cells.

We then compute the level-set defining the new wound edge based on this prob-

ability distribution, with the constraint that the total number of cells should be

conserved. We use a dichotomy algorithm to compute the level-set, described in

Algorithm 6.

Algorithm 6 has the advantage of a faster computation time than the traditional

Brownian motion implementation which involves moving the individual cells site by

site with a pseudo-random probability. This step involves one additional parameter

Nd.
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Algorithm 6 Dichotomy algorithm for the ABM model used to find the level-set of
the new wound edge.

1: a = 0, b = 1
2: while

∑

i u
new
i 6=

∑

i ui do
3: c = 1

2
(a+ b)

4: unew
i =

{

1 if pi ≥ c
0 if pi < c

5: if
∑

i u
new
i >

∑

i ui then
6: a = c
7: else
8: b = c
9: end if

10: end while

iii) Cells division in the active layer Following the cellular division at the wound

edge, we process in this step the cellular division in the active layer δw. We compute

in this step the probability pa.l.i that a cell at the site i has to undergo mitosis. As

opposed to pedge, the probability pa.l.i depends on the local environmental conditions

of the cell, i.e. the growth factor concentration Gb and the mechanical energy U and

is written as follow:

pa.l.i = F (Gi
b)(α0 + α1

Ui

Umax

) (7.3)

where Ui = U(θ(i)) with θ(i) the angular polar coordinate of the site i calculated in

the frame of reference centered in the center of the domain Ω, and Umax = max(U).

The diffusion of growth factor is modeled by Equation 5.17 and solved using the

same operators introduced in the step ii). The function F (Gi
b) is a cutoff function

similar to the function χa.l. and initially introduced in the work of Javierre et al.

[62].

106



This step involves two parameters α0 and α1, without counting the parameters

involved in the diffusion and the production of the growth factor Gb.

iv) Cells redistribution After establishing the density of probability of the cellular

division inside the active layer, we compute in this step the the redistribution of the

cells in the domain Ω. After the cellular division in the active layer, each new cell

will exert a pressure on the neighboring cells. This hydrostatic pressure is translated

into a mechanical stress that results in a remodeling of the cells as a new equilibrium

state [119].

As we use a fixed-lattice discretization, we need to modify the arrangement of

the cells within the domain Ω such that each new cells gets affected an empty site

i and each site remains occupied by one cell at most. We introduce for this a new

state variable umitosis
i corresponding to the cells of the active layer that will undergo

mitosis based on the probability pa.l.i and defined by:

umitosis
i =











1 if p ≥ pa.l.i

0 if p < pa.l.i

(7.4)

where p is a pseudo-randomly generated number p ∈ [0, 1]. We assume again a

uniform distribution for p.

We use in this step an algorithm similar to the algorithm developed in step ii)

by using the diffusion operator of Equation 7.1 and computed using the scheme of

Algorithm 7.2 on the new state variable umitosis
i . Let us consider a non-zero site i0 of

the new state variable umitosis
i . When the number of time steps Nd is larger than the

distance between the site i0 and the wound edge ∂Ωw, we find a non-zero probability

107



distribution within the wound cavity Ωw. For any subsequent time step, the site

j0 ∈ Ωw that has the largest probability corresponds to the shortest path between

the site i0 and the wound edge.

From a heuristic point of view, a cellular redistribution along that path to allocate

the new cell site ends up filling the free site j0 with a succession of shifts. This path

requires a minimum number of cellular displacements and results in a new mechanical

equilibrium state. We follow the same principle for multiple cellular divisions within

the active layer. In order to avoid conflicts in case of an equiprobability between

two sites candidate to allocate the new cell, we introduce a noise to the normalized

probability density:

pi =
pi

pmax
i

+ 10−3n (7.5)

where n is a pseudo-randomly generated number n ∈ [0, 1].

The new distribution of cells in the tissue is then retrieved from a level-set al-

gorithm as described in Algorithm 6, where the stop criteria is get the new total

number of cells allocated.

We summarize the four steps of our agent-based model in Figure 7.2 where the

initialization of the model is a function of the wound cavity shape Ωw and the mechan-

ical energy U , retrieved from the mechanical model of the breast. This agent-based

model is solved in the same multiscale scheme than the continuous models of wound

healing A and B and described in Algorithm 4. In this algorithm, the four steps

previously described replace the steps 10 to 12; in the case of the step 12, the new
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wound edge is computed as in the interface between the occupied and free sites i of

the discrete hexagonal lattice.

Figure 7.2: Scheme of the agent-based model steps and its interaction with the
mechanical model of the breast.

7.2.2 Comparison With the Continuous Model of Healing

In order to compare the result of the agent-based model of wound healing with the

results of the simplified model of wound healing B presented in Chapter 6, we model

the wound cavity to simulate the same virtual surgery where the wound cavity is
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modeled by a disc of radius rW = 25mm. The domain Ω is defined as a square of

dimensions lx = ly = 100mm. We choose here again for the active layer a width of

δ = 5mm. The domain is discretized on a hexagonal lattice of 5000 × 5000 sites in

order to model the cells at a realistic scale of 20µm.

Let us choose first pa.l.i constant for all occupied sites i of the active layer in order

to remove the model dependency on the mechanical energy U . We show in Figure

7.3 the result of the simulation with pedge = 0.05 and pa.l.i = 0.02. The wound shape

stays relatively close to a disk, and we observe in Figure 7.4 an acceleration of wound

closure as its curvature gets higher.
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Figure 7.3: Temporal evolution of the wound cavity, in mm, in the agent-based
model without consideration of the mechanical energy.

These results emerge from the set of elementary rules of the agent-based model
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Figure 7.4: Temporal evolution of the average wound radius in the agent-based model
without consideration of the mechanical energy.

and are similar to the results of the continuous model of wound healing described in

Chapter 6, for which the wound closure rate velocity writes νn ∝ αφ
0 + αφ

1K, in the

case where αφ
2 = 0 and a cutoff function F is applied on Gb. This result can be shown

analytically: assuming a high mobility of the cells at the wound edge, the circular

shape should be preserved by the agent-based model. Let us define the average radius

of the wound cavity at the time step tn by rnw. For constant probability values pedge

and pa.l. ∀i, the number of new cells at each time step of the agent-based model is:

2π
rnw
h
pedge + (π[

(rnw + δ)

h
]2 − π[

rnw
h
]2)pa.l. (7.6)

And the wound closure rate νn of the circular wound cavity can be approximated by:

νn ≈ (pedge + δpa.l.) +
δ2

2rnw
pa.l. (7.7)

111



where 1/rnw is the curvature K of the disk of circle of radius rnw. With the agent-

based model of wound healing, we observe that the roughness of the wound edge

∂Ωw depends on the ratio between the cellular production and the cellular mobility.

In fact, the agent-based model does not produce circular wounds, as the mobility

of the cells is limited, but rather complex shapes that are in fact closer to clinical

observations.

In the case where pa.l.i is defined by Equation 7.3, we observe an evolution of the

wound cavity shown in Figure 7.5 similar to the result of the continuous model of

wound healing. We choose pedge = 0.05, α0 = 0.6 and α1 = 1.5. We notice that in

the result of the simulation using the agent-based model, the center of the wound has

the tendency to move toward the skin, while in the results of the level set simulation

described in Chapter 6 the center of the wound remains centered.

In order to test the sensitivity of this agent-based model implementation to the

duration of the healing time step thealing in the multiscale scheme, we show in Figure

7.6 that the total duration of the healing is unchanged, while the changes in the evolu-

tion of the average wound radius are comparable to the variations observed in Figure

7.4 and are due to the stochastic nature of the agent-based model. Furthermore, we

can observe in Figure 7.4 the stability of the agent-based model implementation, as

we observe after several runs a standard convergence rate proper to a Monte-Carlo

method.
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Figure 7.5: Temporal evolution of the wound cavity, in mm, in the agent-based
model taking into account the mechanical energy U .

7.2.3 Parallel implementation of the ABM

In order to ensure the scalability of our agent-based model for domains of larger

sizes, i.e. for larger values of wound radius, we implement the agent-based model

on a parallel architecture. We adopt the following workflow in our distributed ar-

chitecture: the main loop of the multiscale scheme described in Algorithm 4 is run

on a desktop computer calling alternatively the finite element solver FEBio and our

parallel implementation of the agent-based model code. The finite element solver

is run on the same desktop computer while the agent-based model is run remotely

on a parallel SiCortex machine. The data, i.e. the mechanical energy U and the

wound cavity shape ∂Ωw, are communicated between the two machines using an SSH
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Figure 7.6: Temporal evolution of the average wound radius in the agent-based model
with different time steps thealing.

connection.

The parallel SiCortex machine has 239 nodes each possessing 6 cores and 4GB

of local memory. We implement the agent-based model in C code using the MPI

library for message passing between processors. The hexagonal lattice is modeled

with a two-dimensional array Uj,k with i = {1, . . . , N} and j = {1, . . . , N}. The

sites i are mapped to the coordinates of the array with i = j + (k − 1) ∗ N , i =

{1, ldots,N2}. The domain of computation Ω is partitioned into regular square sub-

domains corresponding to sub-blocks of the two-dimensional array U . Each core of

the SiCortex machine processes a local array of size n × n with n = N/
√

(p) and

where p is the number of core used.
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Due to the discretization of the domain on an hexagonal lattice, each process

communicates its boundary data to six neighboring processors. We use ghost regions

for message passing between each core as shown in Figure 7.7, where the indices

NW,N,NE,E, SE, S, SW denominate the neighboring cores.

Figure 7.7: Connectivity and ghost regions for inter-process communications in par-
allel implementation of the agent-based model.

In order to improve the performances of the parallel code and to avoid deadlocks,

each core uses non-blocking MPI Isend() and blocking MPI Receive() calls to com-

municate with its neighboring cores. The implementation of the level-set search

described in Algorithm 6 requires global communications at each time step of the

dichotomy search to aggregate the information on the total number of cells, as well

as sharing the level-set value, thus requiring the use of a blocking MPI Waitall()

call.

The arithmetic complexity of the agent-based model is dominated by the diffusion

operation described by the time-stepping scheme of Equation 7.2 and the dichotomy

algorithm described in Algorithm 6. With a discretization of the domain Ω on an
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hexagonal lattice of N ×N sites and a time-stepping Nd of the order of magnitude

of N , the arithmetic complexity of the agent-based model is of order of N3. In order

to measure the scalability of our parallel implementation, we use a simple linear

model t = aN2 + bN3 + O(N3) to approximate the elapsed time of one iteration

of the sequential code, i.e. with 1 process, over thealing. We perform a least-square

fitting with N = {100, . . . , 600} and with a best matching for a = 2.0 × 10−4 and

b = 5.6× 10−6, with the time t expressed in seconds.

The standard definition of parallel scalability is the following:

S(p) =
T1

pTp

(7.8)

where T1 is the elapsed time of one iteration of the sequential code and Tp the

elapsed time of one iteration of the parallel code over p processors. In this formula,

the size of the problem N2 is assumed to vary linearly with the number of processors

p to conserve a fixed problem size on each processor. If the algorithm is scalable,

i.e. its complexity varies linearly with respect to the size of the problem, a parallel

implementation with optimal performance should give S(p) = 1 ∀p. However, the

complexity of this agent-based model is not linear. In order to ensure a relevant

measurement of the performances of our parallel implementation, we define a new

measure of the scalability referred to as scaled efficiency:

E(p) =
T1

pTp

F (N, p) with F (N, p) =
Fp

F1 × p
(7.9)

where Fp and F1 are the number of operations performed over p and 1 processors,

respectively. We have Fp = a(qN)2 + b(qN)3 and F1 = aN2 + bN3, with q =
√
p.
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Figure 7.8: Scaled efficiency of the parallel implementation of the agent-based model
with N = 150.

We report on Figure 7.8 the measurement of the scaled efficiency with a domain

discretized on an hexagonal lattice of 150× 150 sites. The measurement of E shows

that the parallel implementation of the agent-based model is adequate with relatively

good performances, modulo the fact that the explicit algorithm itself does not scale.
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Chapter 8

A Clinical Protocol for Validation

We present in this chapter a novel clinical protocol developed in order to facilitate

the validation of our model with patient data. This protocol aims to define a future

clinical trial involving a large number of patients in order to assess the relevance of

our model in a clinical context. The clinical protocol is described in Sections 8.1 and

8.2. Finally, we describe in Section 8.3 the results on the validation and identification

of the critical parameters of our model using a case study of a single patient followed

throughout breast conserving therapy.
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8.1 Motivations and Definition of the Protocol

We have developed in Chapters 4 and 5 an original model of wound healing during

breast conserving therapy and based on three main hypothesis defined by Hypoth-

esis 1–3. This model serves as a general computational framework to verify these

hypotheses, in the scope of a patient-specific modeling. We have in particular built

our model following an agile and modular approach to test our hypothesis and further

refine the model.

From this theoretical model of wound healing, many scenarios seem possible,

based on the patient anatomy and the various parameter of the multiscale model. It

is however not possible to know a priori which of those factors are dominant and thus

what would be the optimal clinical protocol to validate this model. In particular,

establishing precisely the medical imaging modalities necessary for this validation as

well as the scheduling of the examination of the patient throughout the entire period

of the breast conserving therapy is difficult to predict. Additionally, no animal model

can currently help predict the outcome of lumpectomy surgery and adjuvant therapy

in the specific case of breast cancer surgery.

We will try here to develop the foundations of a clinical study that could help to

identify the dominant phenomena resulting of breast conserving therapy that should

be carefully monitored in order to control at best the contour of the breast after

surgery.
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8.2 Protocol of the Clinical Study

The clinical study is designed to select female patients according to the following

criteria:

• The patient is of age 30 or more,

• The patient has an early stage non-metastatic breast cancer,

• The patient has received a pre-operative mammogram examination within 30

days the surgery,

• The patient has received a pre-operative MRI examination within 30 days the

surgery,

• The patient is scheduled to undergo lumpectomy surgery,

• The patient is scheduled to receive a post-surgery external beam radiation

therapy.

Female patients who have had a previous breast cancer, who require neo-adjuvant

therapies, who are pregnant or breastfeeding, or who have participated in an inves-

tigational drug study in the previous 30 days are excluded.

Following consent of the patient, the clinical study begins. Prior to surgery, a

three-dimensional surface imaging of the breast of the patient is acquired. Following

the surgery, subsequent imaging examinations of the patient are performed at regular
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intervals of time. Surface imaging is used to provide quantitative information on the

breast surface in order to quantification a defect on the breast contour. Observations

of the possible change in coloration at some locations on the skin of the breast

due to inflammation, necrosis or radiation therapy is accomplished using digital

photography. Ultrasound imaging is used to allow the quantification of the shape

of the wound cavity left by the lumpectomy surgery during the healing process.

Thermal imaging using a FLIR E60 camera with a sensitivity of 0.1◦C in the range

of the physiological temperature of interest and a spatial resolution of 240×180 pixels

is used to provide an indirect indicator of the inflammation of the breast tissue.

We present in this chapter a case study on a single patient following the clinical

study protocol described. The patient is a 50 years old female with lobular carcinoma

in-situ located in the right upper quadrant of the right breast, above the nipple-

areola complex. The patient was monitored for a total duration of 34 weeks following

surgery, due to the fact that the patient required chemotherapy prior to radiotherapy.

The examination of the patient at week 3 after surgery took place prior to the

chemotherapy and the examination of the patient at week 6 occurred after the course

of the chemotherapy. MRI data were acquired 30 days prior to the operation. We

show in Figure 8.1 the timeline of the examination of the patient with the type of

imaging data acquired at each examination.
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Figure 8.1: Calendar of the medical examinations and dates at which the data ac-
quisition was performed during the case study

8.3 Case Study and Validation of the Multiscale

Model

This pathology presented by the patient was in this case an ideal configuration with

respect to the size, location and development of the tumor. The tumor was localized

in the sagittal plane of the nipple-areola complex, with the center of the tumor

at a distance of 47mm from the skin. Because of the tumor location centered in

the sagittal plane of the breast going through the nipple-areola complex, we retain

Assumption 2 established in Chapter 5 in which we simplified the geometry of the

virtual breast to a two-dimensional plane. Additionally and this particular case, the

sagittal plane going through the nipple-areola complex of the breast presents the
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largest surface of the breast along with the largest area of the wound cavity. This

configuration is, in the case of a small wound cavity, in accordance with Assumption

2.

The tumor was measured as a compact ellipsoid-shaped mass of 12 × 9mm in

the considered sagittal plane. Because of the two-dimensional simplification, three-

dimensional surface imaging was not necessary and photographs of the profile of the

breast were used to reconstruct a two-dimensional contour of the breast.

8.3.1 Identification of the Parameters of the Model

We use in this case study the multiscale model of wound healing combining the me-

chanical model of the breast described in Chapter 5 with the parallel implementation

of the simplified model of the wound healing C described in Chapter 7.

We summarize in Table 8.1 the parameters for each component, biological, of

mechanical, of the multiscale model. Parameters such as the density, Young modulus

of Poisson ratio are estimated based on the literature. Other parameters such as α1

that accounts for the sensitivity of the wound healing model to the mechanical energy

U have a secondary effect in the simulation. We set α1 = 0, justified by the fact

that its effect on the simulation would be negligible versus the error resulting of the

data acquisition process. We also use a generic, normalized growth factor Gb as we

have no biological measurement available that would help specify its decay rate αGb

2 .

However, by using a production rate P overestimated to Pχa.l. = 1 [Gb].s
−1 inside
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the active layer, we significantly lessen the influence of αGb

2 . In the simulation, this

parameter also have secondary effects that would be less significant than the error

we have made on the wound cavity location. We thus restricted the parameters of

the multiscale model to a limited set of unknown, described in Table 8.2. These

parameters are the parameters that we intend to recover from the fitting of our

multiscale model to patient data in this case study.

Because of the two-dimensional simplification of our model, we simply define the

criteria to match the model with the patient data as the the difference between the

one-dimensional contour extracted from the profile view of the breast of the patient

and the same profile obtained from the result of the mechanical model of the breast,

following the simulation of the healing with the multiscale model. We use for this

standard photographs of the profile of the patient, obtained during clinical exami-

nations. We extract the contour of the breast using a manual segmentation of the

images. Let us call Cground−truth the corresponding contour of the breast. Meanwhile,

let us denote Cmodel the contour of the breast obtained from the simulation. Both

Cground−truth and Cmodel are parametric curves.

In order to define a common frame of reference for the comparison of Cground−truth

and Cmodel, we project and interpolate both curves on a square region of interest

discretized at a spatial resolution of 1mm. The objective function f(α, s) to minimize

is then defined as:

f(α, s) =
∑

i,j

||Cmodel
i,j (α)− s ∗ Cground−truth

i,j ||. (8.1)

where α represents a scalar vector of unknown parameters, defined in Table 8.2, and
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Table 8.1: Summary of the parameters of the multiscale model extracted from the
literature or set to zero if they appears to have secondary effects in the simulation

Parameter Value

Mechanical model of the breast:

νadipose 0.49
ρadipose 0.9 kg.L−1 [73]
νglandular 0.49
ρglandular 1 kg.L−1 [54]
νskin 0.49
ρskin 1 kg.L−1

δskin 1mm [85]

First phase of healing:

Einflammation 80 kPa [23]
δinflammation 5mm

Third phase of healing:

νscar 0.49
ρscar 1 kg.L−1

Biological model of wound healing:

αGb

0 0.05 cm2day−1 [61]

αGb

2 0
α1 0
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Table 8.2: Summary of the unknown parameters of the multiscale model; the pa-
rameters in bold characters are used to define the sets of unknown parameters α
estimated in this paper. Initial ranges of variation are given here as used in the
optimization method.

Parameter Value

Mechanical model of breast tissues:

Eadipose 2–15 kPa [97]
Eglandular 5–15 kPa [97]
Eskin 5–30 kPa [33]

First phase of healing:

λ1 1.0–3.0
P 0.0–500.0Pa

Second phase of healing:

λ2 1.0–3.0

Third phase of healing:

λ3 1.0–3.0
Escar 10–80 kPa

Biological model of wound healing:

α0 0–0.6
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s is a scalar parameter modeling the change in aspect ratio between the scale of the

virtual breast and the physical resolution of the pixels in the photographs of the

patient.

8.3.2 Identification of the Phases of Healing

Prior to the estimation of the parameters of the model, we process to the examination

of the clinical data acquired during the case study in order to determine the emerging

phenomena of the breast conserving therapy and therefore refine the choice of relevant

parameters necessary to fit the patient data. We present here three metrics that we

defined based on data extracted from imaging of the patient during this case study.

By using frontal photographs of the patient at each examination date shown in

Figure 8.1, we notice that the difference in height between the left and right nipple-

areola complex changed over time in a non-trivial way. We defined the first metric

shown in Figure 8.2 as the absolute vertical difference in height between the nipple-

areola complex of each breast of the patient. This first metric indicates a change in

tissues stiffness throughout the healing.

Similarly, by using lateral photographs of the patient we compute the area of

the breast included in a disc of fixed radius centered on the nipple-areola complex,

and compared the area between both breasts. This metric shown in Figure 8.3

complements the first metric by giving an estimate of the change of volume of the

operated right breast. This second metric indicates changes in the volume of the
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Figure 8.2: First metric: evolution of the difference in the vertical position of the
nipple-areola complex of the right breast and the left breast.

operated breast due to the internal loss of tissue after the surgery, the creation of

scar tissues inside the wound and the accumulation of seroma.

Finally, we report in Figure 8.4 the evolution of the difference in temperature

between the two breasts measured from the thermal imaging data. The surface

temperature of the right breast is measured at the location of the surgical incision on

the skin. The surface temperature of the left breast is measured at the corresponding

location on the left breast. The temperature is measured on a grid of 7×7 pixels and

averaged in order to minimize the signal-to-noise ratio. The difference in temperature

appears initially higher of about 5◦C, confirming the inflammatory activity in the

operated breast [30]. We observe during the healing process a convergence in the

temperatures of the two breasts, indicating a decay of the inflammatory activity.
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Figure 8.3: Second metric: evolution of the difference in the lateral surfaces of the
right breast and the left breast.

The curve obtained with the first metric highlights the three distinct phases of

healing defined in Chapter 2 that we will investigate with our model. In the first

7 weeks after surgery, the progressive increase of the difference in elevation of the

breasts from 17 to 28mm indicates an increase in tissues stiffness possibly explained

by the inflammation of the wounded tissues. The following decrease of the difference

in elevation to about 14mm indicates a return to a relaxed position of the breast

over the next 4 to 5 months and is interpreted as the diminution of the inflammation

phase coupled with the progress of cellular division and tissue remodeling inside the

wound. Finally, the resumption of the difference in elevation around the 8th month to

32mm indicates an increase of the breast tissue stiffness due to the side-effects of the

radiation therapy that the patient underwent in the scope of the breast conserving
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Figure 8.4: Third metric: evolution of the surface temperature of both breasts mea-
sured at the location of the surgical incision on the skin on the right breast and the
corresponding location on the left breast

therapy.

Those results are validated by the second metric, showing the evolution of the

difference in lateral area, assimilated here to the volume of the breast. The inflamma-

tory phase is characterized by a large augmentation of the lateral area of 3.5 cm2 due

to the pressure resulting from the accumulation of seroma filling the wound cavity

during the first few weeks of healing, typical of the post-lumpectomy inflammation.

This is followed by a return to a normal configuration where the two breasts present

a similar lateral area. This can be explained by the fact that the internal pressure

resorbs itself while the scar tissue created during the 2nd phase of healing fills the

cavity.
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From these three metrics we have identified the three phases of the healing pro-

cess:

• Phase 1, from week 1 to week 6 after surgery, characterized mainly by the

post-surgery inflammation,

• Phase 2, from week 7 to week 20 after surgery, characterized by the absorption

of the seroma and the progression of the healing,

• Phase 3, from week 21 to week 35 after surgery, dominated by the effects of

radiotherapy.

The patient status at week 0, i.e. prior to surgery, is referred to as Phase 0.

8.3.3 Fitting of the Model to Patient Data

Following the identification of the three phases of healing based on patient data

acquired during the study, we show here a first validation of our model based for each

of those phases. For each phase of the healing, in addition to Phase 0, the model

is fitted to the patient data using the objective function described by Equation 8.1.

We limit the optimization of the objective function f to a subset α of the unknown

parameters of the model listed in Table 8.2, relevant to each phase. By using a subset

of two parameters, we are able to show graphically the parameter landscape using a

surface response approach [78]. The graphical representation of the surface response

helps improving the understanding of the phenomenon observed on patient data.
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Phase 0 We first estimate in Phase 0 the Young modulus of the adipose, glandular

and skin tissues of the breast of the patient. We define for this the unknown vector

α = {Eadipose, Eglandular, Eskin} in Equation 8.1. We obtain a minimum of the objec-

tive function f for Eadipose = 3.7 kPa, Eglandular = 9.5 kPa and Eskin = 25 kPa. We

observe in the surface response of f shown in Figure 8.5 a higher sensitivity to the

Young modulus of the adipose tissue, a consequence of the adipose tissues occupy-

ing the majority of the breast as compared to the skin and glandular tissues, more

scarcely distributed.
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Figure 8.5: Surface response obtained with the evaluation of f in the determination
of the mechanical parameters of the model in Phase 0.

Following the establishment of the mechanical properties of the breast tissues, we

attempt to predict the contour of the breast for each of the three phases of healing.

Phase 1 In the first phase of healing, we observe that the inflammation of the
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breast induces an increase of volume of an order of magnitude of the size of the

wound cavity. We also observe a higher elevation of the nipple-areola complex.

Those observations are associated with two distinct phenomena characteristic of the

inflammation process: on the one hand the pressure resulting from the seroma filling

the wound cavity raised during the first weeks of healing, and on the other hand an

increase of the stiffness of the breast tissues.

To model the first effect of the inflammation, we apply a normal positive pressure

P on the wound cavity. To model the second effect of the inflammation, we define a

new Young modulus E
′

adipose = λ1E
0
adipose and E

′

glandular = λ1E
0
glandular for the adipose

and glandular tissues, respectively, where λ1 is an unknown scalar. To minimize the

number of unknown parameters and justify the use of a unique scaling factor, we

consider the effect of the swelling as homogeneous with respect to the stiffness of the

adipose and glandular tissue. The Young modulus of the skin Eskin is unchanged

from Phase 0 as the effects of inflammation are more prevalent on the internal soft

tissues of the breast. We define finally a region of constant width δinflammation = 5mm

around the wound edge modeling the local inflammation. We model this region of

higher stiffness with a Young modulus of Einflammation = 80 kPa. We also assume

that the healing at this early phase had not progressed enough to produce new scar

tissues. The new unknown vector in Equation 8.1 is defined as α = {P, λ1}.

We obtain a global minimum of the objective function f for P = 120Pa and

λ1 = 2.0. The surface response of f shown in Figure 8.6 indicates an higher sensitivity

in the dimension of the parameter λ1, where the fitting appeared nearly independent
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from the pressure P . We explain this result by the fact that the filling of the wound

cavity by the seroma increased locally the volume of the breast at the location of

the wound, while Equation 8.1 provides a global metric of the breast contour. The

dependency in P is shown in Figure 8.7 where the global minimum is visible.
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Figure 8.6: Surface response obtained with the evaluation of f in the determination
of the parameters for the Phase 1 of healing.

The fitting of the model to the patient data confirms a doubling of the stiffness of

the breast tissues and a positive pressure in the cavity left by the resection observed

in Figures 8.2 and 8.3. The global increase of tissue stiffness seems, however, to be

prevalent.

We notice as well in Figures 8.2 and 8.3 that the effect of the seroma increasing

the pressure in the wound cavity and the increase in stiffness of the breast tissues

are reversible. We assume here that once the seroma is drained by the lymphatic
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Figure 8.7: Surface response of f in the plane λ1 = 2.0 for the first phase of healing.

network and the tissues stiffness is relaxed to a lower value, the breast tissues should

not retain internal stresses. Thus, we can start the simulation of our model for the

following phases with the mechanical parameters estimated in the relaxed state of

Phase 0.

Phase 2 During the second phase of healing, the increase in production of growth

factors PDGF and TGF-β triggers collagen deposition in the wound cavity. We do

not distinguish in this phase between the proliferative and remodeling phases of the

wound healing, which mainly differ at the cellular level.

To account for the progress in the healing of the wound, we run the simplified

biological model of wound healing for the duration of thealing = 19 weeks, correspond-

ing to elapsed time between the two clinical examinations of the patient. The cell
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division probability in the active layer pa.l. defined in Equation 7.3 is correlated to

the velocity at which the wound edge progresses in its normal direction with the pa-

rameters α0 and α1. We neglect the secondary effect related to the mechanical stress

and strain by forcing α1 = 0 as previously justified, and restrict the optimization

of the parameter α0 in the range [0, 0.6]. We include again a uniform multiplicative

factor λ2 to account for the increase in stiffness of the newly created scar tissue as

well as the surrounding tissues in the breast, while retaining the hypothesis of a

unique factor introduced in Phase 1.

The new unknown vector in Equation 8.1 is defined as α = {λ2, α0}. We obtain

a global minimum of the objective function f for λ2 = 1.2 and α0 = 0.17. This

corresponds to an increase of the tissue stiffness of the order of 20%, significantly

lower than the increase observed in the Phase 1 of the healing. This confirms our

initial distinction on the patient data of the three phases of healing, characterized in

part by the changes in the stiffness of the breast tissues.

The surface response of f shown in Figure 8.9 presents a higher sensitivity on the

parameter λ2, while variations due to the parameter α0 are of order of magnitude of

10% lower. We show in Figure 8.10 the projection of the surface response in the plane

lambda2 = 1.2, where we observe multiple local minima for α0 ∈ [0.15, 0.5]. This

lack of selection on α0 does not allow us to conclude quantitatively on the validation

of the parameters of the simplified biological model of wound healing.

With the minimum α0 = 0.17, our multiscale model predicts, for week 19 after

surgery, a wound cavity of size 13mm × 8mm in the loaded configuration of the
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Figure 8.8: Ultrasound imaging in the transverse plane of the wound cavity acquired
at week 19 after surgery, where the segments 1 and 2 are measured at 13mm and
4mm, respectively.

breast, i.e. under gravity. This observation is somehow coherent with the ultrasound

measurement acquired at week 19 after surgery and shown in Figure 8.8 in which

the size of the wound cavity is of the order of 12mm × 4mm. In this context, and

because of the uncertainties on the ultrasound imaging along with the small size of

the wound cavity, we cannot validate quantitatively on the effects of the parameter

α1 by fitting only a two-dimensional contour of the breast. Nevertheless, we observe

in the ultrasound imaging of the wound a more elongated shape of the wound cavity

than predicted by our model in the absence of mechanical energy, consistent with

the qualitative prediction of our model regarding the effect of the mechanical stress

and strain on the wound healing when α1 6= 0, as detailed in Chapter 6.

Phase 3 The third and last phase of healing is dominated by the impact of the
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Figure 8.9: Surface response obtained with the evaluation of f in the determination
of the parameters for the Phase 2 of healing.

radiation therapy. In general, patients undergo radiation therapy 2 to 3 weeks after

surgery in order to minimize the risk of tumor recurrence. However the patient in this

case study underwent chemotherapy, therefore delaying the course of radiotherapy.

The patient was given external beam radiation therapy for a duration of 7 weeks

and starting on week 20 after surgery. The next and last clinical examination of

the patient occurred at week 34 after surgery, 7 weeks after the end of the radiation

treatment. At week 34 after surgery, our multiscale model predicts a wound cavity

of less than 1 cm× 1 cm. In addition, the effect of the increased wound edge curva-

ture wound contributes to the acceleration of the wound closure, as we observed in

Chapter 6. In consequence, we assume here that the wound was closed at week 34

after surgery.
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Figure 8.10: Surface response of f in the plane λ2 = 1.2 for the Phase 2 of healing.

At this point, we introduce in the mechanical model of the breast the newly

created scar tissue filling the wound cavity with an unknown Young modulus Escar.

Breast tissues density and Poisson ratio are supposed to be uniform across the breast

and thus are unchanged. We use again a single multiplicative factor λ3 applied to the

adipose and glandular tissues of the breast in order to model the increase in stiffness

caused by the radiation therapy.

The new unknown vector in Equation 8.1 is defined as α = {λ3, Escar}. We

obtain a minimum of the objective function f for Escar = 24 kPa and λ3 = 1.7. This

increase in tissue stiffness from the second phase of healing is in accordance with the

observation made in Figures 8.2 and 8.3 and confirms our initial distinction between

the three phases of healing. However, the very small variations of the surface response

of f in the dimension of Escar shown in Figure 8.11 imply that our prediction on the

139



Young modulus of the scar tissue is not yet conclusive.
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Figure 8.11: Surface response obtained with the evaluation of f in the determination
of the parameters for the Phase 3 of healing.
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Part IV

Conclusions
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Chapter 9

Conclusions and Further Work

We aimed in this dissertation to develop and investigate a patient-specific, multi-

scale model of the breast during breast conserving therapy from a mechanical and

biological point of view. We have developed this model with the goal of advanc-

ing and improving the translational research that exists between the computational

world and the medical world. Indeed, the need of a practical tool to facilitate the

discussion between the surgeon and the patient during the decision process has been

clearly established. We will present in Section 9.1 of this chapter a discussion on

the development of this multiscale model and its further possible refinements. The

discussion on the case study and the future of the clinical trial initiated by this work

is discussed in Section 9.2 of this chapter. Finally, we present in Section 9.3 an

overview the future work derived from this dissertation.
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9.1 Review of the Multiscale Modeling of BCT

We have developed in this dissertation a multiscale model combining a mechanical

model of the breast tissues to a biological model of the wound healing. This model

aims to serve as a general framework to predict the contour of the breast during and

after breast conserving therapy. We insisted in particular on using an agile and mod-

ular approach in order to be able to adapt our model to the highly variable changes

in the anatomy of the breasts and the stage and shape of the tumors found between

patients. We have developed for this purpose a class of several model of the biology

of wound healing; a first theoretical model aims to better understand the dynamics

of the wound healing process, while a second simplified model is developed as a com-

putationally efficient way to provide an extensive optimization of the parameters of

the model.

We do not claim yet that our model is clinically valid or accurate in terms of

predictions of the breast contour. We have developed, however, this model as a

computational framework that can evolve dynamically as we retrieve more patient

data from clinical studies. We have additionally used this framework to test various

hypothesis on how the wound healing progresses, based on the fact that to our knowl-

edge, no mathematical model has been developed to model the healing of internal

wound in soft tissues.

In the meantime, translation into clinical practice imposes a number of limits

on the type of patient data that is available. Those limitations are reflected in
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this dissertation through various additional simplification to the complete model of

wound healing that we have initially developed. However we have chosen to focus

on outcomes of the simulation that really matter for surgical decisions, reflecting in

the positive results obtained during the case study described in the part III of this

dissertation.

Ideally, we should increase the complexity of the biological model of wound heal-

ing of our multiscale model and its relationship with the radiation therapy. This

may provide a better way to predict and possibly improve the contour of the breast

following breast conserving therapy, while controlling at best tumor recurrence.

9.2 Review of the First Case Study

We have begun with the first patient enrolled in our clinical study to interrogate

our multifactorial model of breast conserving therapy after surgery. The goal of

this study was to confirm our heuristic knowledge on the phenomenology of healing.

We have been able to confirm that the breast conserving therapy outcome is indeed

multiscale by nature. Thanks to our computational framework, we were able to

study separately the effects of each parameter of this model on the breast contour,

such as change in stiffness in the breast tissues, pressure in the wound cavity, and

production of scar tissues.

We also tried to retrieve the dominant factors affecting the breast contour of the
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patient based on clinical data that can be easily incorporated in the standard follow-

up procedure during breast conserving therapy. The choice of our first patient was

critical to start this case study in close to ideal conditions; indeed the outcome of

the surgery was rather good and the location of the tumor was such that we could

work quickly with a two-dimensional model in the sagittal plane. This study allowed

us to obtain a fitting between our model and the clinical data for this patient better

than what we would have initially expected. This result might be significant, as

we performed the fitting of the model using a minimum number of patient-specific

parameters.

9.3 Publications and Future Work

We have learned from this case study how to improve our clinical trial protocol. This

study also further justifies the validation of this model using a three-dimensional

accurate reconstruction of the wound cavity left by the surgery using 3D ultrasound

imaging, as this imaging modality is becoming more common and affordable.

We are now planning to pursue this clinical study with new patients, and are

planning for a small subpopulation of patients to undergo MRI examinations in

order to obtain more ground truth measurements. We are also confident in the fact

that we can pursue this study with patients who present more challenging tumor

configurations from an anatomical point of view. In particular, we will begin to

follow up cases where tumors are at locations that may lead to a dissymmetry of
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the breast. In this case, we will be required to use a three-dimensional modeling

of the wound healing and get from that additional dimension in our model some

improvement in our understanding of the healing phenomenon.

The list of published and pending journal papers derived from the work presented

in this dissertation is presented below:

• Salmon, R., Garbey, M., Moore, L. W., & Bass, B. L. Interrogating a multi-

factorial modeling of breast conserving therapy with clinical data. Submitted

to Biomechanics and Modeling in Mechanobiology.

• Garbey, M., Salmon, R., Thanoon, D., & Bass, B. L. (2013). Multiscale model-

ing and distributed computing to predict cosmesis outcome after a lumpectomy.

Journal of Computational Physics, 244, 321-335.

• Garbey, M., Thanoon, D., Salmon, R., & Bass, B. (2011). Multiscale modeling

and computational surgery: application to breast conservative therapy. Journal

of the Serbian Society for Computational Mechanics, 5, 81-89.

• Lepoutre, N., Gilles, M., Salmon, R., Collet, C., Bass, B.L., & Garbey, M.

A robust method and affordable system for the 3D-surface reconstruction of

patient torso to evaluate cosmetic outcome after Breast Conservative Therapy.

Submitted to Journal of Computational Surgery.
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[101] M. Schäffer, W. Weimer, S. Wider, C. Stülten, M. Bongartz, W. Budach, and
H.-D. Becker. Differential expression of inflammatory mediators in radiation-
impaired wound healing. Journal of Surgical Research, 107(1):93–100, 2002.

[102] C. Schild and B. Trueb. Mechanical stress is required for high-level expression
of connective tissue growth factor. Experimental Cell Research, 274(1):83–91,
2002.

156



[103] J. A. Schnabel, C. Tanner, A. D. Castellano-Smith, A. Degenhard, M. O.
Leach, D. R. Hose, D. L. Hill, and D. J. Hawkes. Validation of nonrigid image
registration using finite-element methods: application to breast mr images.
Medical Imaging, IEEE Transactions on, 22(2):238–247, 2003.

[104] J. A. Schnabel, C. Tanner, A. D. C. Smith, D. L. Hill, D. J. Hawkes, M. O.
Leach, C. Hayes, A. Degenhard, and R. Hose. Validation of non-rigid regis-
tration using finite element methods. In Information Processing in Medical
Imaging, pages 344–357. Springer, 2001.

[105] B. Schönfisch. Anisotropy in cellular automata. Biosystems, 41(1):29–41, 1997.

[106] R. C. Schugart, A. Friedman, R. Zhao, and C. K. Sen. Wound angiogenesis as
a function of tissue oxygen tension: a mathematical model. Proceedings of the
National Academy of Sciences, 105(7):2628–2633, 2008.

[107] S. Shapiro. Periodic screening for breast cancer: the hip randomized controlled
trial. JNCI Monographs, 1997(22):27–30, 1997.

[108] J. Sherratt and J. Murray. Mathematical analysis of a basic model for epidermal
wound healing. Journal of Mathematical Biology, 29(5):389–404, 1991.

[109] J. A. Sherratt and J. C. Dallon. Theoretical models of wound healing: past
successes and future challenges. Comptes Rendus Biologies, 325(5):557–564,
2002.

[110] J. A. Sherratt and J. Murray. Models of epidermal wound healing. Proceedings
of the Royal Society of London. Series B: Biological Sciences, 241(1300):29–36,
1990.

[111] G. R. Sheth, L. D. Cranmer, B. D. Smith, L. Grasso-LeBeau, and J. E. Lang.
Radiation-induced sarcoma of the breast: a systematic review. The Oncologist,
17(3):405–418, 2012.

[112] Siemens Healthcare. https://www.healthcare.siemens.com/magnetic-

resonance-imaging/options-and-upgrades/coils/4-channel-bi-

breast-coil, 2014. Accessed June 4, 2014.

[113] J. E. Skandalakis, P. N. Skandalakis, and L. J. Skandalakis. Surgical anatomy
and technique: a pocket manual. Springer, 2000.

157



[114] R. A. Smith, D. Saslow, K. A. Sawyer, W. Burke, M. E. Costanza, W. Evans,
R. S. Foster, E. Hendrick, H. J. Eyre, and S. Sener. American cancer society
guidelines for breast cancer screening: update 2003. CA: A Cancer Journal
for Clinicians, 53(3):141–169, 2003.
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modelling of the angiogenesis process in wound contraction. Biomechanics and
Modeling in Mechanobiology, 12(2):349–360, 2013.

159



[133] E. Vandeweyer and D. Hertens. Quantification of glands and fat in breast tissue:
an experimental determination. Annals of Anatomy-Anatomischer Anzeiger,
184(2):181–184, 2002.

[134] D. F. Veiga, J. Veiga-Filho, L. M. Ribeiro, I. Archangelo-Junior, P. F. Balbino,
L. V. Caetano, N. F. Novo, and L. M. Ferreira. Quality-of-life and self-esteem
outcomes after oncoplastic breast-conserving surgery. Plastic and Reconstruc-
tive Surgery, 125(3):811–817, 2010.

[135] F. Vermolen and E. Javierre. A finite-element model for healing of cutaneous
wounds combining contraction, angiogenesis and closure. Journal of Mathe-
matical Biology, 65(5):967–996, 2012.

[136] J. F. Waljee, E. S. Hu, P. A. Ubel, D. M. Smith, L. A. Newman, and A. K. Al-
derman. Effect of esthetic outcome after breast-conserving surgery on psychoso-
cial functioning and quality of life. Journal of Clinical Oncology, 26(20):3331–
3337, 2008.

[137] D. Walker, G. Hill, S. Wood, R. Smallwood, and J. Southgate. Agent-based
computational modeling of wounded epithelial cell monolayers. NanoBio-
science, IEEE Transactions on, 3(3):153–163, 2004.

[138] T. J. Whelan, M. Levine, J. Julian, P. Kirkbride, and P. Skingley. The effects
of radiation therapy on quality of life of women with breast carcinoma. Cancer,
88(10):2260–2266, 2000.

[139] C. Williams, I. A. Kakadaris, K. Ravi-Chandar, M. J. Miller, and C. W.
Patrick. Simulation studies for predicting surgical outcomes in breast re-
constructive surgery. In Medical Image Computing and Computer-Assisted
Intervention-MICCAI 2003, pages 9–16. Springer, 2003.

[140] N. R. Williams, K. H. Pigott, and M. R. Keshtgar. Intraoperative radiotherapy
in the treatment of breast cancer: a review of the evidence. International
Journal of Breast Cancer, 2011, 2011.

[141] P.-J. Wipff and B. Hinz. Myofibroblasts work best under stress. Journal of
Bodywork and Movement Therapies, 13(2):121–127, 2009.

[142] P.-J. Wipff, D. B. Rifkin, J.-J. Meister, and B. Hinz. Myofibroblast contraction
activates latent tgf-β1 from the extracellular matrix. The Journal of Cell
Biology, 179(6):1311–1323, 2007.

160



[143] S. Wolfram. Cellular automata as models of complexity. Nature, 311(5985):419–
424, 1984.

[144] R. Wooster, S. L. Neuhausen, J. Mangion, Y. Quirk, D. Ford, N. Collins,
K. Nguyen, S. Seal, T. Tran, D. Averill, et al. Localization of a breast cancer
susceptibility gene, brca2, to chromosome 13q12-13. Science, 265(5181):2088–
2090, 1994.

161


