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Abstract 

Purpose Breast-conserving therapy can result in significant breast deformity in up to 40 percent 

of patients. Breast reconstruction to correct these deformities is considered an integral part of 

breast cancer care. Monitoring the differences in breast volume and visualizing shape differences 

during the reconstruction process could help optimize surgical planning and efficiency of 

procedures, such as autologous fat grafting. The purpose of this thesis was to develop and validate 

a clinical workflow and accompanying software to compute breast volume differences and 

visualize shape differences in post-breast-conserving therapy patients.  

Methods A workflow to efficiently capture a three-dimensional surface scan of a patient’s torso 

during a clinical visit was designed. Custom software was developed to compute differences in 

breast volume and visualize breast shape differences using the three-dimensional surface scans. 

The workflow and accompanying software were validated in a study conducted with fourteen 

patients. Each patient was scanned five times to assess the reproducibility of the computation of 

breast volume differences across all the scans. The breast shape visualizations were also computed 

and then validated by the breast reconstruction surgeon.  

Results The average coefficient of variance for the same breast volume differences was 1.49%. 

The average normalized standard deviation for the left-right breast volume differences was 1.17%.  

The breast shape visualizations qualitatively reflected the expected dissimilarities in breast shape 

for all patients.  

Conclusion A workflow and software to compute the breast volume differences and visualize the 

shape dissimilarities of post-breast-conserving therapy patients were created. The reproducibility 
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of our results suggests the methods are ready to be used in the clinical setting to assist in surgical 

planning of fat grafting for reconstruction of breast deformities.   
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Chapter 1 

Introduction and Background 

1.1 Breast Cancer Therapy   

Breast cancer is the most commonly diagnosed form of cancer in Canadian women. Over 

26,000 cases were diagnosed in 2017 [1]. Since 1986, the mortality rate of breast cancer 

has decreased by 44 percent due to early detection through mammogram screening and the 

use of more effective adjuvant therapies following surgery [1]. As such, the five-year 

survival rate for a breast cancer diagnosis in Canada is 87 percent [1].  

Treatment of breast cancer varies depending on the type and stage as well as the location 

and size of the tumor. The two surgical treatment options are a mastectomy or a 

lumpectomy. A mastectomy is a surgical procedure where the entire breast is removed. In 

some cases, muscle under the breast, and the lymph nodes may also be removed. A 

lumpectomy, also known as breast-conserving surgery, involves the surgical resection of 

the tumor and a small margin of healthy tissue. The goal of a lumpectomy is to conserve as 

much healthy tissue as possible without compromising the adequate resection of the tumor. 

A lumpectomy is almost always followed by adjuvant radiation; this treatment combination 

is called breast-conserving therapy (BCT).  

BCT is generally the preferred course of treatment for early-stage cancer. BCT allows the 

preservation of the breast and has a long-term survival rate that matches that of a 

mastectomy [2]. Unfortunately, up to 40 percent of patients who have BCT may experience 
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breast deformity [3]. Breast deformities differ significantly between patients, depending on 

individual and tumor-specific factors. Breast reconstruction surgery can be performed to 

correct such deformities.  

1.2 Breast Reconstruction  

Breast reconstruction involves one or more surgical procedure that uses either autologous 

tissue or prosthetic material to make the breast look and feel as natural as possible. Figure 

1 illustrates an approximate timeline for BCT and breast reconstruction. The type of breast 

reconstruction is decided based on both the surgeon’s recommendations and patient 

preferences, from methods such as autologous fat grafting, muscle flaps or synthetic 

implants.  

 

Figure 1. Approximate timeline for BCT 

1.2.1 Autologous Fat Grafting 

Autologous fat grafting is a form of breast reconstruction used to replace the soft tissue of 

the breast that was surgically removed during a lumpectomy. This surgical procedure 

includes harvesting of adipose tissue via liposuction from a donor site, usually the thighs, 

buttocks or abdomen. The adipose tissue is then processed, to remove impurities, and 

transferred into the location of the breast defect [4, 5].  

Breast 
Conserving 

Surgery 
3-4 Weeks  

Radiation 
Therapy  

6 months to 5 
years + 

Breast 
Reconstruction 
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Autologous fat grafting is an increasingly popular method for the reconstruction of 

deformities in post-BCT patients as it is rated positively both by patients and physicians 

[5]. The scarring, pain, discomfort, and recovery time are minimal compared to other more 

complex reconstruction options [6]. Autologous adipose tissue is biocompatible and 

therefore does not cause hypersensitivity or foreign body reaction unlike other synthetic 

material [4]. As of 2017, there is strong evidence to suggest that fat grafting post-BCT is a 

safe procedure for breast cancer patients [7] and no evidence to suggest that it increases 

one's risk of recurrence or the onset of new breast cancer [5, 8]. Another advantage to 

autologous fat grafting is that it can provide a natural, soft feeling and have sensation much 

like the other unreconstructed breast [9].  

One of the main concerns with regards to fat grafting is fat reabsorption which is when the 

fat injected into the breast is reabsorbed by the body causing the breast to lose volume. 

Following a fat grafting session, up to 50 percent of the graft volume may be reabsorbed 

[10]. It is generally accepted that in the first six months following surgery, fat reabsorption 

will have stopped. As such this is when breast reconstruction surgeons assess permanent 

fat retention. Typically, two to three sessions are required to achieve the desired outcome. 

These sessions must be spaced out by at least six months making the entire breast 

reconstruction procedure last well over a year.  

1.3 Thesis Motivations 

Since the breast cancer survival rate has increased, breast cancer treatment now 

additionally focuses on breast reconstruction, to help restore the patient’s quality of life 
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[11]. Breast deformities post breast cancer treatment can cause feelings of discomfort and 

lowered self-esteem in patients. For example, many post-mastectomy patients opt for breast 

reconstruction because it helps improve their self-image, provides more clothing options, 

and gives a feeling of overcoming cancer [12]. Breast reconstruction is, therefore, an 

essential part of the treatment process and is considered an integral part of breast cancer 

care in Canada.  

Providing a platform for the planning and assessment of breast reconstruction procedures, 

such as autologous fat grafting, may help achieve the optimal surgical outcomes. This 

process could be done by measuring the volume and visualization of shape differences 

between the right and left breast, which could potentially help in determining the desired 

graft size. Monitoring breast shape and volume changes over time will help monitor the 

progress and reabsorption of the fat graft. Both functions are deemed necessary for careful 

surgical planning of the fat grafting procedures and achieving an optimal aesthetic 

outcome. Furthermore, accurate surgical planning can lead to a decreased operative risk to 

the patient and potentially lessen financial burdens on the health care system by ensuring 

the minimum amount of procedures are required.  

Moreover, by creating an open-source software platform for planning and assessment of 

breast reconstruction it could help ensure the platform could be replicated by other 

reconstruction teams while minimizing financial constraints. Additionally, creating open-

source software will allow the software to be shared within the open-source source 

community and will also make it available for users to modify for other applications.   
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1.4 Imaging Modalities  

Many different imaging modalities are used to capture images of the breast for detecting 

and diagnosing cancer as well as planning and assessing the outcome of surgery. Some 

modalities have also been used in the past to capture measurements of the breast volume 

and shape, several of the more common modalities are described below.   

1.4.1 Two-Dimensional Photographic Images 

Two-Dimensional (2D) photographic images are often taken of the breasts of patients who 

are undergoing breast reconstruction surgery. These 2D images can serve as a reference for 

breast changes over time. They can also be used to assess asymmetry of the breasts [13].  

One advantage for the use of 2D images is that they are fast, easy to capture and virtually 

free.  

More recently, frontal 2D images of the breasts have been used as input to software systems 

which evaluate surgical cosmetic outcomes [14, 15]. These systems assess breast symmetry 

by comparing different measurements, such as breast circumference, measured on the 2D 

images [14, 15]. 

1.4.2 Mammography 

Mammography is a 2D imaging modality which uses low-dose radiation to visualize the 

breast. Mammography has traditionally been used for screening and diagnosing breast 

cancer (Figure 2). Mammograms can be used to compute the breast volume by using the 

formula for the volume of a cone [16]. Unfortunately, the breast is compressed during a 
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mammogram, which therefore does not allow for the visualization of the natural breast 

shape.  

 

Figure 2. Mammogram with an arrow pointing to a small lesion1  

1.4.3 Magnetic Resonance Imaging  

Magnetic Resonance Imaging (MRI) is a form of medical imaging which uses magnetic 

fields, electric field gradients, and radio waves to generate high-quality images of the 

internal organs, mainly soft tissue (Figure 3). MRI does not use any form of radiation.  

The breast volume can be computed using MRI by segmenting the breast from the scans 

and creating a 3D volume of the breast [17, 18]. During a breast MRI, the patient is placed 

in the prone position which causes soft-tissue deformity of the breast and therefore does 

not allow for an objective evaluation of the natural shape of the breast.   

                                                      

1 National Cancer Institute, Mammogram Showing Small Lesion, March 1991, accessed 1 February 2019, 

https://visualsonline.cancer.gov/details.cfm?imageid=2553.  

https://visualsonline.cancer.gov/details.cfm?imageid=2553
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Figure 3. Breast MRI2  

1.4.4 Surface Scanning 

Surface scanning is a non-invasive technique to capture shape and texture information of a 

scanned object. The captured shape and texture information can then be used to construct 

a digital three-dimensional (3D) model. There are many different types of surface scanning 

systems, such as structured light systems, stereophotogrammetry systems, and Red-Green-

Blue-Depth (RGB-D) sensors.  

Usually, the initial data collected by a surface scanner is in the form of a point cloud (Figure 

4 A). The point clouds produced by a surface scanner represent points on the external 

surface of the object that is being scanned. Next, the point cloud is processed and 

transformed into a polygon mesh. A polygon mesh is a collection of vertices, edges, and 

faces that defines the shape of the object (Figure 4 B). One of the most common types of 

                                                      

2 Nevit Dilmen, Colour MRI of the Breast, December 30 2017, accessed March 7, 2019, 

https://upload.wikimedia.org/wikipedia/commons/3/3b/Breast_MRI_04_13.jpg.  
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polygon meshes is a triangle mesh which can be formed using algorithms such as, a 

Delaunay triangulation. In 2D the Delaunay triangulation ensures that within the 

circumcircle of any triangle in the triangulation there are no points in its interior [19]. This 

triangulation can also be applied in 3D [20]. These meshes can be visualized as a 3D model 

(Figure 4 C). 

 

Figure 4. A. Point cloud representation of a scanned object B. edges of a triangle mesh 

C. 3D model of an object 

In the past decade, 3D surface scanners have become more accurate and precise while 

becoming less expensive. Consequently, surface scanners have become increasingly 

popular and have been used for a wider variety of applications, including measuring breast 

volume [17, 18, 21, 22, 23].  

1.4.4.1 Stereophotogrammetry 

Stereophotogrammetry is a type of 3D surface scanning system which relies on multiple 

different cameras which estimate the 3D coordinates of the points on an object. The 

estimation is done by employing measurements in the photographic images taken by the 

cameras in known different positions. The common points on each image are then 

identified. Since stereophotogrammetry systems require multiple fixed cameras, they are 

A C B 
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generally not portable or require setup before use. One common commercial 

stereophotogrammetry system used for surface scanning of the breast is the Canfield Vectra 

XT (Canfield Scientific, Parsippany, New Jersey, USA).   

1.4.4.2 RGB-D Sensors 

RGB-D sensors can be used to create 3D surface scans. They combine a colour (RGB) 

camera and an infrared (IR) camera. The IR camera provides a depth image using both an 

IR emitter and an IR depth sensor. Multiple depth images are combined using software 

with their photographic image counterpart to create a 3D model of an object. Some 

common examples of RGB-D sensors are the Microsoft Kinect Sensor (Microsoft, 

Redmond, Washington, USA) and the Intel RealSense Depth Cameras (Intel Corp., Santa 

Clara, California, USA). 

1.4.4.3 Structured Light Systems 

Structured light 3D surface scanning systems project a series of known patterns, such as a 

grid, onto an object that is being scanned. The predictable deformation of the pattern 

generated is used to compute the object’s shape. These systems also capture photographic 

images, which are used to reproduce the texture of the object’s surface. Examples of 

structured light surface scanners include the Artec Eva (Artec, Palo Alta, California, USA) 

which uses white light, the Artec Spider (Artec, Palo Alta, California, USA) which uses 

blue light, and the Sense 3D scanner (3D Systems, Rock Hill, South Carolina, USA).  
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1.5 Breast Deformity Assessment  

Breast deformity for breast reconstruction patients is often assessed by measuring the 

asymmetry between the two breasts if only one of the breasts has undergone BCT. 

Asymmetry of the breast can be measured by assessing both the size and shape differences 

of the breasts [24]. 

1.5.1 Breast Volume Asymmetry Assessment  

Breast volume can be used to assess the size asymmetry between breasts. The volume 

difference between the left and the right breast can be monitored as well as the volume 

change of the same breast over time. This metric would be useful in a fat grafting procedure 

as it could help the surgeon decide how much fat to harvest and inject into the breast. Many 

procedures and systems have been developed to measure breast volume [17, 18, 21, 22, 23, 

25, 26, 27, 28, 29].  

MRI is generally considered the gold standard for breast volume measurements because of 

its high accuracy [18]. Unfortunately, MRI is expensive, time-consuming, and is not 

commonly required as part of the treatment process for breast reconstruction which limits 

its use. Mammograms are also not a feasible solution because they would expose the patient 

to unnecessary radiation. Although, 2D images are often used for assessing the changes in 

the breast over time they have been proven to be significantly less accurate than evaluations 

using surface scans [22]. Surface scanners have become popular for volume measurements 

as they are fast and inexpensive when compared to MRI while providing similar results for 
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breast volume measurements [26]. Moreover, they are considered safe because they do not 

expose the patient to radiation. 

RGB-D sensors are generally inexpensive when compared to other 3D scanning technology 

and are portable, but they lack the high accuracy seen in other technology [27]. 

Stereophotogrammetry systems, on the other hand, can typically produce highly accurate 

results but lack portability. Structured light surface scanners are portable, hand-held 

devices with a high degree of accuracy [30] making them the ideal surface scanning 

technology to be integrated into a clinical workflow.  

The majority of the studies in the literature using surface scanning technology for breast 

volume measurements focus on measuring the volume of a naturally shaped breast for 

cosmetic breast augmentation procedures [21, 22, 25]. A naturally shaped breast can differ 

significantly in appearance, shape, volume, and contour from a post-BCT breast (Figure 

5).  

 

Figure 5. Example of the difference in shape between a post-BCT and a healthy breast 

1.5.2 Breast Shape Asymmetry Assessment 

Another method to evaluate breast asymmetry is to assess the shape differences. In the past, 

breast shape asymmetry has been assessed through visual inspection and morphometric 
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measurements [31]. These methods allow for a general assessment of the asymmetry 

between the shapes of the two breasts but lack a visual representation of where the shapes 

differ. Surface scans are the ideal imaging modality to assess breast shape asymmetry 

because unlike other modalities it can capture the breast in its natural position.  

An informative way to assess the shape difference between two breasts is by computing 

the surface-to-surface using surface scans [22, 24]. The degree of asymmetry between the 

two breasts can be quantified using the RMS error using the Hausdorff distance [24]. The 

Hausdorff distance is computed as the greatest distance of all the computed distances from 

a point in a model to the closest point in another model. The Hausdorff distance is justified 

for 3D models as traditional methods for 2D images require a one-to-one mapping of 

vertices which is too restrictive in the case of 3D models [32]. Colour coded histograms 

can be used to display the surface-to-surface distances between two scans [22]. This 

methods allow for a visual representation of where the breasts differ in shape.  

1.5.3 Breast Deformity Assessment Software  

Software is used to assess the deformity between two breasts from imaging. Many different 

software systems have been developed to compute one or more metric associated with 

breast asymmetry [18, 22, 25, 28, 29]. Unfortunately, many of these systems are expensive, 

proprietary and device-specific [28, 29]. These software systems are generally marketed 

and used by the cosmetic breast augmentation market [28] making the cost associated with 

these system makes them inaccessible to reconstruction surgeons.  
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Of the literature that does present the development of a software system, the software has 

not been applied for assessment in the post-BCT patient population [18, 25]. For example, 

Geogrgii, et al. proposes a system for aesthetic plastic surgery [25], and Seoud, et al. 

validates their proposed system of adolescent females [18] both of these patient populations 

will differ greatly in breast shape and size from the post-BCT-patient population. 

Furthermore, the breast shape differences are not assessed in these systems.   

1.6 Contributions  

In this thesis, I designed, implemented and tested software to measure the breast volume 

and shape differences for post-BCT patients. Two user-friendly software modules within 

the 3D Slicer3 environment were developed. The software takes 3D surface scans as input 

and compute: (1) the breast volume differences and (2) the shape differences between two 

breasts. In order to compute the breast volume the posterior wall of the breast was virtually 

constructed to mimic the anatomical chest wall. The shape differences between two breasts 

were computed as the surface-to-surface distance between the two breasts. The software 

can be utilized to evaluate the asymmetry between the left and right breast at a given time 

and to assess changes in the same breast longitudinally over time.   

A validation study was conducted to assess the reproducibility of the software created. The 

study consisted of 14 patients who had previously undergone BCT and were seeking breast 

reconstruction options. A workflow was developed to capture the 3D surface scans of the 

                                                      

3 3D Slicer, www.slicer.org  
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patients for the validation study. Also, a Research Ethics Board (REB) application was 

written and obtained for this study. During the study, multiple scans of each patient using 

the developed clinical workflow were captured. For one patient surface scans were 

captured before and after a fat grafting procedure. The scans were used to complete the 

breast volume and shape assessments, and the reproducibility of the measurements was 

assessed. Furthermore, feedback was collected from each patient in the form of a 

questionnaire about the clinical workflow.  
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Chapter 2 

Methodology 

2.1 Workflow 

A workflow was developed to capture a 3D surface scan of a post-BCT patient’s torso 

(including both breasts) which was then used to compute the breast volume differences and 

visualize the breast shape differences.  

Many constraints were considered to ensure the workflow could be easily integrated into 

the existing clinical workflow. Most saliently, these restrictions involved: 

 Patient time required, 

 Surgeon time required, 

 Processing time, 

 Physical space requirements, 

 Ease of use 

All of the constraints were considered to ensure that there was minimal disruption to the 

current clinical workflow. The time taken to capture and process the scan must be 

minimized to ensure the entire process could be completed on the day of the patient’s fat 

grafting procedure. Given the busy nature of a surgeon’s schedule, reducing their presence 

in the workflow would ensure the process can be integrated while minimizing complexity. 
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Furthermore, an important consideration in the workflow was the floor space required to 

capture the 3D scans. It was prudent to ensure that these scans can be captured in a standard 

hospital room without the need for additional setup or changes to the room’s set up. Lastly, 

developing a software system which provides a user-friendly interface by limiting required 

user interactions will allow novice users to use the software easily.  

As illustrated in Figure 6, the proposed workflow includes defining the breast boundaries, 

acquiring the 3D surface scans, processing the scans, and computing the breast metrics. 

 

Figure 6. Clinical workflow. *Surgeon present, this step is only needed during the initial 

scan of each patient 

2.1.1 Breast Boundary Definition  

The first step in the clinical workflow was to define and mark the breast boundaries of the 

patient to outline the footprint of the breast. The boundaries were marked with a washable 

marker on the skin by either the reconstructive surgeon or a trained assistant (Figure 7). In 

the latter case, the reconstructive surgeon would verify the boundaries. The superior 

boundary was defined by lifting the breast until the natural upper curve was visible. The 

lateral boundary was determined by having the patient lift the arm adjacent to the breast 

over their head exposed a crease on the lateral side of the breast. The inferior and medial 
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boundaries were marked by following the natural contour of the inframammary fold of the 

breast.  

 

Figure 7. Marks placed on the patient to delineate the breast footprint. The arrows point 

to examples of the marks 

2.1.2 3D Data Acquisition  

I designed a data acquisition workflow to capture a 3D surface scan of a patient’s torso. To 

this end, the Artec Eva scanner (Artec, Palo Alta, USA) was used, which is a structured 

white light surface scanner with an accuracy up to 0.1mm [30]. The Artec Eva can capture 

up to 16 frames per second and is a handheld device (Figure 8). The Artec Eva was chosen 

for its high accuracy and superior results in visualizing the entire breast, including the 

inframammary fold [33], a critical anatomical feature that is predominantly difficult to 

capture in patients with large, ptotic breasts. Successfully capturing the inframammary fold 

helps ensure proper 3D reconstruction of the breast, and avoid error introduced by 

generating the missing data. 
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Figure 8. The Artec Eva being used to scan a plastic mannequin with a laptop running 

Artec Studio in background 

The scanning position was defined as follows: standing upright, feet shoulder width apart, 

hands placed on the hips, shoulders pressed back, and head tilted 45 degrees upward 

(Figure 9). This position was chosen as it was easily reproducible for multiple scans and 

could be accommodated in most clinical settings due to its low space requirement. During 

the scanning process, the patient was asked to take very shallow breaths, limiting chest and 

breast movement. Each scan captured the torso between the base of the neck and the navel. 

 

Figure 9. Scanning position of the patient  
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All scans were performed using the above standardized procedure, with the same Artec 

Eva scanner and by the same scanner operator. The operator stood lateral to the patient, 

approximately 60cm away. The scan was captured by moving slowly around the patient 

while moving the Artec Eva up and down to capture all angles of the breast. An optimal 

distance of 40-100 cm between the scanner and the patient was maintained for the duration 

of the scan. The scan was complete when the operator had rotated 180 degrees around the 

front of the patient (Figure 10).  

 

Figure 10. Diagram of surface scan acquisition setup 

2.1.3 3D data processing 

Once the 3D surface scans had been captured the scans were processed to convert them 

into 3D models. The data processing was performed in Artec Studio (Artec, Palo Alta, 

USA). Artec Studio was chosen because it was the software used for the acquisition of the 
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surface scans and is compatible with the Artec Eva. Within Artec Studio many processing 

steps (Figure 11) and filters were applied to the data. 

 

Figure 11. Artec Studio processing steps  

The first post-processing step performed was global registration which aligned all the 

frames from each scan. Following global registration frames with excessive registration 

error were removed (Figure 12 A). Next, a 3D mesh was constructed from all the frames 

using the Artec Studio smooth fusion tool, which converted the 3D points clouds into a 3D 

mesh (Figure 12 B). A small object filter was applied to ensure only the main mesh of the 

torso was kept. A hole filling algorithm was then used to fill any holes in the scan caused 

by inadequate visualization of the inframammary fold. The meshes for all patients were 

cropped to include only the torso, the arms, neck, head, and legs were removed (Figure 12 

C). A mesh simplification algorithm was applied to reduce the size of the mesh file. Finally, 
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the texture of the scan was applied. The texture allowed for the visualization of the skin 

surface (including the marked breast boundaries) on the mesh (Figure 12 D). Following 

these steps, the new mesh file was saved as an object file and the texture of the mesh as a 

jpeg file.  

 

Figure 12. A. Scan following global registration B. 3D mesh following fusion step C. 3D 

mesh following cropping D. Final mesh with textured applied  

2.2 Software Implementation   

The software was developed within the 3D Slicer environment to measure the breast 

volume and visualize the shape differences. 3D Slicer is a popular, free, open-source 

software platform used for medical image analysis and visualization [34]. In the past 5 

years 3D Slicer has been downloaded over 400 000 times. 3D Slicer is versatile and 

extendable, allowing users from around the world to use and develop custom modules. The 

software was developed as scripted modules coded in the Python programming language 

A                             B            C                 D 
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using the open-source software library the visualization toolkit (VTK4). The object and 

jpeg files were used as the input for 3D Slicer. 

2.2.1 Volume Difference Computations 

The first module developed computes the breast volumes difference from a single textured 

surface scan. The individual breast volumes can also be computed and recorded for 

multiple scans to measure volume changes in the same breast over time. Figure 13 

illustrates the flow within the module.  

 

Figure 13. The workflow for processing surface scans to compute the breast volume. 

Step 1a was completed for the initial scan for all subsequent scans step 1b was completed 

instead 

                                                      

4 The Visualization Toolkit, www.vtk.org 
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Virtual marker placement 

The boundary of the breast was defined in the software by manually placing virtual markers 

on the scan that corresponds to the manually placed footprint annotated by the plastic 

surgeon (Figure 14). These markers are placed only once on the initial surface scan of each 

patient and saved. For every subsequent scan of a patient, the same virtual markers are 

used. The same breast boundary size was used for both left and right breasts. To ensure 

this constraint was met, the boundary marked for the healthy breast was used for both 

breasts. The boundary fiducials were reflected along the midsagittal plane of the body, such 

that the reflected points contoured the boundary of the treated breast. The healthy breast’s 

boundary points were used as the template because they represented the footprint of the 

breast compared to the treated breast and ensured the breast volume for both breasts 

encapsulated the same region on the chest wall. 

  

Figure 14. Virtual marker placement (left) virtual markers (right)  

Surface Registration  

For all subsequent scans, the virtual marker placement step was omitted. Instead, a surface 

registration step was included in the pipeline. Each subsequent scan was registered to the 

initial scan (Figure 15). The registration was performed using the iterative closest point 

(ICP) algorithm [35]. The ICP algorithm works to minimize the distance between two sets 
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of points (the source and the reference). For each point on the source model, a 

corresponding point on the reference model is found which minimizes the root mean square 

of the closest point distances. The registration error was reported as the mean distance 

between the two models following registration. The registration error was recorded for 

each scan and reported as an average registration error for each patient. To ensure the ICP 

algorithm would find an optimal solution, the scans were orientated and roughly aligned 

using manual registration before the algorithm was run.  

A rigid registration was used because volume and shape differences should remain intact 

and not be altered by the registration [36]. The differences are preserved because they 

represent the changes in the breast over time.   

After registration, the breast boundaries defined for the initial scan were propagated to each 

subsequent scan. By propagating the initial footprint the surgeon is only needed during the 

initial scanning session, all subsequent scans can be performed without the surgeon’s 

presence necessary. 

 

Figure 15. Initial and subsequent scan of mannequin before registration (left) after 

registration (right) 

 Breast separation  
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Two loops were constructed to connect all virtual points, one for the left breast boundary 

points and one for the right breast boundary points. The breast was automatically separated 

from the rest of the surface scan using the loops. All the surface points enclosed within the 

loop were considered part of the breast mesh and all points outside of the loop were 

considered part of the torso mesh (Figure 16). 

 

Figure 16. Original mesh (left) torso mesh (center) breast mesh (right) 

Posterior wall generation  

A posterior wall of the breast was constructed to create a closed breast mesh which was 

needed to calculate the breast volume. Two approaches were developed to construct the 

posterior wall. Once the posterior wall was created, it was cropped using the previously 

created loops from the breast boundary points.  

The first approach developed to construct the posterior chest wall created a flat plane to 

close the breast mesh. A plane of best fit was computed from the set of breast boundary 

points using a least squares approach which minimizes the distance between each point and 

the plane (Figure 17). The plane was defined with a point and a normal where the point 

was computed as the mean of all input points.  
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Figure 17. Plane of best fit for breast boundary points  

The second approach to develop the posterior chest wall created a curved surface which 

mimics the curvature of the anatomical chest wall (Figure 18). This approach used the 

plane of best fit generated in the first approach and applied a warping transform to create 

a curved surface.  

 

Figure 18. Chest Computed Tomography (CT) image with the red dotted line marking 

the approximate anatomical chest wall5 

                                                      

5 Sean Novak, 16 April 2015, accessed 22 February 2019, 

https://upload.wikimedia.org/wikipedia/commons/b/b3/CT_showing_fibrous_tumor_of_the_pleura.jpg. 
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A thin-plate spline transform warps a surface to model deformations in the surface. The 

thin-plate spline gets its name from the analogy of bending a thin piece of metal. A thin-

plate spline transform consists of two sets of points: (1) the source points and (2) the target 

points. The transform interpolates the mapping between the source and target points 

creating a non-rigid registration between the two sets of points.  

In this application, the target points were selected as the breast boundary points. These 

points were chosen to include local surface information around the breast border. More 

target points can also be added by specifying a radius around the center of the breast for 

which all points within the radius on the torso scan are included. The source points were 

then created by projecting the target points onto the plane of best fit.  

The thin-plate spline transform was created using VTK’s built-in class 

vtkThinPlateSplineTransform. The thin-plate spline transform was applied to the plane of 

best fit, which created a new warped surface, which approximately mimics the posterior 

wall of the breast (Figure 19). 

 

Figure 19. Warped cropped surface for posterior wall  
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Volume computations  

To ensure the cropped posterior wall and breast mesh would create a closed mesh the breast 

mesh was linearly extruded backward to form a skirt around the breast and then cropped 

with the posterior wall. Finally, the surface for the cropped posterior wall and the breast 

mesh were joined to create a closed 3D breast model, and the volume of the model was 

calculated. The two different states for the module input are shown in Figure 20.  

 
 

Figure 20. Input setting for an initial scan (top) inputting setting for all subsequent scans 

(bottom)  

2.2.2 Shape Difference Visualizations  

The second module developed helps visualize differences between the shape of the post-

BCT breast and the healthy breast. This module takes a surface scan as input and creates a 
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distance map by colourizing the magnitude of the surface-to-surface distance between the 

healthy and post-BCT breast. Figure 21 illustrates the steps within the module.  

 

Figure 21. Workflow for processing the surface scan to compute the surface-to-surface 

distances  

A mirrored surface was created from the original surface (Figure 22) by reflecting the 

original surface along the midsagittal plane of the body. The mirrored surface was created 

to superimpose the right breast on top of the left breast or vice versa. The mirrored surface 

and the original surface were registered using ICP. Following the initial ICP registration if 

the results were not satisfactory the user could specify an initial starting transformation and 

then rerun the automatic registration. The initial starting transformation was used to ensure 

both models were in the same orientation and approximate location.  

Next, the surface-to-surface distance was computed between the original surface scan and 

the mirrored surface scan within the breast boundaries. The surface-to-surface distance was 

computed using the command line interface (CLI) ModelToModelDistance built into 3D 

Slicer. This CLI was developed based on the work of Aspert et al. [32]. Next, the surface-

to-surface distance for every point on the original surface was visualized as a coloured heat 

map which indicates the magnitude of the difference between the models. The results of 

Surface registration 

Surface-to-surface distance computations 

Breast isolation 

Mirrored surface creation 
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the coloured heat maps were evaluated by the expect breast reconstruction surgeon who 

confirmed whether or not the results qualitatively reflected the expected dissimilarities in 

the breasts.  

  

Figure 22. The original surface scan (left) and the mirrored surface scan (right) 

A slight modification of this method allows for the surface visualization to be computed 

between the same breast from two different scans. When a second input was provided in 

the optional input model section, the modified method was performed. In this case, the 

initial step, of creating a mirrored surface, was removed and the process was advanced to 

step 2 where the two scans provided as input are registered together using ICP. Figure 23 

shows the user interface for the module including the input and output selection. 

 

Figure 23. User interface of the module to compute the surface-to-surface distances 



 

 

31 

 

2.3 Breast Boundary Variation  

The breast boundary defined by the set of virtual fiducials was used to determine which 

part of the scan was considered the breast and which was not. Variation in the breast 

boundary inevitably affects the absolute breast volume computed and potentially the breast 

volume differences computed. Therefore, it was crucial to assess the extent to which 

changes in the breast boundary would affect the volume measurements. To this end, three 

different experiments were conducted. 

The first experiment determined how variation in the footprint would affect the breast 

volume computed for the same breast over multiple scans. Increasing random error was 

added to the position of every breast boundary fiducial. The breast volume can be 

calculated using the new boundary points and then compared to that of the ground truth 

breast volume (the breast volume with 0 mm of random error introduced).  

The second experiment assessed the variation in an individual user placing the breast 

boundary fiducials by having a user place the breast boundary points on multiple scans of 

the same breast. These boundary fiducials can then be compared to the initial (ground truth) 

boundaries. The difference between the ground truth breast volume and the new breast 

volume can be computed. 

The third experiment assessed how variation in the breast boundary placement will effect 

volume differences measurements over multiple scans. To this end, the breast boundaries 

were defined by two individuals for three different patients. The resulting breast volume 

differences were then computed between all 5 scans for each patient, using both breast 
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boundaries. The deviation of the computed breast volumes relative to the initial scan was 

compared for both set of breast boundaries. 

2.4 Validation Study 

The clinical workflow and software created were validated by conducting a clinical 

validation study. The inclusion criteria were women over the age of 18, who had previously 

undergone a partial mastectomy on either the right or left breast, followed by radiation 

therapy. All patients presented at least one year from the last session of radiation therapy. 

All patients presented with breast deformity and asymmetry and were seeking options for 

surgical reconstruction. One of the patients underwent a fat grafting surgical 

session following the original study date and participated in the study a second time 

following the surgery.    

Patients were recruited and participated in the study over multiple different days. Once a 

patient was recruited to participate in the study, they were briefed on how the study would 

run and given a demonstration of the scanning process. Next, if the patient agreed to 

proceed, informed consent was obtained in the form of a signed document.  

The study included five surface scans being captured of each patient using the workflow 

highlighted in Section 2.1. The study took place in the Human Mobility Research Centre 

at Queen’s University. All scans were performed in a room that would simulate the space 

and lighting available in a clinical environment.  
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First, the breast boundaries were marked on the patient as described in Section 2.1.1. Next, 

the patient would stand in the scanning position, and a 3D surface scan was captured of the 

patient’s torso as described in Section 2.1.2. Following the scan, the patient was asked to 

relax and was given a short break (approximately 30 seconds). Four more 3D surface scans 

were captured using the same process with a short break between each scan. The length of 

each scan and the time taken between each scan were recorded. Once all scans were 

completed the patient was asked to complete a questionnaire about the study and scanning 

process.  

2.5 Statistical Analysis 

The reproducibility of the volume difference of the same breast was assessed for all patients 

using the coefficient of variation (CV). The CV is the standard deviation of several 

measurements of the same object divided by the mean. The CV is presented as a percentage 

(with 0 percent representing no variability in the dataset).  

CV where 𝝈 is the standard deviation and 𝝁 is the mean: 

𝐶𝑉 =  
𝜎

𝜇
 

The reproducibility of the volume difference between the right and left breast was assessed 

for all scans using the normalized standard deviation. The normalized standard deviation 

was computed by dividing the standard deviation of the differences by the average between 

the left and right average breast volumes and reported as a percentage of the average breast 
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volume (Equation 2). The CV was not used for this because in the case where there is little 

or no difference between the two measurements the CV cannot be computed.  

Normalized standard deviation where 𝝁𝒍 is the mean left breast volume and 𝝁𝒓 is the mean 

right breast volume and 𝝈 is the standard deviation: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =  
𝜎

(𝜇
𝑙

+ 𝜇
𝑟
) 2⁄
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Chapter 3 

Results  

3.1 Validation Study 

Fourteen patients participated in the study. The average time to complete the entire data 

acquisition workflow was 5 minutes and 46 seconds. The average time to capture one full 

surface scan was 31 seconds. The maximum scan time was 49 seconds while the minimum 

scan time was 16 seconds. Typically, a longer scanning time was required for patients with 

large, ptotic breasts compared to the scanning time of patients with smaller breasts.  

In total 75 scans were successfully captured, five scans for the 14 patients and an extra five 

scans for patient three (who participated twice). Of the 75 scans, four scans had to be 

restarted partway through the scan because of scanner malfunction. From the 75 scans, the 

breast volume was assessed for both breasts in each scan for a total of 150 breasts, and the 

inframammary fold was fully visualized in 71 percent of these breasts (107 breasts). On 

average the post-processing steps took 4 minutes and 30 seconds to complete per patient. 

For all patients, one scan was used as the initial scan (14 initial scans), where the boundaries 

of the breasts were defined, and all other scans (61 scans) were registered to the initial scan 

of that patient. The average registration error, measured as the average distance between 

scans, for each patient is reported in Table 1. The average registration error for all scans 

was 1.7 mm +/- 0.97 STD.  
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The results of the patient questionnaire are displayed in Figure 24. Overall, most patients 

were comfortable with the scanning process, position, length, and flashing light emitted by 

the scanner.  

Table 1. Average registration error per patient measured as the average distance 

following registration 

Patient Number Average Registration Error  

1 1.0 mm 

2 1.1 mm 

3 3.4 mm 

4 2.0 mm 

5 1.2 mm 

6 1.9 mm 

7 4.2 mm 

8 1.5 mm 

9 0.9 mm 

10 1.4 mm 

11 1.5 mm 

12 1.0 mm 

13 1.3 mm 

14 1.6 mm 
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Figure 24. Questions and responses (reported as the average response and standard 

deviation) to the patient questionnaire 

3.2 Breast Volume Difference Measurements 

3.2.1 Same Breast Difference  

The CV was evaluated per patient for both the left and the right breast (Table 2). The 

average CV of all scans was 1.49% with a standard deviation of 0.99%, the maximum CV 

was 3.80%, and the minimum CV was 0.24%. The CV for each patient is visualized in 

Figure 25. The average CV computed for all post-BCT breasts was 1.56% and for all 

healthy breasts was 1.43%. A two-tailed T-test was conducted with  = 0.05. There was 
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no significant difference (p = 0.73) between the CV of the post-BCT breasts and the healthy 

breasts which indicates the reproducibility of the method does not differ depending on the 

type of breast.   

Table 2. Average left breast volume, right breast volume, and the coefficient of variance 

(CV) for right and left measurements. For patient 3, the scan before the fat grafting 

procedure is marked with 3a, the scan after the grafting procedure with 3b 

Patient Number Average Left 

Volume 

Left CV 

% 

Average Right 

Volume 

Right CV 

% 

1 547 cc 1.35 639 cc 0.45 

2 352 cc 3.02 264 cc 1.09 

3-a  736 cc 1.15 575 cc 1.99 

3-b  732 cc 0.84 641 cc 1.46 

4 1342 cc 0.67 732 cc 0.24 

5 999 cc 0.64 937 cc 0.34 

6 714 cc 2.89 578 cc 2.74 

7 275 cc 1.49 301 cc 1.65 

8 1286 cc 1.28 781 cc 2.16 

9 286 cc 3.80 345 cc 3.72 

10 724 cc 0.51 351 cc 0.62 

11 576 cc 1.66 358 cc 2.92 

12 1005 cc 1.30 822 cc 1.09 

13 1577 cc 0.75 2166 cc 0.69 

14 950 cc 0.95 874 cc 1.29 
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Figure 25. The CV values from Table 2, the red line indicates the average CV 

One patient’s breast volume was assessed before undergoing a fat grafting surgery and a 

few weeks postoperatively. The preoperative breast volume difference between the 

affected and non-affected breast was 161 cc. Postoperatively, it was determined that this 

difference was reduced to 91 cc, suggesting 70 cc of fat was gained in the breast. According 

to the operative record, 85 cc of fat was injected into the breast during the fat grafting 

procedure. The discrepancy between the operative record and measured difference could 

be due to fat reabsorption.  

3.2.2 Left-Right Difference  

The reproducibility of computing the breast volume difference between the left and right 

breast from the same scan was assessed (Table 3). The normalized average standard 

deviation was 1.17%.  
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Table 3. Average volume difference and the normalized standard deviation. For patient 3, 

the scan before the fat grafting procedure is marked with 3a, the scan after the grafting 

procedure with 3b 

Patient Number Average Left-

Right Difference  

Normalized 

STDEV % 

1 92 cc 0.76 

2 88 cc 2.52  

3-a  161 cc 0.69  

3-b  91 cc 0.46  

4 611 cc 0.94 

5 62 cc 0.55 

6 137 cc 0.99 

7 29 cc 2.15 

8 505 cc 1.14 

9 59 cc 1.78 

10 373 cc 0.73 

11 218 cc 1.72 

12 183 cc 1.07 

13 588 cc 1.05 

14 76 cc 1.01 

3.3 Breast Shape Difference Visualizations 

3.3.1 Same Breast Difference 

The surface-to-surface distances were visualized for the same breast using scans taken at 

different time points. In Figure 26 the difference can be visualized for patient 3 using a 

scan before and after a fat grafting session. In this figure, the largest distances are computed 

around the scar. This region was where the reconstruction surgeon injected the fat for the 

graft and therefore is the region where the most change was expected.   
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Figure 26. Shape difference before and after a fat grafting session for patient 3 

3.3.2  Left-Right Difference  

The breast shape difference was visualized using the surface-to-surface distances between 

the left and right breast for all patients who participated in the study (Figure 27). The colour 

green represents a region where the two breasts are similar while the colours red and dark 

blue represent regions where the surfaces differ significantly. For example, in image 

number 1 of Figure 27, the left breast has a fuller shape along the inframammary fold than 

the right breast producing largest distances in this region. The breast reconstruction surgeon 

validated these results; in all patients, the visualized distances qualitatively reflected the 

expected dissimilarities in the breast shape.  
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Figure 27. Visualization surface-to-surface distance between the left and right breast for all patients  

3.4 Breast Boundary Variation  

Variation in the breast volume difference due to variation in placing the breast footprint 

was assessed by randomly adding increasing error to the breast boundary points. The 

results are shown in Figure 28. They are presented as the absolute volume difference 

between the ground truth breast volume (with 0 mm of error) and the computed volume 

difference. Each point on the graph is the average of 8 data points. As the error in the 

boundary points was increased, the difference in volume also increases linearly. 
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Figure 28. The absolute volume difference with increased random error from the ground 

truth volume difference 

In the second experiment the variation of having one user place new breast boundary points 

for a scan and how this would affect the breast volume measurements was investigated. In 

this trial, the same user placed a new set of footprint fiducials on all five scans of the same 

breast, for a total of five patients. The average CV for this task was 1.7 % +/- 1.1 STD. 

In the third experiment the effects of breast boundary placement on volume difference 

computed over multiple scans were investigated. The difference in breast volume was 

computed for all four subsequent scans for three patients relative to the initial breast 

volume. This was completed for both sets of breast boundaries. The variation in these 

measurements due to the different breast boundary placement was assessed and normalized 

with the mean breast volume. The average change in volume difference due to the breast 

boundary placement was 0.6 % +/- 0.3 STD of the total breast volume. 
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Chapter 4 

Discussion  

4.1 Results Analysis  

In this thesis, a clinical workflow and software to measure the breast volume difference for 

post-BCT patients were developed. I validated the reproducibility of the method and 

measured an average CV of 1.49% +/- 0.99 STD, which is comparable to that of Kovacs 

et al. volume measurements using MRI (1.56 %+/- 0.52 STD) and outperforms that of 3D 

scanning (2.27% +/- 0.99 STD) [17]. The minimal variation in our results signifies that this 

method is highly reproducible. There was no difference in reproducibility between the 

affected and non-affected breast, suggesting it can be used for both natural and post-BCT 

breasts. The constraints outlined in Section 2.1 were all met with the designed workflow 

and consequently surface scanning can be a valid tool for implementation in the current 

clinical workflow. 

Two main applications for the work presented are: (1) to measure the volume difference 

between the right and left breast before a fat grafting session, and (2) to monitor the volume 

changes within one breast which is undergoing multiple fat grafting sessions. The first 

application will be beneficial to help surgeons estimate the required size of the graft to 

create symmetry between the two breasts and plan the number of sessions. The second 

application will be beneficial in helping to monitor the patient-specific fat reabsorption rate 
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following each surgical session and provide information on the survival percentage of the 

fat graft.  

The standard of care for planning a fat graft size involves the reconstruction surgeon using 

their clinical knowledge and visual inspection to estimate the graft size during surgery. It 

can reasonably be expected that the surgeon can estimate the optimal fat graft size within 

a margin of error of 5 to 10 percent. Given high reproducibility of measuring the volume 

differences when no change has occurred in the breast using the developed methods the 

results should provide the surgeon with a more accurate measurement of the volume 

difference between two breasts. The results therefore indicate that our proposed method is 

suitable for the outlined applications. 

4.2 Breast Boundary Definition  

To compute breast volume the breast footprint was used to define the posterior boundary 

of the breast. The breast boundary was determined only from the initial scan, with each 

subsequent scan being registered to the initial scan with the boundary propagated. By 

propagating the footprint of the breast, the time demand for experts is reduced, allowing 

more flexibility in scanning sessions and making the workflow more easily adapted in the 

clinical setting. The breast footprint is the region on the chest wall where the breast 

protrudes above. The breast footprint varies from woman to woman, but the footprint of a 

breast never changes in size or position after puberty [37]. Although the breast footprint 

was used to ensure the breast volume was accurately captured only a single surgeon either: 

(1) placed the footprint or (2) verified the footprint was correctly placed. The placement 
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error of the footprint between multiple experienced surgeons was not investigated. Within 

the hospitals where patients were recruited, Kingston General Hospital and Hotel Dieu 

Hospital – located in Kingston, Ontario, Canada, there currently is only one plastic surgeon 

who performs breast reconstruction. This surgeon is the same surgeon who participated in 

the study. Having only one plastic surgeon aid with our data collection and process could 

have led to inaccuracies in the absolute breast volume. As seen in Figure 28, random errors 

of up to 10 mm can have a significant effect on the computation of the absolute breast 

volume. However, deviation in the difference in breast volume over multiple scans is less 

prominent due to multiple individuals placing the breast boundaries. The change in breast 

volume difference from scan to scan between two unique breast boundary placements was 

less than 1 % of the total breast volume. 

Furthermore, establishing the standardized procedure to identify the footprint, which relies 

on visualizing the natural creases in the breast, should help minimize the error between 

professionals. Furthermore, the goal of this thesis was to investigate the breast volume 

differences, not the absolute breast volume. Since the footprint was propagated to each 

subsequent scan the difference in user should not affect the study if the footprint captured 

all the breast where the volume change occurred. By propagating the footprint to each scan 

instead of re-marking the breast footprint error introduced through variation in the breast 

boundary fiducial placement can be avoided. Finally, by using the same breast boundary 

points for each scan, it ensures that the same posterior wall of the breast will also be used 

for all scans since the posterior wall is exclusively dependent on these points.  
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4.3 Scan Registration  

A rigid registration was used for scan registration because the volume and shape 

differences between the two scans should be conserved and not be altered by the 

registration [36]. The differences are preserved because they represent the changes in the 

breast over time. Registration algorithms which included uses the textural information from 

the scan were not considered. Investigations on whether including the textural information 

in the registration algorithm increases registration accuracy could be conducted.  

Scan registration was an important step in the breast volume and shape computations 

because inadequate registration would lead to errors in both measurements. Although, there 

was no required for the registration accuracy, a lower error should lead to more accurate 

and reproducible measurements. The average registration error for all scans was 1.7 mm 

which most likely contributes to some of the discrepancies between the volume difference 

measurements. In future studies, it should be assessed to what extent the registration error 

affects the volume measurements and shape visualizations.  

4.4 Scanning Position  

The chosen scanning position allows for easy integration into the clinical workflow since 

the process can be accommodated in most clinical settings due to the minimal space 

requirements. Moreover, by scanning the patient in the standing position, it allowed for the 

shape information of the breast to be captured which would not have been possible if the 

breast was in an unnatural position. Unfortunately, when scanning patients with large, 

ptotic breasts, it is not always possible to visualize the entire breast. Specifically, the 
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inframammary fold was not fully visualized in 29 percent of the scans. In these cases, the 

Artec Studio software was used to fill the holes in the scan. Although this solution allowed 

for the breast volume differences to be computed for all patients, this could lead to less 

accurate measurements. In the future, these potential errors could be mitigated by 

introducing a whole filling strategy that follows the natural contour of the breast. Another 

solution to ensure the inframammary fold is captured in every scan would be to have the 

patient lie in the prone position as proposed by Coltman et al. [23]. This position, however, 

is not easily integrated into the clinical setting, requiring more space, extra equipment, and 

additional personnel while also not allowing the shape information to be captured [23]. 

4.5 Fat Graft Monitoring 

One case of monitoring the breast volume before and after a fat grafting session is 

presented. As illustrated in Figure 29 the difference of the breast volume can be visualized 

before and after the fat grafting session. Although the calculated breast volume change for 

the right breast (70 cc) is less than that injected volume (85 cc), this is understandable as 

some of the fat could already have been reabsorbed. Clinically, the breast volume may still 

change up to six months post-surgery, after which point the permanent fat retention rate is 

assessed. Figure 29 (right) was taken less than three months after surgery. Therefore, the 

patient would need to be scanned again six months postoperatively to assess the percent fat 

survival.  
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Figure 29. Patient 3 before the fat grafting procedure with a volume difference of 161 cc 

(left) Patient 3 following on the fat grafting session with a volume difference of 91 cc 

(right) 

4.6 Posterior Wall Generation  

Two different methods were developed to construct the posterior wall of the breast, the 

first being a plane of best fit. This method was initially developed for its simplicity. One 

downfall of using this method is that it does not mimic the anatomical breast posterior wall 

and therefore would affect the accuracy of measuring the absolute breast volume. However, 

for the application of planning and assessing breast reconstruction, the breast volume 

difference is the measurement of interest. Thus, the requirements of the generated posterior 

wall are that it can capture all the breast which may change following surgery.  

After trialing with this method, it was concluded that to use the plane of best fit to capture 

the entire change in the breast volume the plane of best fit would not create a closed surface. 

To meet the constraint of a closed surface for the breast volume computation, the breast 

mesh was linearly extruded to form a skirt around the breast, which was then cropped using 

the plane of best fit (Figure 30). By creating the skirt, it changes the initial breast surface 

and inevitably introduces error in the volume difference measurements. 
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Figure 30. Example of skirt created around the breast to create closed breast mesh 

Given the above, a second method to construct the posterior wall of the breast was created. 

This method was designed to mimic the curved chest wall and helps ensure that a closed 

surface was created without modification to the breast mesh. This method allowed the 

curvature of the chest to be captured and did not require modification to the breast mesh 

(Figure 31). Another benefit of using the curved posterior wall of the breast is that it 

resembles the anatomical chest wall and therefore provides more accurate measurements 

for the absolute breast volume along with the breast volume differences. 

 

Figure 31. Image of breast mesh with curved posterior wall  

4.7 Patient Questionnaire  

The questionnaire provided useful feedback on the study from a patient’s perspective. The 

results from the questionnaire were promising, but I believe the structure could be further 

modified to improve clarity for the patients. Specifically, in the future, I would align 

strongly agree to the left and strongly disagree to the right, to better reflect other 

questionnaires. Also, I would change question seven so a positive response of ‘strongly 
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agree’ aligned with that of all other questions. Furthermore, I believe all patients were 

egger to participate in the study which could have led to overly positive responses.  
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusions  

In this thesis, I designed and implemented a clinical workflow and accompanying software 

to measure the breast volume and shape differences for post-BCT patients. The workflow 

and software were then tested in a validation study consisting of 14 post-BCT patients. The 

results from the validation study show the breast volume difference measurements can be 

used to (1) measure the volume difference between the right and left breast to assess breast 

asymmetry (2) monitor the volume changes longitudinally over time of one breast to 

measure changes due to therapy. I also demonstrated how 3D surface scans of the breast 

could be used to help assess shape differences between two breasts. Both of the applications 

presented can be used to help plan and assess fat grafting sessions. 

5.2 Future Work  

One feature which would be beneficial to add to the current software is a hole filling feature 

to reconstruct the inframammary fold of a breast in an anatomically relevant way to help 

mitigate error introduced to the surface. Also, the difference in footprint placement 

between multiple experienced surgeons should be investigated.  

A future study should be conducted to assess using the system to compute a patient-specific 

fat reabsorption rate by scanning a patient before a procedure, immediately after, and six 
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months postoperatively. These scans would be used to monitor the fat graft. A Research 

Ethics Board (REB) application is in progress for this prospective study. Furthermore, a 

clinical study should be conducted to assess the impact of using the system to help assist 

in the planning of fat grafting procedures.  

Additionally, the software and workflow developed in this thesis can be translated to other 

applications. For example, they could be used to assess fibrosis of the breast due to 

radiation therapy. To this end, a study has been proposed and an REB is in progress to 

monitor the shape and volume changes of the breast throughout and after the radiation 

treatment process.   
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