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Abstract 
Many diseases alter the mechanical properties of biological tissue, and it is common for 

clinicians to rely on the sense of touch, manual palpation, to feel for such changes during the 

diagnosis and treatment of disease. For example, many breast cancer surgeons use manual 

palpation for guidance during surgical excision of the tumour. However, manual palpation is 

subjective and offers an inherently low resolution which limits surgeons to identifying gross 

regions of tumour. This is a main contributing factor to the high number of patients, 

currently one-in-four, requiring re-excision in breast-conserving surgery. Re-excision is 

typically performed when tumour is found at the edge of the excised tissue, referred to as an 

involved surgical margin, as this indicates that there may be tumour remaining in the patient, 

which is associated with a higher risk of recurrence of the cancer. 

The current gold-standard to assess margins is post-operative histopathological analysis 

of the excised tissue. However, this is performed days following surgery. Accurate 

intraoperative tumour margin assessment tools are required to more effectively enable 

surgeons to remove tumour in the first operation, reducing re-excision rates and improving 

patient outcomes. While a number of such tools have been proposed, e.g., specimen 

radiography, frozen section analysis and imprint cytology, these techniques have not 

significantly reduced the number of patients requiring re-excision.  

Optical coherence elastography is an emerging imaging technique that generates images 

of mechanical properties on the micro-scale. It has shown promise for the visualisation of 

tumour in breast cancer; however early proof-of-principle studies were performed on 

dissected human breast tissue; therefore, it is unclear if the technique will be suited to 

visualisation of a wide range of tumours in the margins of intact breast-conserving surgery 

specimens. Furthermore, previous studies only presented representative images from several 

specimens. As a result, it is not clear if the contrast demonstrated in tumour is reliable and 

consistent. Additionally, the field-of-view of previous studies was limited to ~20 × 20 mm, 

significantly smaller than a typical margin, and the relatively long acquisition times were not 

suited for intraoperative assessment. These and other key challenges must be overcome if 

optical coherence elastography is to meet the specific needs of tumour margin assessment. 

The work presented in this thesis aims to address these challenges by developing an 

optical coherence elastography system that can assess wide-field-of-views in a clinically 

relevant time-frame and, also, to validate the technical developments through clinical 

feasibility studies. Three variants of optical coherence elastography, optical coherence micro-

elastography, optical palpation and quantitative micro-elastography, were developed using 

the wide-field imaging system: each mapping a different mechanical parameter. For each 
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variant, clinical feasibility studies are presented demonstrating the ability to visualise a range 

of tumour morphologies in specimens dissected from mastectomy tissue and the margins of 

intact breast-conserving surgery specimens, mimicking the clinical scenario. These studies 

demonstrate the clinical feasibility of optical coherence elastography for tumour margin 

assessment and provide a strong foundation for future clinical translation. With further 

development, optical coherence elastography has the potential to be translated into an 

effective tumour margin assessment tool and, ultimately, to reduce the number of patients 

undergoing re-excision following breast-conserving surgery. 
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Chapter 1 

Introduction 
1  

Many diseases alter the mechanical properties of biological tissue [1]. For example, cancers 

often present as a stiff lump, compromising normal tissue function [2]; burns cause stiffening 

of the skin, reducing a patients range of motion [3]; and stiffening of blood vessels 

contributes to cardiovascular disease [4, 5]. For centuries, physicians have used the sense of 

touch, manual palpation, to feel for such changes. One area of clinical medicine in which 

manual palpation is routinely used is in the treatment of breast cancer [6-9]: the most 

common form of cancer in women and the second leading cause of cancer deaths, second 

only to lung cancer [10-12]. Breast cancer is characterised by the uncontrolled growth of 

abnormal cells that can invade the surrounding breast tissue, spread to other parts of the 

breast, or metastasise, i.e. spread to other parts of the body. When cancers metastasise, they 

can spread to vital organs, e.g., lung, liver or brain, where the cancer interrupts the normal 

function of these organs, invariably resulting in death for the patient if left untreated. A key 

factor to improve patient outcomes is an early diagnosis, as treatments are likely to be more 

effective. The treatment of early breast cancer involves first controlling the disease locally 

through surgical excision followed by other localised treatments, e.g., radiation therapy, and 

systemic treatments, e.g., hormone therapy or chemotherapy, to prevent metastasis [13].  

Since the introduction of mammography screening, there has been a significant increase 

in the detection of early-stage cancers [14]. For early-stage breast cancers, it is often not 

necessary to perform a mastectomy1, and breast-conserving surgery2 is more commonly 

performed to achieve local control of the disease. In the USA, for example, breast-conserving 

surgery accounts for ~58% of surgeries in patients diagnosed with early-stage breast cancer 

[10]. Clinical trials have found comparable survival rates between breast-conserving therapy, 

i.e., breast-conserving surgery followed by radiation therapy, and mastectomy for early-stage 

breast cancers [15, 16]. Breast-conserving surgery also results in fewer complications, e.g., 

wound complication, infection or breast pain [17]. Furthermore, there are psychological 

benefits to breast-conserving surgery, including body image, and psychological and social 

                                                 
1 Mastectomy: Removal of the entire breast 

2 Breast-conserving surgery: Removal of the tumour while preserving as much healthy breast tissue as possible 
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adjustment [18]. However, a major drawback of breast-conserving surgery is that there is a 

risk the surgeon does not remove the entire tumour. 

Tumour remaining in the breast cavity following surgery, residual tumour, is associated 

with a higher risk of local recurrence, i.e., the reappearance of cancer in the same breast from 

which the original tumour was removed [19]. Clinical studies have shown that tumour at the 

edge of the excised tissue, an involved surgical margin, is a predictor of residual tumour in 

the breast cavity [20, 21]. Currently, up to one-in-four women undergo a second or even 

third surgical treatment, re-excision, to remove additional tissue due to the presence of 

involved surgical margins, [22-25]. The current gold standard to assess for involved margins 

is histopathological analysis of the excised tissue, performed in the days following surgery. 

During surgery, it is common practice for surgeons to rely on manual palpation to feel for 

an involved margin on the excised tissue, and for residual tumour in the breast cavity [6, 7, 

26]. However, the poor resolution and subjective nature of manual palpation restrict 

surgeons to only detecting gross regions of tumour, a contributing factor to the high re-

excision rates [9]. 

Tools to more accurately assess the surgical margin intraoperatively would enable the 

surgeon to more effectively remove tumour in the first procedure, reducing the number of 

patients undergoing re-excision [27]. A number of such tools have been proposed, e.g., 

specimen radiography, frozen section analysis and imprint cytology [28-31]. However, these 

techniques have not significantly reduced the number of patients requiring re-excision [31, 

32]. Furthermore, as they can be time- and/or personnel-intensive they have shown limited 

uptake in the operating theatre [26, 33]. Figure 1.1 highlights that approximately half of the 

audience of surgeons at the Annual Meeting of the American Society of Breast Surgeons in 

2014 used none of the available clinical tools for intraoperative margin assessment [26]. A 

survey of London hospitals identified similar trends, with none of the 16 respondent 

hospitals performing intraoperative margin assessment during breast-conserving surgery 

[33]. 

 
Figure 1.1. An audience poll at the Annual Meeting of the American Society of Breast Surgeons in 2014: “What method do 
you currently use for intraoperative margin assessment?” Reproduced from [26]. 
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Driven by the clinical need for improved diagnosis of disease, a branch of medical 

imaging, termed elastography, emerged in the late 1980s aimed at identifying diseases by 

generating images of the local mechanical properties of tissue, similar to those detected using 

manual palpation [34-36]. Elastography imaging techniques estimate depth-resolved 

mechanical parameters by measuring tissue’s spatially-varying response to an applied external 

excitation. The estimated mechanical parameters, e.g., strain, shear-wave velocity or elasticity, 

can be visualised in two-dimensional (2D) or three-dimensional (3D) images, termed 

elastograms. 

Elastography imaging systems have been developed using various underlying imaging 

modalities and a range of excitation methods [34]. Ultrasound elastography and magnetic 

resonance elastography systems are commercially available and used extensively in the 

diagnosis of liver fibrosis [37, 38]. Ultrasound elastography has been proposed for the 

visualisation of tumour in breast cancer, providing contrast due to the high stiffness 

associated with tumour [39]. However, the resolution of elastography is ultimately limited by 

the underlying imaging modality, ~100s µm and 1−3 mm for ultrasound and magnetic 

resonance imaging, respectively [40, 41]. While preliminary clinical studies suggest that 

ultrasound elastography has the potential to more accurately characterise a tumour than 

ultrasound imaging alone [39], the low-resolution of current clinical systems makes them 

unsuitable for detecting small regions of tumour often present in the surgical margin.  

At the other end of the resolution scale, techniques have been developed for measuring 

the mechanical properties of tissue at the cellular and sub-cellular level [42]. The most 

prominent of these techniques is atomic force microscopy, which uses a micro-indenter to 

scan across the surface of the tissue and measure stiffness on the nanometre scale [43]. Other 

techniques for the measurement of mechanical parameter on this scale include optical 

tweezers and traction force microscopy [44, 45]. While atomic force microscopy has shown 

promise for visualising tumour, the technique is too time-consuming to meet the clinical 

demands for intraoperative margin assessment [46]. Also, these techniques are typically 

limited to a 2D surface measurement, unlike elastography which can provide 3D 

measurements, an important consideration as the defined thickness of the surgical margin 

varies between health care institutions, typically in the region of 0−2 mm, with a trend 

towards reducing the defined thickness of surgical margins in recent years [47-49]. High-

resolution imaging modalities with suitable depth penetration are required to develop 

elastography techniques suitable for the field of surgical oncology. 

Elastography can be performed at a resolution and with a penetration depth suitable for 

tumour margin assessment using optical coherence tomography (OCT) as the underlying 

imaging modality. OCT is an imaging technique that offers depth-resolved imaging at a 
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resolution in the region of 2−10 µm, bridging the gap between organ and cellular-scale 

imaging, making OCT well suited to imaging the micro-architecture of features present in 

human breast tissue [50-52]. OCT-based elastography, termed optical coherence 

elastography (OCE), was first reported in 1998 [53]. The last 21 years of development of 

OCE has resulted in over 450 papers3 published to date, 70% of which were published in the 

past five years. The recent rapid expansion in OCE has been enabled, in part, by 

improvements in imaging speed of OCT systems and driven by a better understanding of 

the role of biomechanics in disease progression [54-56]. OCE systems have been proposed 

for clinical applications in many areas, including in oncology, cardiology and ophthalmology 

[50, 55, 57-69].  

This thesis investigates the clinical feasibility of three OCE techniques for tumour margin 

assessment in breast-conserving surgery: optical coherence micro-elastography (OCME), 

optical palpation and quantitative micro-elastography (QME).  

 OCME maps the deformation, strain, arising from a compressive load applied to 

the tissue [70, 71]. Strain elastograms provide structural information on how 

micro-architecture of tissue deforms. Compared to OCT images alone, strain 

elastograms have demonstrated improved contrast across a range of features in 

human breast tissue, including invasive tumour, ducts and blood vessels [50, 65]. 

 Optical palpation estimates stress at the surface of tissue under compression, 

using a thin compliant layer with well characterised mechanical properties, 

analogously to manual palpation4 [72]. 

 QME combines elements of OCME and optical palpation to relate the stress 

applied at the tissue surface to the corresponding strain within the tissue, allowing 

the absolute tissue stiffness to be estimated and therefore provides a 

quantification of mechanical properties on the micro-scale [69, 73]. 

Before the commencement of the work in this thesis, preliminary, proof-of-principle 

studies have shown promise for the three techniques to visualise tumour in human breast 

tissue. However, the studies were performed on small surface areas of tissue, often dissected 

from mastectomies. Furthermore, for optical palpation and QME, only one representative 

result on tumour in human breast tissue has been presented for each technique. As such, 

there are some key challenges to overcome in order for OCE to meet the specific needs of 

                                                 
3 Web of science: topic optical coherence elastography 

4 Optical palpation more closely resembles a tactile imaging technique as it maps the stress on the surface of tissue and does not resolve 
mechanical parameters in depth. However, there are many similarities between optical palpation and other the optical coherence 
elastography techniques, described further in Chapter 4. 
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intraoperative margin assessment and demonstrate clinical feasibility in breast-conserving 

surgery: 

 Increase the field-of-view to enable imaging of the surgical margin of intact 

breast-conserving surgery specimens (typically ~50 × 50 mm). 

 Demonstrate clinical feasibility by performing OCE in the clinically relevant 

scenario of intact breast-conserving surgery specimens. 

 Provide sufficient contrast to detect a range of invasive and in situ cancers. 

 Explore less complicated, more cost-effective techniques; potentially better 

suited to in vivo imaging of the breast cavity. 

 Reduce the time required to assess tissue. 

 Automate generation of elastograms to enable rapid assessment. 

1.1 Research objectives 

The overall aim of this research is to translate compression OCE techniques from a 

laboratory-based tool to a tool capable of assessing surgical margins in breast-conserving 

surgery. Four aspects of original work are undertaken towards achieving this goal: 

 Develop a wide-field imaging system capable of performing OCME across a large 

field-of-view, in a clinically relevant time-frame of ~30 min. 

 Perform a clinical feasibility study with OCME on intact breast-conserving 

surgery specimens and demonstrate contrast in a range of invasive cancers. 

 Investigate the clinical feasibility of optical palpation for surgical margin 

assessment that may prove more suitable for clinical translation. 

 Incorporate QME into the wide-field imaging system, demonstrating increased 

contrast in a range of invasive and in situ tumours. 

1.2 Structure of  thesis 

This thesis is divided into three parts. Part I provides a more detailed background to the 

research then was presented in this introduction. Part II presents the development of a wide-

field OCME imaging system and a clinical feasibility study performed on breast-conserving 

surgery specimens. Part III incorporates methods for stress measurement into the system 

developed in Part II and investigates the clinical feasibility of optical palpation and QME for 

tumour margin assessment. 
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Part I 

Chapter 2 - Breast cancer 

In this chapter, a background on breast cancer is provided. The chapter also describes the 

morphology of cancers encountered in Part II and III of this thesis, and an overview of the 

surgical treatment options for breast cancer. 

Chapter 3 - Intraoperative margin assessment techniques 

In Chapter 3, margin assessment techniques are reviewed. The chapter is divided into two 

sections. The first section describes techniques that are currently in use for intraoperative 

margin assessment. The second section describes emerging techniques at various stages of 

development that have been proposed in the literature for tumour margin assessment. 

Chapter 4 - Optical coherence elastography overview 

In this chapter, a background to OCE, including tissue biomechanics and the impact that 

cancer has on mechanical properties is presented. The chapter also provides a detailed 

description of OCT and the three OCE techniques developed in this thesis. 

Part II 

Chapter 5 - Extending the field-of-view of optical coherence micro-elastography [74] 

In Chapter 5, the development of a wide-field OCE imaging system is presented. The system 

and associated clinical protocols enables one face of the surgical margin of a breast-

conserving surgery specimen to be imaged in an intraoperative timeframe, ~30 min. The 

results in this chapter demonstrate the technical feasibility of performing OCME across a 

wide-field-of-view. 

Chapter 6 - Optical coherence micro-elastography in breast-conserving surgery [75] 

In this chapter, a study investigating the clinical feasibility of OCME for surgical margin 

assessment on 17 breast-conserving surgery specimens. The results presented in this chapter 

demonstrate the ability of OCME to visualise a range of tumour micro-architectures by 

analysing strain elastograms alongside OCT images. Also, this chapter presents an automated 

algorithm that enables the rapid generation of elastograms for assessment and a robust 

method to co-register histology from breast-conserving surgery specimens with elastograms, 

an essential step in validating contrast in future studies. 

Part III 

Chapter 7 - Optical palpation in breast-conserving surgery [76] 

In this chapter, the feasibility of optical palpation for surgical margin assessment is 

investigated. The chapter presents statistical analysis demonstrating that stress for invasive 
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tumour is significantly higher than that for fatty tissue and connective stroma. This chapter 

demonstrates the benefits of optical palpation, potentially a more cost-effective optical 

technique for surgical margin assessment. 

Chapter 8 - Increasing contrast across a range of tumours through quantitative micro-elastography [77] 

In this chapter, QME methods are incorporated into the wide-field imaging system. A study 

is performed on mastectomy specimens, demonstrating increased contrast in a range of 

invasive and in situ tumours in mastectomy specimens by analysis of elasticity and strain 

elastograms alongside OCT images. 

Chapter 9 - Quantitative micro-elastography in breast-conserving surgery 

In this chapter, QME is performed on breast-conserving surgery specimens, mimicking the 

clinical case for tumour margin assessment. The results demonstrate the clinical feasibility of 

QME for tumour margin assessment and provide the foundation for ongoing studies to 

determine the diagnostic accuracy of QME for tumour margin assessment.  

Chapter 10 - Conclusion and perspectives 

The final chapter summarises the advances and conclusions of this work and discusses future 

directions for OCE in breast-conserving surgery. 
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Chapter 2 

Breast cancer 
2  

2.1 Preface 

Cancer is a generic term used to describe a group of neoplastic diseases that can affect almost 

any part of the body. The terminology surrounding cancer is extensive and complex. In this 

preface, an overview of the common terms used to describe cancers, including those of the 

breast, is provided. Cancers are characterised by uncontrolled growth of abnormal cells. The 

primary mass of abnormal cells is referred to as a neoplasm, or more commonly tumour. 

Tumour typically refers to a malignant mass, i.e., a growth that invades the surrounding tissue 

and can spread to other parts of the body, termed metastasis. However, it is also used to 

describe non-cancerous (benign) masses/lesions, i.e., growths that do not invade the 

surrounding tissue or metastasise. While benign lesions can pose health risks and require 

surgical treatment in some cases, malignant tumours pose the greatest health risk due to their 

ability to metastasise, spreading to vital organs in the body and disrupting their normal 

function, invariably resulting in death for the patient if left untreated. 

Cancers are categorised by the histological type of tissue in which the tumour originates 

and the location in the body where it originates, e.g., breast, or lung. The most common 

category of cancers, from a histological standpoint, are carcinomas. Carcinomas originate in 

the epithelial tissue that line many internal organs and the skin. Classification and staging 

systems are used to describe the subtype and extent of a carcinoma, respectively [78]. Under 

the staging system, a carcinoma can be described as in situ, invasive or metastatic. In situ 

carcinomas are typically precursor lesions that are confined to the layer of tissue in which 

they developed and are enveloped by a basement membrane. Some in situ carcinomas, for 

example, low-grade ductal carcinoma in situ (DCIS) described in Section 2.3.2, are considered 

of such low risk that if discovered, a patient may not undergo surgical treatment [79, 80]. 

Invasive refers to carcinomas that have penetrated their basement membrane and spread 

beyond the tissue in which they have developed. Metastatic refers to carcinomas that have 

spread away from the primary growth to another site in the organ or another part of the 

body, often through the lymphatic system or the bloodstream. The term oncology is used to 
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describe a branch of medicine that specializes in the diagnosis and treatment of cancer, e.g., 

surgical oncology. 

In this chapter, a background to breast cancer and a description of common tumour 

morphologies is provided. Additionally, the two options for the surgical treatment of breast 

cancer are considered, focusing in particular on breast-conserving surgery, as this is the 

primary clinical application of the work presented in this thesis. 

2.2 Breast cancer statistics 

Incidence 

Breast cancer is the most common type of cancer in women, both in the developed and 

developing world [81, 82]. Globally, it is estimated that almost 1.7 million new breast cancer 

cases are diagnosed each year [82]. Currently, the average lifetime risk for women developing 

breast cancer over an 85-year lifespan is one in eight [10, 11, 83]. In Australia, it is estimated 

that there were 18,000 new cases diagnosed and over 3,000 breast cancer-related deaths in 

2018 alone [11]. 

Risk Factors 

Common risk factors associated with the development of breast cancer include age, 

geographical location, family history, inherited genetic mutations, endogenous1 and 

exogenous2 female hormone exposure (e.g., estrogen) and lifestyle factors [84]. 

Age is considered the most significant risk factor for developing breast cancer. The 

incidence of breast cancer increases rapidly during the reproductive years, doubling every ten 

years, until menopause, after which the rate of increase slows [84]. Breast cancer is most 

common in developed countries. North American and Western European countries have the 

highest incidence rates, compared to the Middle East and Eastern Africa, which have the 

lowest [82]. A family history of breast cancer can double the risk of a woman developing the 

disease [84]. Germline mutations to the BRCA genes3 are the most prominent genetic factor 

responsible for developing breast cancer. For example, BRCA1 or BRCA2 mutation carriers 

are eight times more likely to develop breast cancer than non-carriers [85]. 

Increased endogenous (e.g., early age at menarche4, late menopause, and late or absent 

full-term pregnancy) or exogenous (e.g., hormone replacement therapy and the oral 

                                                 
1 Attributable to an agent or organism inside the body 

2 Attributable to an agent or organism outside the body 

3 BRCA: BReast CAncer susceptibility gene 

4 The first occurrence of menstruation 
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contraceptive pill) estrogen exposure can result in a higher risk of a woman developing breast 

cancer [84, 86]. Lifestyle factors, including poor diet, high body mass index, and alcohol 

consumption are also related to an increased risk of breast cancer [84]. However, breast 

cancer is an unpredictable disease, and despite exposure to these risk factors, some women 

do not develop the disease [87]. Conversely, women can still develop the disease despite not 

being exposed to any of these risk factors. 

Mortality 

Breast cancer is the second leading cause of cancer-related deaths for women in developed 

countries [82]. In 2012, it was estimated that approximately 522,000 people died from breast 

cancer worldwide [82]. Survival rates vary by the stage of the disease; the five-year survival 

rate is close to 100% for early-stage breast cancers, decreasing to ~27% for some late-stage 

cancers [10]. In addition, the size of a tumour also influences the five-year survival, with 

larger tumours lowering the survival rate [10]. However, there has been a significant increase 

in the five-year survival rate over the past 30 years; in Australia, the five-year survival rate of 

breast cancer (averaged across all stages) has increased from 72% to 89% between the periods 

of 1982–1987 and 2006–2010 [83]. The increase in survival rate is due, in part, to the 

introduction of screening programs which has resulted in a significant increase in the 

detection of early-stage breast cancer [14]. 

Screening 

During breast cancer screening, women are checked for the presence of a disease before the 

symptoms manifest. For many years, breast self-examination was recommended as a 

screening technique. During breast self-examination, a woman inspects herself regularly, 

through manual palpation and visual assessment, for changes to the breast, e.g., a solid lump, 

dimpling of the skin, and changes in the size or shape of the breast [88]. While self-breast-

examination has been shown to increase the number of women who undergo biopsy of the 

breast, the technique suffers low sensitivity, and clinical trials have shown that it does not 

result in reduced mortality rates [8, 89]. As a result, breast self-examination is no longer 

recommended as a screening technique in many countries [8, 90]. However, women are still 

encouraged to be breast aware, by being familiar with their breasts and discussing any changes 

with their clinician [91]. 

Clinical breast examination is performed by a clinician to assess for similar changes in the 

breast as specified for breast self-examination. While the sensitivity of clinical breast 

examination is higher than breast self-examination, there is insufficient evidence to determine 

the long-term effects of clinical breast examination on mortality [8]. Therefore, it is typically 
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only recommended when access to other screening techniques, such as mammography, is 

not feasible [92]. 

Mammography is the most commonly used screening technique for breast cancer and is 

also considered to be the most effective method for large-scale programs [90]. Currently, in 

Australia, free screening mammography is specifically targeted, through invitation, at women 

aged between 50 and 74 years. It is also available for women between the age of 40 and 49, 

and above 75 years if requested through their health care provider [93]. Mammography uses 

a low-dose X-ray imaging system to detect tumours. Invasive carcinomas most commonly 

manifest on a mammogram as a poorly defined or spiculated mass. Micro-calcifications, i.e., 

deposits of calcium (common in high-grade in situ carcinomas), manifest as clearly delineated 

opaque spots on mammograms. A significant limitation of mammography, however, is the 

limited contrast between tumour and dense5 breast tissue. This limitation is most apparent 

in women with high breast density, typically younger women, reducing the diagnostic 

accuracy in these patient groups. To overcome this, ultrasound can be performed to 

complement mammography [94-96]. Ultrasound also proves useful for detecting non-

calcified in situ tumour, which can prove difficult to detect using mammography [97]. 

Magnetic resonance imaging is considered the most sensitive screening method [94]. 

However, it is typically only used for surveillance of high-risk patients, such as carriers of the 

BRCA gene mutation [98, 99]. 

While effective screening programs have helped improve the survival rates for women 

who were diagnosed with breast cancer, it important to note that ineffective screening 

programs, such as breast self-examination, have adverse effects, including unnecessary 

biopsies, psychological harm, and inconvenience due to false-positive results [8]. Despite 

being considered the most effective screening method to date, mammography has increased 

the detection of DCIS, and slow-growing breast cancers [100] and, recent studies have 

suggested that this has led to the overtreatment of many lesions that may have been 

effectively managed by other strategies, e.g., active surveillance of the tumour progression 

[79]. 

2.3 Breast cancer morphology 

There is often a trade-off between resolution and penetration depth for imaging techniques. 

Therefore, to enable adequate depth penetration to image the breast, screening techniques 

for breast cancer are typically limited to detecting changes on the macro-scale. However, 

                                                 
5 Breast density in relation to mammography, refers to the amount of radiopaque connective tissue compared with the amount of 
radiolucent adipose.  
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breast cancer alters tissue on all length-scales down to the cellular and molecular. Cellular 

scale changes are identified using laboratory-based microscopy techniques, performed on 

tissue excised during a biopsy or following surgery. In a clinical setting, histology is the 

current gold standard for the evaluation of tissue and the staging of breast cancer. In the 

following sub-sections, the morphology of tumours are described; focusing on cancers 

presented in Part II and Part III of this thesis. Low-magnification histology sections, stained 

with haematoxylin and eosin are also presented. The low-magnification histology sections 

were acquired during the clinical studies undertaken in Part II and III of this thesis and are 

used to provide validation for contrast generated by OCE on human breast tissue. 

2.3.1 Anatomy of  the female breast 

Before describing the morphology of common tumours, the anatomy of healthy breast tissue 

will be described. An illustration of a female breast is presented in Figure 2.1. 

 
Figure 2.1. Anatomy of a female breast. For the National Cancer Institute © 2011 Terese Winslow LLC, U.S. Govt. has 
certain rights 

The breast comprises mostly fatty tissue (adipose tissue), Figure 2.2a, and fibroglandular 

tissue. Fibroglandular tissue consists of the constituents required to produce and transport 

milk to the nipple in lactating women—the primary function of the breast. Milk originates 

in a series of milk-producing lobules, Figure 2.2c. The lobules drain into an interconnecting 

network of ducts, Figure 2.2d, which transport milk to the nipple. Fibrous connective tissue 

(stroma), Figure 2.2b, supports the lobules and ducts, in addition to maintaining the shape 

of the breast. As a woman ages, the percentage of fibroglandular tissue reduces and is 

replaced by adipose tissue.  
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In addition to fibroglandular tissue, the breast also consists of blood vessels, nerves, and 

lymphatic vessels. Blood vessels, Figure 2.2e, transport nutrients and oxygen to and from the 

tissue in the breast, and nerves, Figure 2.2f, provide sensation in the breast. The lymphatic 

vessels, which make up part of the immune system, drain extracellular fluid, lymph, from the 

breast to lymph nodes. Lymph nodes are small organs found throughout the body where 

infections are fought, and waste products are filtered from the lymph. The lymphatic system 

plays a role in cancer metastasis as tumour cells can spread via the lymphatic vessels. The 

most proximal nodes to the breast are in the armpit area (the axilla), and ~75% of lymph 

fluid from the breast passes through these axillary lymph nodes [101]. Tumour cells present 

in the axillary lymph nodes are an indication that cancer has metastasised; therefore, the 

lymph nodes are often assessed during surgery, as discussed in Section 2.4. The entire breast 

is located on the chest wall, which comprises the pectoral muscles and ribs. Precancerous 

changes can occur in the breast within the lobules and ducts, which are considered precursors 

to invasive carcinoma. 

 
Figure 2.2. Histology of healthy breast tissue (a) Adipose tissue. (b) Stroma. (c) Lobules, outlined by the dashed line, 
surrounded by stroma. (d) Duct, outlined by the dashed line, surrounded by stroma. (e) Blood vessels (arrows) surrounded 
by adipose. (f) Nerve (arrow) surrounded by adipose. Scale bars 500 µm. 
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2.3.2 Precursor lesions 

Ductal carcinoma in situ 

DCIS is a precancerous condition that is confined by a basement membrane and is found 

within ducts; it is widely accepted that DCIS is a precursor for invasive ductal carcinoma 

(IDC) [102]. There are several steps in the progression from a normal duct, Figure 2.2d, to a 

duct involved by DCIS. However, it is not always a direct progression through all steps. In a 

normal duct, illustrated in Figure 2.3a, epithelial cells line the duct wall. Ductal hyperplasia 

occurs when epithelial cells proliferate in the duct resulting in a haphazard orientation of the 

cells in relation to each other [94]. In usual ductal hyperplasia, Figure 2.3b, the cells look very 

similar to normal cells, and this is not considered to increase the risk of developing invasive 

carcinoma if detected during a biopsy [103]. In atypical hyperplasia, Figure 2.3c, the cells are 

more distorted and are found to have some features in common with DCIS [94]. The risk of 

developing breast cancer is four to five times higher in women with atypical ductal 

hyperplasia [103]. 

 
Figure 2.3. Illustration of the progression from a normal duct to a duct involved with DCIS. 

DCIS, Figure 2.3d, is defined as an abnormal proliferation of neoplastic epithelial cells 

confined within the duct system [104]. DCIS is typically classified into one of three grades; 

low, intermediate or high [94]. Low-grade DCIS is characterised by small monomorphic cells 

growing in abnormal patterns within the duct [94]. Low-grade DCIS is associated with an 

increased risk of developing invasive breast cancer; however, the benefit of performing 

surgery for low-grade DCIS is low [105]. Recent studies have shown that cancer-specific 

survival-rates are identical among patients with low-grade DCIS who do or do not undergo 

surgery [79]. Intermediate-grade DCIS is characterised by mild to moderate variability in cell 

shape and size within the duct. The centre of the duct may be blocked entirely by cells, and 

the cells may begin to die, termed comedo necrosis, as nutrients or oxygen may not be able 

to penetrate into the duct core, described in more detail in Section 4.3. [94]. In high-grade 

DCIS, Figure 2.4, comedo necrosis is common, and there are often micro-calcifications at 

the centre of the duct. High-grade DCIS has the highest risk of developing invasive breast 

cancer [103]. 
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Figure 2.4. Histology of high-grade DCIS. (a) High-grade DCIS (arrows) (b) High-grade DCIS with comedo necrosis (black 
arrows). The blue arrows indicate artefacts where the tissue warped during fixation. (c) High-grade DCIS with comedo 
necrosis and micro-calcifications (black arrows). The blue arrows indicate an artefact where micro-calcifications damaged 
the blade during tissue sectioning. Scale bars 500 µm. 

Lobular carcinoma in situ 

Lobular carcinoma in situ is a precancerous condition that is confined to within the lobules. 

It is associated with a higher risk of a woman developing invasive lobular or invasive ductal 

carcinoma [106], however, this can occur at any site in either breast. There are steps to the 

development of lobular carcinoma in situ, similar to the progression of DCIS, beginning with 

atypical lobular hyperplasia. Lobular carcinoma in situ is diagnosed when the cell proliferation 

fills and expands more than half of the acini (small sac-like cavities) in the lobule [94]. Despite 

an increased risk of developing invasive carcinoma, surgical treatment is typically only 

performed for lobular carcinoma in situ if there are other risk factors present [106]. 

 
Figure 2.5. Histology of lobular carcinoma in situ, outlined by the dashed line, surrounded by adipose tissue, stroma and 
normal ducts (arrows). Scale bar 500 µm 
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2.3.3 Invasive breast carcinoma 

Invasive ductal carcinoma6 

IDC is characterised as a heterogeneous group of carcinomas which fails to exhibit 

appropriate characteristics to be classified as a specific sub-type of invasive carcinomas, such 

as mucinous or papillary carcinoma, described below [94]. As such, IDC is the most common 

form of invasive breast carcinoma, comprising up to 75% of invasive cases [94]. It widely 

accepted that DCIS is a precursor for the development of most IDC, illustrated in Figure 2.6. 

It has been estimated that about half of DCIS will progress to IDC [102, 107]. However, the 

mechanism that drives this progression is not well understood [108]. IDC has no specific 

macroscopic features; the tumour size can vary from <10 mm to >100 mm. They can have 

an irregular, stellate outline or a nodular shape, and the edge of the tumour is typically poorly 

defined. One common feature of IDC is that the tumour often feels firm or hard to the 

touch [94]. 

 
Figure 2.6. Illustration of the progression from DCIS to IDC 

Histopathological designation of IDC is achieved by excluding the specific sub-types of 

invasive breast carcinoma [94]. Grading of IDC is based on an assessment of the formation 

of minute tubes/glands, variability of the shape and size of cell nuclei, and nuclei division 

counts [94]. One of the common microscopic features of IDC is the formation of dense 

collagenous stroma, termed stromal or desmoplastic response, generated by myofibroblast 

cells in the interstitial space [109]. However, the desmoplastic response varies significantly 

between tumours [94, 109]. Representative histology of two high-grade IDC tumours with 

varying desmoplastic responses are presented in Figure 2.7. In Figure 2.7a, the tumour 

contains a high proportion of intermingling desmoplastic stroma. In comparison, Figure 2.7b 

presents a highly cellular tumour with a dense population of tumour cells and little 

intervening stroma; in this case, the tumour is infiltrating adipose tissue. 

                                                 
6 Also termed “invasive carcinoma of no special type” or “invasive ductal carcinoma, not otherwise specified” 



18 Chapter 2  Breast cancer 

 

 
Figure 2.7. Histology of high-grade IDC (a) High-grade IDC showing tumour cells (stained purple) and a high proportion 
of intermingling desmoplastic stroma. The arrows highlight duct-like tubes/glands which have been formed by tumour 
cells. (b) High-grade IDC manifesting as a pure population of tumour cells, outlined with a dashed line, infiltrating into 
adipose tissue (arrows). Scale bars 500 µm. 

Invasive lobular carcinoma 

Invasive lobular carcinoma represents ~5−15% of all invasive breast carcinomas [94]. It 

typically manifests as an ill-defined, irregular tumour that can be challenging to identify by 

mammography; however, higher sensitivity can be achieved by ultrasound or magnetic 

resonance imaging [94, 110]. The presence of invasive lobular carcinoma is typically 

confirmed by immunohistochemical staining to identify a loss of a specific tumour 

suppressor gene, E-cadherin. Macroscopically, the extent of invasive lobular carcinomas are 

often ill-defined or hard to detect both on imaging and on clinical examination or during 

surgery. Histology of invasive lobular carcinoma is presented in Figure 2.8a. Microscopically, 

invasive lobular carcinoma is characterised as a proliferation of small cells, which lack 

organisation and appear individually dispersed throughout fibrous tissue or arranged in 

single-file rows or ‘Indian file’ that invade the surrounding stroma [94].  

Mucinous carcinoma 

Mucinous carcinoma is a histological sub-type of invasive breast carcinoma, representing 

~2% of all invasive cases [111]. Macroscopically, mucinous carcinoma manifests as a 

gelatinous tumour ranging in size from 1−60 mm [94, 112]. Microscopically, mucinous 

carcinoma is characterised by clusters of tumour cells floating in pools of mucin. The pools 

of mucin are separated by thin capsules of fibrous tissue [94]. Histology of a mucinous 

carcinoma is presented in Figure 2.8b. 
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Figure 2.8. Histology of special sub-types of invasive breast carcinomas (a) Invasive lobular carcinoma outlined with a 
dashed line. (b) Mucinous carcinoma. The black arrow indicates a cluster of tumour cells; the blue arrow indicates mucin. 
Scale bars 500 µm. 

2.3.4 Intraductal papillary lesions 

Intraductal papilloma 

Intraductal papillomas are benign lesions confined within a dilated duct. Clinical studies have 

shown that they are present in ~5% of benign breast biopsies and are more common in 

patients between the age of 30 and 50 years [94, 113]. Intraductal papillomas are often 

removed surgically due to an elevated risk of developing invasive carcinoma [94]. Intraductal 

papillomas often form well-circumscribed, round lesions, which are attached to the wall of 

the duct. At the microscopic scale, intraductal papillomas appear as tree-like structures 

comprising fibrovascular tissue covered by two layers of epithelial cells [94]. Representative 

histology of an intraductal papilloma is presented in Figure 2.9a.  

Solid papillary carcinoma 

Solid papillary carcinoma is a rare form of breast carcinoma, accounting for 1−2% of cases. 

They are clinically and histologically distinct from other tumours [114, 115]. Microscopically, 

solid papillary carcinomas can manifest as nodular circumscribed masses and can be firm or 

soft to the touch [94]. On the microscopic scale, the tumour comprises multiple cellular 

masses, which appear as expanded and rounded duct-like solid structures. Representative 

histology of a solid papilloma is presented in Figure 2.9b. 

 

Figure 2.9. Histology of intraductal papillary lesions (a) Intraductal papilloma, outlined with a dashed line, the edge of the 
specimen is inked blue (arrows). (b) Solid papillary carcinoma, outlined with a dashed line. Scale bars 500 µm. 
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2.3.5 Benign lesions 

Fibroadenoma 

Fibroadenomas are common benign lesions that occur most frequently in women aged under 

30 years [94]. Fibroadenomas often form a well-circumscribed, egg-shaped lesion with a 

solid, firm surface [94]. Microscopically, fibroadenomas present as a mixture of stromal and 

epithelial proliferation. Other histological features include elongated and compressed ducts, 

visible in Figure 2.10. 

 
Figure 2.10. Histology of a fibroadenoma comprising compressed elongated ducts (arrows). Scale bar 500 µm. 

2.4 Surgical treatment 

Treatment of breast cancer is dependent on a range of factors, for example, the type and 

grade of cancer, patient age, and the risks and benefits of the available options [10]. 

Treatment options comprise a combination of surgery, radiation therapy and systemic drug 

therapy including chemotherapy, hormone therapy, and targeted therapy. The primary aims 

of surgery are to remove all of a tumour to both achieve local control of the disease and 

accurately determine the stage of the cancer to guide additional treatment [10, 13]. In the 

following sections, the two surgical treatment options, mastectomy and breast-conserving 

surgery, are described. 

2.4.1 Mastectomy 

Mastectomy involves the surgical removal of an entire breast from a patient, Figure 2.11. 

Mastectomy was traditionally the most common form of surgical treatment for breast cancer; 

however, rates have decreased over the last few decades in favour of breast-conserving 

surgery, primarily due to the increased detection of early-stage cancers through screening 

programs [10, 116]. Several factors are considered when deciding if a patient will undergo 

mastectomy or breast-conserving surgery. The most significant factor is the stage of cancer, 

determined during preoperative assessment including diagnostic imaging and biopsies. 
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Mastectomy accounts for ~40% of surgical treatments for women with early-stage breast 

cancers and ~80% of surgical treatments for women with locally advanced breast cancers 

[117]. Other factors that are considered include the ratio of the size of the breast to the size 

of the tumour or whether there are two or more distinct primary tumours. Mastectomy can 

also be performed to remove both breasts as a preventative measure, prophylactic bilateral 

mastectomy, for women who are considered at high risk of developing subsequent cancers 

[10]. Adverse side effects associated with mastectomy include wound complication, infection, 

and breast pain [15-17]. Mastectomy can also include a sentinel7 lymph node biopsy, to 

determine if the cancer has metastasised; or the removal of the axillary lymph nodes, axillary 

clearance, if it is suspected that the cancer has metastasised to the axillary nodes [118]. 

 
Figure 2.11. Illustration of mastectomy with axillary clearance. The red dashed line indicates the tissue that is removed 
during the procedure. For the National Cancer Institute © 2012 Terese Winslow LLC, U.S. Govt. has certain rights 

Histopathological handling and analysis 

Following surgery, the tumour undergoes histopathological analysis to determine the subtype 

and stage of cancer accurately. The mastectomy tissue is transferred from the operating 

theatre to the pathology laboratory, where it is serially sectioned, termed ‘bread loafing’. The 

tissue is then fixed in 10% neutral-buffered formalin. Following fixation, areas of interest 

containing tumour are placed in cassettes, embedded in paraffin, sectioned, mounted on glass 

slides and stained with hematoxylin and eosin. The stained slides are then analysed by a 

pathologist and the findings used to guide post-operative treatment for the patient. 

2.4.2 Breast-conserving surgery 

Breast-conserving surgery, also termed lumpectomy in some institutions, is the most 

common form of surgical treatment for early stage breast cancers, for example, in the USA 

                                                 
7 The first lymph node into which a tumour drains. 
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it accounts for ~58% of surgeries in patients diagnosed with early-stage cancers [10]. Breast-

conserving surgery, illustrated in Figure 2.12a, aims to remove an entire tumour while 

preserving the shape and appearance of the breast. As with mastectomy, breast-conserving 

surgery can be accompanied by sentinel node biopsy or axillary clearance, Figure 2.12b. 

Wide-local excision (WLE) is the standard procedure for removal of malignant tumours 

during breast-conserving surgery. During WLE, the goal is to excise the entire tumour with 

a surrounding rim of normal tissue, referred to as the surgical margin. Diagnostic open biopsy 

is another form of breast-conserving surgery where the surgeon does not excise a rim of 

normal tissue surrounding the lesion and is typically performed on being lesions such as 

fibroadenoma. 

 
Figure 2.12. Illustration of breast-conserving surgery (a) without axillary clearance and (b) with axillary clearance. The red 
dashed line indicates the tissue that is removed. For the National Cancer Institute © 2012 Terese Winslow LLC, U.S. Govt. 
has certain rights 

Malignant tumour found within the surgical margin of WLE specimens, an involved 

margin, illustrated in Figure 2.13, is an indicator that there may be residual tumour in the 

patient. Residual tumour is associated with a higher rate of recurrence [19, 119], and, if an 

involved surgical margin is detected post-operatively, the patient will often undergo a second 

surgery to remove additional tissue, re-excision. Involved radial (superior, inferior, medial or 

lateral, Figure 2.14b) margins are of greater clinical relevance for determining if a patient 

requires re-excision. This is because if tumour is detected in the non-radial (superficial and 

deep) margins, removal of additional tissue is usually not feasible as the surgeon often 

removes tissue from below the skin to the muscle of the chest wall. 
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Figure 2.13. Illustration of margins in WLE specimen. (a) Uninvolved margin. (b) Involved margin. The dashed line 
illustrates the thickness of the surgical margin, which varies between institutions. Adapted from https://www. 
breastcancer.org/symptoms/diagnosis/margins. Used with permission from Breastcancer.org. 

Histopathological handling and analysis 

The current gold standard for assessing for involved margins in WLE specimens is post-

operative histopathological analysis of the excised specimen. During surgery, the surgeon will 

place sutures on the specimen for anatomical orientation, Figure 2.14b. Following surgery, 

the specimen is transferred to the pathology laboratory, where the margin of the specimen is 

inked, Figure 2.14c, and fixed in formalin. The specimen is then serially sectioned, 

Figure 2.14d, and areas of tumour further dissected, Figure 2.14e, and placed in cassettes for 

histopathology processing, Figure 2.14f. The cassettes are then embedded in paraffin, 

sectioned, and stained with hematoxylin and eosin. The stained slides are analysed by a 

pathologist who will determine the stage of cancer and report the status of the surgical margin 

by measuring the minimum distance from the tumour cells to the inked edge of the tissue.  

https://www.breastcancer.org/symptoms/diagnosis/margins
https://www.breastcancer.org/symptoms/diagnosis/margins
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Figure 2.14. WLE specimen of the left breast. (a) Anatomical orientation terms. (b) Orientation suture placement. (c) Inked 
specimen. (d) Serial sectioning. (e) Further dissection. (f) Dissected tissue in cassettes. (b)-(f) Adapted from 
https://www.rcpa.edu.au/Library/Practising-Pathology/Macroscopic-Cut-Up/Specimen/Breast/Breast-tumour-
resection. Used with permission from rcpa.edu.au. 

The thickness of the surgical margin at which it is acceptable to forgo re-excision varies 

between health care institutions and countries, and there is a trend towards reducing the 

defined thickness of surgical margins in recent years [47-49]. In 2014 in the USA (which is 

the largest market for tumour margin assessment devices due to the high incidence of breast 

cancer, the large population and demand for improving the quality of surgery [82, 120]) the 

Society of Surgical Oncology and the American Society for Radiation Oncology published 

guidelines stating that a margin width of 0 mm, i.e., no ink on tumour cells, should be the 

new standard for many invasive cancers [48]. However, the guidelines do not refer to the 

appropriate margin thickness for DCIS, which can grow in a discontinuous fashion with gaps 

between lesions of up to 5 mm common, potentially requiring a thicker margin than 0 mm 

to ensure complete tumour excision [121]. In Australia, there are no national guidelines for 

the minimum margin thickness [122]. At Fiona Stanley Hospital in Western Australia, where 

the studies presented in this thesis were performed, the minimum radial margin thicknesses 

are 2 mm and 5 mm for invasive cancers and in situ lesions, respectively. While there is no 

https://www.rcpa.edu.au/Library/Practising-Pathology/Macroscopic-Cut-Up/Specimen/Breast/Breast-tumour-resection
https://www.rcpa.edu.au/Library/Practising-Pathology/Macroscopic-Cut-Up/Specimen/Breast/Breast-tumour-resection
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widespread consensus on the appropriate thickness of margins [48, 123, 124], meta-analysis 

shows increasing the thickness of surgical margins beyond 2 mm is not associated with 

significantly reducing the odds of recurrence if the surgery is followed by radiation therapy, 

and there is a trend towards reducing the defined thickness of surgical margins in recent years 

[47, 48]. 

2.5 Perspectives 

Clinical trials have found comparable survival rates between breast-conserving therapy, i.e., 

breast-conserving surgery followed by radiation therapy, and mastectomy for early-stage 

breast cancers [15]. Breast-conserving surgery also results in fewer adverse side effects than 

mastectomy whether or not followed by reconstruction [16, 17]. Furthermore, there are 

psychological benefits to breast-conserving surgery, including body image and social 

adjustment [18]. Despite this, if given a choice many eligible women still choose to undergo 

mastectomy, partially due to fear of recurrence [125]. 

Currently, in Australia, the United Kingdom and the USA, ~20−30% of breast-

conserving surgery patients require re-excision due to involved margins [22-25]. Re-excision 

increases patient anxiety and exposure to potential side effects such as wound infection and 

poor cosmesis, in addition to being a significant burden on the health care system [22]. Some 

studies have attempted to calculate the cost of re-excision in breast-conserving surgery, one 

study in Texas, USA estimated an average cost of approximately 6,500 Australian dollars per 

patient [126]. A Canadian study estimated that if the re-excision rate reduced from 23% to 

10%, the savings would be approximately two million Australian dollars annually in British 

Columbia alone, which has a population of approximately 4.5 million [127]. 

Tools to accurately and quickly assess for tumour within the surgical margin 

intraoperatively would enable the surgeon to more effectively remove tumour, reducing the 

re-excision rate [27]. A number of techniques have been developed, however, they have not 

significantly reduced re-excision rates and the turnaround time or personnel resourcing 

required has prevented widespread uptake [32, 33]. In the following chapter, these techniques 

are presented, along with a range of emerging techniques. The chapter highlights that there 

is still a clinical need for effective intraoperative margin assessment techniques, which the 

work presented in this thesis aims to address. 
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Chapter 3 

Intraoperative breast margin 
assessment techniques 
3  

3.1 Preface 

One of the most significant risks associated with breast-conserving surgery is a recurrence 

of cancer for the patient. Perhaps the most important predictor of local recurrence following 

breast-conserving surgery is the presence of an involved margin in the excised specimen 

which indicates there is residual tumour in the patient [22, 24, 128]. If the specimen is found 

to have an involved margin, the patient will often undergo re-excision to remove any residual 

tumour and reduce the risk of recurrence. Re-excision increases morbidity as it can delay the 

administration of other treatments, such as radiotherapy and chemotherapy [23, 129]. Re-

excision also causes emotional distress for women told that the tumour was not completely 

removed in the first operation, and is associated with poorer cosmetic outcomes, increased 

wound infection rates, and increased health care costs [129, 130]. 

The current gold-standard for assessing margins is post-operative histopathological 

analysis of the excised specimen, described in Section 2.4.2, performed in the days following 

surgery. Effective tools to evaluate the status of the surgical margin intraoperatively would 

enable surgeons to more accurately remove all tumour during the initial surgery, reducing the 

number of patients undergoing re-excisions [9, 27]. 

In this chapter, tumour margin assessment techniques are considered. Firstly, important 

design requirements for the development of effective techniques are discussed. Then 

intraoperative margin assessment techniques are presented. Margin assessment techniques 

are split into two categories. Firstly, current techniques that are established in clinical practice. 

Many of the current techniques were developed for other areas, for example, intraoperative 

specimen radiography was traditionally used to localise hook-wires during excision of 

nonpalpable tumours, and then subsequently applied to margin assessment. The second 

group of techniques, emerging techniques, have been proposed in the literature but are still at 

various stages of clinical translation. However, some of the emerging techniques have 
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received regulatory approval by the Food and Drug Administration1 (FDA) in the USA, an 

important step in the clinical translation of any medical device. For each technology, a brief 

description of the methods for tumour margin assessment and a summary of the advantages 

and disadvantages is provided. 

While the focus of this chapter is assessing the surgical margin of excised tissue, some 

techniques have demonstrated the potential for in vivo imaging of the breast cavity. In vivo 

imaging is considered advantageous for clinical translation as it would allow the surgeon to 

detect residual tumour in the breast cavity directly. This chapter highlights that despite the 

range of proposed techniques, there remains a clinical need for more effective intraoperative 

tumour margin assessment tools to reduce re-excision rates [32, 33, 131-133]. 

3.2 Design requirements for tumour margin assessment 
techniques 

There are many design requirements to consider when developing tumour margin assessment 

tools, e.g., high contrast between tumour and normal tissue, rapid assessment of tissue, 

sufficient imaging range and spatial sampling, appropriate imaging depth and high-resolution. 

In the following sections, these five design requirements are discussed. However, it is 

important to consider that many of these design requirements are related. For example, there 

is often a balance to be struck between the acquisition speed, imaging range, spatial sampling 

and resolution.  

High contrast 

High-contrast is required to differentiate tumour from normal tissue accurately. However, 

there is no standard mechanism to compare contrast as the contrast generated from each 

technique depends on the underlying technology. For example, OCT provides contrast based 

on the optical backscattering of light, whereas intraoperative specimen radiography provides 

contrast based on the attenuation of X-rays. Therefore, for each technique presented in this 

chapter, a brief overview of the contrast mechanism is provided. 

Some techniques rely on the use of agents to provide contrast between tumour and 

normal tissue. Such contrast agents are typically applied to the surface of the specimen or, in 

some cases, injected intravenously before surgery [134]. In general, the use of contrast agents 

is undesirable as they add to the complexity of the technique and may require additional 

                                                 
1 The Food and Drug Administration is a federal agency of the USA Department of Health and Human Services which is responsible for 
protecting the public health in the USA by ensuring the safety, efficacy, and security of human and veterinary drugs, biological products, 
and medical devices. 
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regulatory approvals. Therefore, there is significant value in pursuing label-free techniques 

[132]. 

Rapid assessment 

Margin assessment techniques should be able to assess, i.e., acquire data and generate 

images/results for the surgical team to interpret, all four radial margins within an 

intraoperative timeframe. What constitutes an intraoperative time-frame may vary between 

surgeons and health care institutions, as such, there is no consensus. For example, surgeons 

may be more likely to tolerate longer assessment times if they are confident the results 

generated will be highly accurate. Conversely, rapid techniques such as intraoperative 

specimen radiography, described in Section 3.3.3, which can be performed in a matter of 

minutes, is used in some institutions despite low accuracy [33]. 

Frozen section analysis, described in Section 3.3.1, one of the most commonly used 

intraoperative margin assessment methods after manual palpation, can extend surgery by up 

to ~30 minutes [33, 135]. Therefore, in work presented in this thesis, this is considered a 

target time for margin assessment. However, ideally this time should be reduced as any 

extension to the operating time will result in increasing the time patients are under 

anaesthetic, hospital costs, and delay theatre workflow, all considered highly undesirable 

outcomes. 

Imaging range and spatial sampling 

The entire surface of the radial margins of a specimen should be assessed for tumour, as 

discussed in Section 2.4.2. The size of WLE specimens depends on several factors, including, 

the size of the tumour and the defined margin clearance. In Western Australia, one study 

reported the median volume of WLE specimens is 51 cm3 [22]. Based on this, it is anticipated 

that an imaging range of ~50 × 50 mm will be sufficient to image the entire surface of one 

radial margin of a typical specimen. However, in countries such as the USA where the defined 

margin clearance is less [47, 48], specimens are likely to be smaller as less tissue needs to be 

removed to achieve uninvolved margins. 

Adequate spatial sampling is also an important consideration to maximise the 

effectiveness of a technique. Sub-sampling can result in a significant risk of missing tumour 

in the margin. In many of the techniques presented here, sub-sampling is performed in order 

to reduce assessment time. For example, in frozen section analysis, only a limited number of 

sections, in some cases only 2−3, can be generated and assessed in an intraoperative 

timeframe [136]. It is important to consider that sub-sampling is a limitation even in gold-

standard post-operative histopathological analysis, described in Section 2.4.2. In Fiona 

Stanley Hospital, it is common to prepare 4 µm thick sections every ~3−7 mm for post-
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operative analysis, which can result in a significant proportion of the specimen not being 

assessed. 

Sufficient imaging depth 

The imaging depth should be sufficient to detect tumour within the defined thickness of the 

surgical margin, which varies between health care institutions [48, 123, 124]. As discussed in 

Section 2.4.2, radial margin thickness beyond 2 mm is not associated with a significant 

reduction in the risk of recurrence if the surgery is followed by radiation therapy [47, 48]. 

However, there is a trend towards reducing the defined thickness of surgical margins in 

recent years, in particular, in the USA [47, 48]. 

The FDA has granted regulatory approval for Radio-frequency spectroscopy, described 

in Section 3.4.1, to identify tumour within a margin of 1 mm from the edge of the specimen 

[137]. Such approval is a reliable indicator that 1 mm is considered an appropriate imaging 

depth for margin assessment techniques by the relevant regulatory authorities. In addition to 

sufficient imaging depth, the ability to provide depth-resolved information is an advantage, 

as it would allow users to determine the exact distance of the tumour from the edge of the 

tissue. 

High-resolution 

High-resolution is also an important design requirement for effective tumour margin 

assessment techniques. Ideally, a technique should have sufficiently high-resolution to 

identify small foci of tumour cells that surround a tumour [138]. However, the ability to 

detect such cases is also heavily dependent on adequately sampling the specimens, as 

described above. For many techniques, a balance must be struck between resolution, imaging 

range, spatial sampling and assessment time. 

 

In addition to these main requirements described above other preferred features for 

tumour margin assessment techniques include [132, 139, 140]: 

 No requirement for additional specialised personnel, e.g., pathologists, to perform 

the assessment. 

 Suitable to use on intact WLE specimens with varying shape, size and firmness. 

 Not interfering with the standard post-operative histopathological analysis. 

 The ability to co-register positive margins in the excised specimen with the 

corresponding in vivo site in the breast cavity. 

A common measure for determining the effectiveness of techniques is diagnostic 

accuracy. The diagnostic accuracy refers to its ability to discriminate between the target 
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disease, e.g. breast cancer, and normal tissue [141]. High diagnostic accuracy is an essential 

feature of any diagnostic test as it will provide the user, i.e. the surgeon, confidence in the 

results. In this chapter, the diagnostic accuracy is reported as sensitivity and specificity. The 

sensitivity is defined as the probability of a test result being positive when disease is present. 

The specificity is defined as the probability of a test result being negative when disease is 

absent. The formulas for calculating sensitivity and specificity are presented in Table 3.1. 

Table 3.1. Calculation of sensitivity and specificity. FN, false negative; FP, false positive; TN, true negative; TP, true 
positive. Adapted from [142] 

 Disease present Disease absent 

Positive test result TP FP 
Negative test result FN TN 

 
Sensitivity =  

𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 Specificity =  

𝑇𝑁

𝑇𝑁 + 𝐹𝑃
 

 

For diagnostic accuracy studies presented here, blinded readers or machine learning 

algorithms are used to assess for the presence of tumour in data acquired from imaged tissue. 

The outcomes are then typically compared to post-operative histopathological analysis to 

determine the diagnostic accuracy. However, there is no standard practice for reporting the 

diagnostic accuracy for tumour margin assessment and each study presented here is designed 

differently. For example, the diagnostic accuracy of advanced techniques is typically 

determined by meta-analysis of large-scale multi-centre clinical studies comparing the 

outcome of the technique to post-operative histopathological analysis or measuring clinically 

relevant outcomes such as reductions in re-excision rates. 

In emerging techniques, the diagnostic accuracy may be reported from a single feasibility 

study. Furthermore, for feasibility studies performed with less developed technologies, the 

tested samples are often dissected from mastectomy2 or WLE specimens before imaging. 

Dissecting specimens can result in contrived geometries containing one predominant tissue 

type, e.g., homogeneous tumour, and while useful for validating contrast in proof-of-principle 

studies, may not accurately reflect the clinical scenario. As a result, caution should be applied 

when comparing sensitivity and specificity values from the different techniques presented 

here. For each study presented below, a brief overview of the study design is provided, if 

available, to give some context of the reported diagnostic accuracy, and how it relates to the 

clinical use case of assessing the margins of intact WLE specimens. 

                                                 
2 Mastectomy specimens differ substantially in composition and geometry from the more clinically relevant WLE specimen, described in 
detail in Chapter 6. 
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3.3 Current margin assessment techniques 

3.3.1 Frozen section analysis 

Frozen section analysis involves rapid generation of histology sections, which are analysed 

by a pathologist intraoperatively to assess the surgical margins. To perform frozen section 

analysis, the excised specimen is orientated by a pathologist using the sutures placed on the 

specimen during surgery and inked as described in Section 2.4.2. The tissue is then serially 

sectioned and the slices visually inspected by a pathologist, Figure 3.1a. Slices containing 

suspicious areas of tissue are mounted into a chuck and immersed in liquid nitrogen for 

10−15 s, Figure 3.1b, and then sectioned in a cryostat, Figure 3.1c [143]. The sections are 

mounted on glass slides, chemically fixed and stained with hematoxylin and eosin using a 

rapid technique [143]. The slides are analysed by a pathologist, who will report the status of 

the margin to the surgeon during the surgical procedure, Figure 3.1d. 

 
Figure 3.1. Frozen section analysis for tumour margin assessment (a) Sectioned specimen. (b) Frozen tissue section mounted 
on a chuck. (c) Tissue section cut directly on a standard cryostat. (d) Example frozen section slide. Reproduced from [143]  

Meta-analysis studies report the pooled sensitivity of frozen section analysis for 

identifying involved margins as ~84% and the specificity as ~95% [29, 33]. An advantage of 

frozen section analysis is that it resembles post-operative histopathological analysis. One of 

the most significant limitations is the personnel and time resourcing required [33]. Frozen 

section analysis requires a pathologist on-site, and this is typically only feasible in high-
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volume surgical centres with large pathology teams [33]. Additionally, the tissue freezing 

process introduces artefacts, in particular, due to the difficulty involved in freezing and 

cutting adipose tissue [135]. These artefacts result in poorer quality histology slides than those 

generated in the post-operative analysis. [135]. St John et al. report that due to the poor slide 

quality, frozen section analysis typically requires the skills of a senior pathologist to interpret 

slides, further increasing the demands on personnel resourcing [33]. 

Frozen section analysis also results in damage to the specimen, which is required for 

determining the stage of cancer during post-operative analysis. Another disadvantage is that 

frozen section analysis extends surgery time by up to 30 min [29, 135]. Furthermore, due to 

the intraoperative time constraints, only a limited number of frozen sections, in some cases 

only 2−3, can be processed and analysed, which results in sub-sampling of specimens [136, 

143]. Despite the promising diagnostic accuracy of frozen section analysis reported in the 

literature, due to the many disadvantages, there has not been wide-spread uptake of the 

technique for intraoperative margin assessment [33]. 

3.3.2 Imprint cytology 

Imprint cytology, also known as ‘touch prep’, is a simple technique for preparing a specimen 

for pathological assessment [144]. To perform imprint cytology, a glass slide is placed against 

the edge of the tissue, Figure 3.2 [145]. Imprint cytology works on the principle that when 

the slide is removed, tumour cells will adhere to the surface of the glass whereas adipose cells 

will not [145]. The slide is then chemically fixed or air dried, stained and analysed by a 

pathologist to determine if there are tumour cells present. Following imprint cytology, the 

specimen will undergo standard post-operative analysis to determine the stage of cancer and 

more accurately assess the surgical margins. 

 
Figure 3.2. Imprint cytology for tumour margin assessment. Reproduced from [145] 

Meta-analysis studies report the sensitivity of imprint cytology as 72−91% and the 

specificity as 95−97% for identifying involved margins [29, 33]. However, many of the 

studies included in this meta-analysis did not report the defined thickness of the margin. 
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Therefore, it is not clear if this diagnostic accuracy reported reflects cases where the defined 

margin thickness is greater than 0 mm. There are several advantages of imprint cytology in 

comparison to frozen section analysis. A significant advantage is that imprint cytology does 

not cause damage to the tissue; therefore, there is no adverse impact on the post-operative 

analysis. Also, using imprint cytology, the entire surface of the specimen can be analysed, 

unlike frozen section analysis where the specimen is typically sub-sampled. Imprint cytology 

is also a less complicated and quicker technique, taking approximately 15 minutes, half the 

time of frozen section analysis [29]. As a result, imprint cytology is a more cost-effective 

alternative to frozen section analysis. 

However, imprint cytology is limited to a surface measurement, rendering the technique 

unsuitable for institutions where the surgical margin thickness is greater than 0 mm. 

Furthermore, imprint cytology requires a specialised cytopathologist (a pathologist trained in 

this technique) on site to generate and analyse slides. While there are some advantages to 

imprint cytology, the technique suffers from lower sensitivity than frozen section analysis 

and has not seen wide-spread clinical adoption [33]. 

3.3.3 Intraoperative specimen radiography 

Based on X-ray imaging, the same modality used in mammography, intraoperative specimen 

radiography is often performed during excision of wire-localised tumours [146]. Therefore, 

a natural extension is to apply this technique to margin assessment [147]. To perform 

intraoperative specimen radiography, the surgeon often places radiopaque metal clips on the 

specimen in addition to sutures, to enable orientation of the subsequent radiographs. The 

specimen is then imaged, often using a portable digital X-ray machine in the operating 

theatre, and the resulting radiographs interpreted by the surgical and/or radiology team. In 

some institutions, the specimen is transferred to a radiology department for imaging and the 

analysis performed by radiologists [147]. During the interpretation of the radiograph, the 

distance of tumour from the edge of the specimen is estimated. 

A representative radiograph, acquired during clinical feasibility studies undertaken as part 

of this thesis, is shown in Figure 3.3. This radiograph is a superficial-deep projection of a 

WLE specimen. The specimen comprises a mix of radiolucent tissue, indicative of adipose 

tissue, and radiopaque material, indicative of tumour, dense tissue or the skin/nipple, which 

attenuate the X-rays more than the radiolucent tissue. 
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Figure 3.3. Intraoperative specimen radiography for tumour margin assessment (a) Photograph and (b) corresponding 
superior-deep projection radiograph of a WLE specimen. S: superior—one clip. M: medial—two clips. L: lateral—three 
clips. A localising hook-wire (blue arrow) is visible in the photograph and radiograph. 

Pooled sensitivity and specificity for intraoperative specimen radiography have been 

reported as 53% and 84%, respectively [33]. A separate study reported the sensitivity as 

~33% for in situ tumours, (compared to 50% for invasive tumours in that study) [148]. The 

low sensitivity of intraoperative specimen radiography, particularly for in situ tumours, is a 

significant limitation and likely arises from limited contrast between tumour and dense tissue. 

A recent study in which a retrospective review was performed to determine the impact of 

introducing intraoperative specimen radiography in two hospitals in Melbourne, Australia 

determined that there was no significant reduction in re-excision rates [149]. Another 

disadvantage of intraoperative specimen radiography is the relatively low-resolution, 

~100s µm [150]. Furthermore, despite the technique being able to image through the entire 

specimen, a radiograph is a projection image, and therefore, depth sectioning is not possible. 

As a result, it is difficult to determine the exact location of the tumour in the specimen. 

Micro-computed tomography (micro-CT) can enable depth-resolved radiography by 

acquiring multiple radiographs and reconstructing them into a 3D volume digitally. However, 

the reported sensitivity, 56%, suggests that micro-CT does not significantly increase the 

diagnostic accuracy for tumour margin assessment [151]. The low sensitivity of micro-CT 

suggests that the poor contrast between tumour and dense tissue is limiting factor for the 

technique. 

Despite the disadvantages, it should be noted that clinical uptake of intraoperative 

specimen radiography has been strong in many institutes, including Fiona Stanley Hospital. 

The technique is rapid; if performed in the operating theatre on a portable X-ray machine, 

radiographs can be acquired and analysed in a matter of minutes. Institutes where the 

specimen is transferred to a dedicated radiology department, have reported a turnaround 

time of ~15 minutes, approximately half the time required for frozen section analysis [147]. 

Also, as the surgical team are often familiar with interpreting radiographs (due to the contrast 
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being similar to mammography) there is generally not a requirement for specialised personnel 

if the specimen is tested with a portable device in the operating theatre. However, in 

institutions where the specimen is transferred to a dedicated radiology department, a 

radiologist will typically interpret the images, increasing costs and demands on personnel 

resourcing. 

3.3.4 Intraoperative ultrasound 

Intraoperative ultrasound has already proven useful for clinical applications in surgical 

oncology, for example, in guiding aspiration of cysts, core needle biopsies and the pre-

operative placement of localising wires (visible in Figure 3.3) [152, 153]. Therefore, a natural 

extension is to apply this technique to margin assessment [154, 155]. To perform tumour 

margin assessment with intraoperative ultrasound, the excised tissue is imaged using a 

handheld transducer in the operating theatre [156]. A sonographer or the surgeon interprets 

the images to determine the distance of tumour from the surgical margin, Figure 3.4. 

 
Figure 3.4. Intraoperative ultrasound for tumour margin assessment showing IDC (white arrow) with a narrow margin of 
normal tissue at deep margin (black arrow). Adapted from [157]. 

Intraoperative ultrasound can be useful for detecting non-calcified tumours, which can 

prove difficult using intraoperative specimen radiography [97]. Another advantage of 

intraoperative ultrasound over intraoperative specimen radiography is the ability to perform 

depth sectioning. It is rapid, requiring 3−6 minutes to assess the specimen; however, 

additional training for the surgical team or a sonographer is generally required [33, 156]. 

Despite the advantages of intraoperative ultrasound, the technique suffers from low 

diagnostic accuracy; meta-analysis of 4 studies reported a pooled sensitivity and specificity of 

59% and 81%, respectively [33]. The low diagnostic accuracy is likely a result of the low 

resolution, ~100s µm [158], and also the limited contrast in diffuse, multinodular tumour 

[159]. Ultrasound also provides limited contrast in tumours containing calcifications, 

common in high-grade DCIS [33]. 
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3.4 Emerging margin assessment techniques 

3.4.1 Radio-frequency spectroscopy 

Radio-frequency spectroscopy characterises tissue by measuring two electrical properties: 

conductivity and relative permittivity [160]. It has been demonstrated that cancer often 

causes an increase in both of these properties for a range of tissues, including breast, kidney, 

liver and muscle [161]. Radio-frequency spectroscopy was the first of the emerging 

techniques presented here to be gain regulatory approval. MarginProbe® (Dune Medical 

Devices Inc., Caesarea, Israel) was granted approval for use for tumour margin assessment 

by the FDA in 2013 [137]. 

The MarginProbe® system comprises a hand-held probe and a console unit which 

contains a radiofrequency signal generator and analyser [160]. To assess tissue, the surgeon 

places the tip of the probe (~7 mm in diameter) in contact with the margin of an excised 

specimen, Figure 3.5. Each measurement takes ~1 s, and the surgeon may assess the entire 

surface of the surgical margin by moving the tip around the specimen and taking multiple 

measurements. The console provides the surgeon with a binary reading indicating if cancer 

is present at each point measured. Therefore, minimal training is required. Furthermore, the 

FDA-approved sensing depth, 1 mm, of MarginProbe® is well suited to tumour margin 

assessment. However, radio-frequency spectroscopy does not enable depth sectioning; 

therefore, the exact distance of the tumour from the margin cannot be determined [137]. 

 
Figure 3.5. MarginProbe® assessment of breast-conserving surgery specimen. Adapted from [160] 

The reported sensitivity and specificity of MarginProbe® for detecting tumour was 70% 

and 70% respectively [162]. A limitation is that the probe provides a single measurement 

across the tip diameter, effectively limiting the spatial resolution. Therefore the reported 

diagnostic accuracy is dependent on the size of the cancer feature in proportion to the 

scanning area. For homogeneous regions of tissue, the reported sensitivity was 100% and for 

heterogeneous tissue, with small regions of tumour, ~0.7 mm, the sensitivity of 

MarginProbe® dropped to 56% [162]. A large multicentre randomised trial using 



3.4 Emerging margin assessment techniques 37 

 

MarginProbe® reported a sensitivity and specificity of 75% and 46%, respectively, and a 6% 

reduction in re-excision rates compared to the control group [163]. However, the low 

specificity resulted in high false-positive rates. Despite the promise of radio-frequency 

spectroscopy, the spatial resolution and low diagnostic accuracy in heterogeneous tissues are 

limitations that must be overcome for increased clinical uptake. 

3.4.2 Optical coherence tomography 

OCT provides 3D imaging of tissue micro-architecture using a broadband light source and 

low-coherence interferometry to measure the intensity of backscattered light3, which 

provides depth-resolved, structural information that can be used to identify features in the 

sample. For example, Figure 3.7a shows that adipose tissue (A) manifesting as a distinctive 

honeycomb structure arising from the hyperscattering cell walls and hyposcattering cell 

interiors [50]. DCIS appears as a hyperscattering luminal or tubular structure with the interior 

exhibiting lower intensity with a heterogeneous pattern, shown in Figure 3.7a [164]. IDC 

often manifests as relatively low scattering tumour cells infiltrating hyperscattering 

desmoplastic stroma [165]. This typically appears as a heterogeneous pattern on OCT images 

as shown in Figure 3.7c [50]. However, the contrast is often subtle, as described below. Both 

the resolution (1−10 µm) and imaging depth (1−2 mm) of OCT are well suited to tumour 

margin assessment [50, 166]. 

There are two OCT devices which have been proposed in the literature for tumour 

margin assessment and that have received FDA approval [164, 167-170]. However, the FDA-

approved indication for both these systems is for imaging excised tissue micro-architecture 

and not specifically for tumour margin assessment. The first device to receive FDA approval 

was the Foresee(4C)TM system (Diagnostic Photonics, Chicago, USA) in 2014 [169]. The 

Foresee(4C)TM system comprises an OCT system and a hand-held probe, shown in 

Figure 3.6a. Tumour margins can be assessed by placing the probe on the excised specimen, 

Figure 3.6b, and assessing the resulting images for tumour [168]. In a multicentre study, 

excised tissue from 46 patients undergoing breast-conserving surgery was imaged using the 

hand-held probe, and the images were then analysed by three physicians. The reported 

sensitivity and specificity for this system was 55–65% and 68–70%, respectively [168]. 

Using a similar OCT system, Erickson-Bhatt et al. have presented a separate study in 

which five blinded readers interpreted 50 OCT images from 21 patients [171]. A points 

scoring and thresholding system was used to determine the diagnostic accuracy; each reader 

gave an image a score of 1 for a negative margin or 2−4 for suspicious/involved margins. 

                                                 
3 A more detailed description of OCT is provided in Section 4.4 
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The results were then pooled, and if three or more readers (‘majority rules’) gave an OCT 

image a score between 2 and 4 it was declared positive, i.e., cancer present. The reported 

sensitivity and specificity using this method was 91.7% and 92.1%, respectively. However, 

analysis was based on a “majority rules” approach. For the individual readers in this study, 

the sensitivity ranged from 33.3 to 91.7% and specificity from 47.4 to 97.4%. This study also 

demonstrated in vivo imaging of the breast cavity using the hand-held probe [171]. 

 
Figure 3.6. Foresee(4C)TM OCT imaging system for tumour margin assessment (a) The user interface of the system (b) 
Intraoperative evaluation of excised breast tissue with a hand-held probe. Reproduced from [168]. 

The second OCT system to receive FDA approval is the Perimeter OtisTM (Perimeter 

Medical Imaging, Toronto, Canada) in 2016 [170]. The system comprises a portable OCT 

system with a bench mounted probe and translation stage onto which the specimen is placed 

[170]. Ha et al. have investigated the potential of an OCT system similar to the Perimeter 

OtisTM for tumour margin assessment [164]. The system continuously acquires cross-

sectional OCT images, B-scans4, as the specimen is moved relative to the OCT scan head 

[164]. The OCT B-scans, Figure 3.7, can then be viewed in real-time (in the proposed 

intraoperative scenario) and used to identify tumour in the surgical margin. 

In the study, eight readers were trained using a training database of 30 OCT images. The 

readers were then tested using datasets of 10 images and those that achieved a score of over 

70% in the test went on to the blinded reader study. Readers were given 40 3D OCT volumes 

and asked to determine if there was cancer present. The assessment was only made on one 

preselected B-scan from the volume for which readers gave a score of between 1 (not-

suspicious) and 8 (most suspicious) for the presence of tumour. Using this method, the 

average sensitivity and specificity across all readers was 80% and 87%, respectively. 

Individual reader’s sensitivity ranged from 63 to 94% and specificity from 71 to 96% [164]. 

                                                 
4 Please refer to Section 4.4 for a detailed description of the terminology surrounding OCT 
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Figure 3.7. OCT B-scans of human breast tissue acquired using a system similar to the Perimeter OtisTM (a) OCT B-scan 
and (b) corresponding histology of a region containing a duct involved with DCIS. (c) OCT B-scan and (d) corresponding 
histology of a region containing IDC. A, adipose tissue; DCIS, ductal carcinoma in situ; DR, desmoplastic response; IDC, 
invasive ductal carcinoma. Adapted from [164]. 

Another OCT device proposed for tumour margin assessment is the Light-CT Scanner 

(LLtech SAS, Paris, France), although, to this author’s knowledge, it does not currently have 

regulatory approval from the FDA and is certified for research use only [172, 173]. The Light-

CT Scanner is based on full-field OCT. Full-field OCT is an alternative method to 

conventional OCT that uses a single halogen lamp and white-light interference microscopy 

to generate tomographic images [174]. In one study, 75 specimens from 21 patients were 

imaged using full-field OCT, and two pathologists assessed the images for tumour [175]. This 

study yielded a sensitivity and specificity of 90−94% and 75−79%, respectively. However, 

this study was performed exclusively on dissected portions of mastectomy specimens. 

A limitation for OCT, which likely contributes to poor diagnostic accuracy, is that while 

the contrast provided readily differentiates adipose from dense tissue, it is often difficult to 

delineate tumour from uninvolved stroma [50, 165]. Furthermore, despite OCT being used 

extensively in the field of ophthalmology [176], it is not in widespread clinical use for field 

of oncology. Therefore, many clinicians will not be familiar with the contrast generated, 

unlike intraoperative specimen radiography or intraoperative ultrasound. As a result, training 

will be required for clinicians to interpret OCT images; Ha et al. reported in their study that 

training took an average of 3.4 hours [164]. However, recent studies have investigated the 

use of computational methods analyse OCT images which would negate the need for lengthy 

training for readers [177, 178]. 

Despite the limitations, OCT holds excellent promise for margin assessment due to its 

high resolution, rapid imaging speed and imaging depth [50, 167, 179]. Additionally, OCT 

can readily be implemented into small form factor hand-held or needle-based probes, making 

it well-suited for use in operating theatres [171, 180, 181]. 
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3.4.3 Diffuse reflectance spectroscopy 

Diffuse reflectance spectroscopy illuminates the sample with monochromatic light and 

measures the diffuse reflectance spectrum, which is a function of the optical absorption and 

scattering coefficient spectra [139]. Using a model of optical propagation allows for 

estimations of the absorption and scattering coefficients of the sample [182]. The absorption 

coefficient is directly related to the concentration of optically absorbing materials in the 

tissue, the most prominent of which are haemoglobin and β-carotene [139, 183]. The 

scattering coefficient reflects the size and density of scattering centres in tissue, such as cells 

and nuclei [182]. It has been shown that there are statistically significant differences between 

the scattering and absorption coefficients between malignant and normal breast tissue, 

enabling these parameters to be used to identify tumour [183]. 

In one proof-of-principle study, spectral data from 124 samples were analysed to evaluate 

the diagnostic accuracy of diffuse reflectance spectroscopy to detect breast cancer in 

specimens dissected from breast-conserving surgery and mastectomy specimens [182, 184]. 

In this study, machine learning algorithms were used to determine if there was cancer present. 

Using this approach, the sensitivity and specificity reported were 81.7−83.3% and 

87.1−88.6%, respectively. This study also investigated the incorporation of fluorescence 

imaging in combination with diffuse reflectance spectroscopy using the same machine 

learning approach. However, the inclusion of fluorescence imaging did not significantly 

change the diagnostic accuracy over diffuse reflectance spectroscopy alone [182]. In a 

separate study, the diagnostic accuracy of diffuse reflectance spectroscopy in heterogeneous 

tissue was investigated [185]. The study demonstrated that the higher the heterogeneity of 

the sample (reported as a percentage of the sample composed of malignant tissue) the more 

likely it would be misclassified by diffuse reflectance spectroscopy [185]. 

The diagnostic accuracy of diffuse reflectance spectroscopy has been investigated for 

entire margins of intact breast-conserving surgery specimens [186]. The study reported a 

sensitivity and specificity of 74% and 86% respectively [186]. The diffuse reflectance 

spectroscopy probe in this study had eight channels, arranged in a 4 × 2 configuration with 

a spacing of 10 mm between channels. The authors report that it took ~20−25 minutes to 

assess a typical breast-conserving surgery specimen with a spatial sampling of 5 mm 

(achieved by translating the probe in 5 mm increments across the specimen surface) [186]. 

The authors note that the assessment time could be reduced to ~3 minutes for the same 

5 mm spatial sampling by using a commercial prototype probe, Zenascope PC49 (Zenalux 

Biomedical, Inc., Durham, USA). 
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While the diagnostic accuracy of diffuse reflectance spectroscopy is promising in 

homogeneous tissue, and the imaging depth, ~2 mm [186], is suited for tumour margin 

assessment; the limited spatial sampling and low diagnostic accuracy in heterogeneous tissue 

may limit the application in tumour margin assessment. 

3.4.4 Raman spectroscopy 

Raman scattering is the inelastic scattering of light linked to the unique vibrational modes of 

the molecules in a sample [187]. To perform Raman spectroscopy, monochromatic light is 

directed onto the specimen surface and the backscattered light recorded. The majority of the 

backscattered light is at the same frequency as the incident light. However, a small percentage 

of light, termed the Raman spectrum, exchanges part of its energy with the molecular 

vibrations in the specimen surface and shifts frequency. As each biological molecule has a 

distinct Raman spectrum, tissue biochemical composition can be determined and used to 

assess for the presence of tumour. While the resolution for laboratory-based Raman 

spectroscopy systems is typically in the order of 1 µm, lower resolution systems are often 

used for clinical studies [188]. The depth penetration in biological tissue is typically limited 

to a few hundred micrometres [189], although contrast agents or spatial offset Raman 

spectroscopy techniques can increase this to a few mm [189, 190]. 

The use of Raman spectroscopy has been proposed for the visualisation of breast cancer 

in several studies [140, 188, 191, 192]. In one study, a 94% sensitivity and 96% specificity 

was reported for delineating tumour from normal tissue. While the diagnostic accuracy 

reported in this study is promising, these specimens do not accurately represent the clinical 

use case of intact breast-conserving surgery specimens as the study was performed on 

specimens excised during biopsy, breast reduction or prophylactic mastectomy [188]. A more 

recent study developed an automated device to scan samples of the same dimensions as 

typical breast-conserving surgery specimens. The device comprised a 7-mm diameter probe 

which automatically scanned the surface of the specimen and reconstructed a digital 3D 

volume indicating the presence of tumour at surgical margin [140]. The study reports 

scanning the entire specimen in 15 minutes with a spatial sampling of 3.5 mm. While the 

device was not tested on breast-conserving surgery specimens and the diagnostic accuracy 

not reported, the study demonstrated the technical feasibility of scanning of ex vivo specimens 

in a clinically relevant time-frame.  

Raman spectroscopy has also been demonstrated for in vivo imaging; including one device 

which combines Raman spectroscopy with fluorescence imaging to increase contrast in 

tumour [190, 192]. While Raman spectroscopy holds promise for tumour margin assessment, 

the diagnostic accuracy in intact breast-conserving surgery specimens must be investigated 
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and the spatial sampling improved (or scanning time) reduced to further enable clinical 

translation. 

3.4.5 Photoacoustic tomography 

Photoacoustic tomography is an emerging imaging modality based on the acoustic detection 

of optical absorption [193]. A focused laser is used to excite optical absorbing agents in the 

sample, which release energy in the form of ultrasonic shock waves that are detected by an 

ultrasound probe. The excitation beam is scanned across the sample to generate a 3D 

volume. Optical absorbers can include haemoglobin, melanin and water, or contrast agents 

such as nanoparticles and dyes [193]. Compared with OCT, photoacoustic tomography can 

achieve a higher penetration depth (>3 mm); however, the resolution is significantly lower, 

~150 µm for the system described below [194]. 

A commercial prototype system, MarginPAT (Vibronix, West Lafayette, USA) has been 

investigated for tumour margin assessment [194]. The system enables rapid scanning (20 cm2 

per min [194]). To perform margin assessment using the MarginPAT system, the specimen 

is immersed in saline, and the translation stage moves the specimen relative to a probe to 

generate 3D volumes. In a preliminary study on 40 samples, the reported sensitivity and 

specificity using this system was 93% and 90%, respectively [194]. It was not specified if the 

diagnostic accuracy was determined using dissected mastectomy tissue or the more clinically 

relevant case of intact breast-conserving surgery specimens and the study only demonstrates 

one representative result on a breast-conserving surgery specimen. While photoacoustic 

tomography does show promise for the visualisation of tumour, further work is required to 

determine its diagnostic accuracy on intact breast-conserving surgery specimens. 

3.4.6 Cerenkov luminescence imaging 

Cerenkov luminescence imaging is an emerging modality to image the Cerenkov 

luminescence5 produced in tissue [195] using nuclear medicine isotopes that are commonly 

used in other medical imaging techniques, such as positron emission tomography [196]. One 

such isotope, 18F-FDG6, has shown potential for the pre-operative diagnosis of breast cancer 

using positron emission tomography [197]. However, positron emission tomography is not 

considered practical for intraoperative margin assessment due to the size and cost of the 

system. Cerenkov luminescence imaging has been proposed for tumour margin assessment 

                                                 
5 Cerenkov luminescence is emitted when a charged particle traverses a dielectric medium with a velocity greater than the phase velocity 
of light in the medium 

6 Fluorine-18 fludeoxyglucose or fluorodeoxyglucose 
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as a more compact and cost-effective alternative which uses the same 18F-FDG isotope as 

positron emission tomography [134]. 

A commercial prototype Cerenkov luminescence imaging system called the LightPath® 

Imaging System (Lightpoint Medical Ltd., Chesham, United Kingdom) has been developed 

for intraoperative margin assessment [134]. In a feasibility study, twenty-two intact breast-

conserving surgery specimens were imaged using this system. The resulting images were 

assessed by surgeons, who reported the distance of tumour from the margin. While the 

authors did not report the sensitivity and specificity, they did comment that there was good 

agreement between the margin status determined by the surgeons and histopathological 

analysis [134]. There is an ongoing clinical trial being performed in the USA to evaluate the 

use of the Light Path® system in breast-conserving surgery [198]. 

A significant limitation to Cerenkov luminescence imaging is that it relies on an injection 

of 18F-FDG before surgery; use of such agents must be carefully considered due to the 

regulatory approval required and radiation dose to the patient, and surgical and pathology 

team [132]. Additionally, to enable scanning of tissue in a clinically relevant time frame in 

this study, spatial sampling was limited, resulting in a reported resolution of 1.25 mm [134]. 

While Cerenkov luminescence imaging does hold promise, further studies are required to 

determine the diagnostic accuracy of the technique and technical developments to increase 

the spatial sampling and resolution. 

3.4.7 Confocal microscopy 

Confocal microscopy is capable of optical sectioning of tissues to depths of typically less 

than 100 µm [199, 200]. To perform confocal microscopy, the sample is illuminated with a 

focused laser beam, and the returning beam is spatially filtered to enable depth sectioning 

[200]. The incident beam is then scanned across the surface of the material to construct 3D 

volumes. While confocal microscopy can achieve sub-micron resolution, a limitation for 

tumour margin assessment is the low depth penetration [200]. Brachtel et al. proposed a 

variant of confocal microscopy (spectrally encoded confocal microscopy) which can achieve 

depth penetration of up to 200 µm [201]. The system used in this study had lateral resolution 

and axial resolutions of 1.3 μm and 2.4 μm, respectively. The study, performed on specimens 

from mastectomy and breast-conserving surgery tissue, reported a sensitivity and specificity 

of 91% and 93%, respectively [201]. 

While the diagnostic accuracy of confocal microscopy is promising, in addition to the 

limited depth penetration, there are some other technical limitations. For example, in the 

above study, the scanning time ranged from 10−15 min for an imaging range of only 

~10 × 5 mm [201]. Therefore, the system is currently not suited to assess the entire margin 
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of breast-conserving surgery specimens in an intraoperative timeframe. Another limitation 

of this study is that a contrast agent, 5% acetic acid, was applied to the excised tissue to 

increase contrast. 

3.4.8 Fluorescence imaging 

Fluorescence imaging uses autofluorescence, or fluorescent dyes, with high-resolution 

conventional microscopy techniques to improve contrast. The technique is used extensively 

in areas such as microbiology and immunology and has been proposed for a range of clinical 

applications [202]. Fluorescence imaging has also been incorporated into other margin 

assessment devices, for example, diffuse reflectance spectroscopy and Raman spectroscopy, 

to increase contrast [182, 190]. 

In a recent study, fluorescence imaging was proposed for the visualisation of tumour in 

human breast tissue using a prototype hand-held probe (Lumicell Inc., Wellesley, USA ) 

[203]. The study also demonstrated in vivo imaging using a mouse model. While the study did 

not report the sensitivity and specificity, the representative results indicate the technique is 

suitable for visualisation of tumour. However, it is unclear how readily the technique will 

translate to a clinical setting, as the authors also do not report the scanning time, area imaged 

or the imaging depth achieved. Additionally, similar to the Cerenkov luminescence imaging 

study discussed above, patients were injected with a fluorescent agent before surgery, adding 

to the complexity of the technique. 

3.4.9 Terahertz pulsed imaging 

Terahertz pulsed imaging employs terahertz radiation (which lies between the microwave 

and infrared regions of the electromagnetic spectrum) for imaging of tissue by directing 

terahertz pulses at the specimen and recording the reflected pulses [204]. Time-of-flight 

principles are used to generate depth-resolved contrast in tissue based on changes in the 

refractive index at the terahertz frequency range [204]. The diagnostic accuracy of terahertz 

imaging to visualise tumour in ex vivo breast tissue has been investigated using a prototype 

hand-held probe (Teraview, Cambridge, United Kingdom) [205]. In the study, specimens 

were dissected from mastectomy or breast-conserving surgery specimens. The reported 

sensitivity and specificity of the device were 86−87% and 54−66%, respectively. The low 

specificity may be due to, in part, the limited contrast between tumour and stroma provided 

by terahertz imaging [205]. Other limitations to terahertz imaging for tumour margin 

assessment include the time required for scanning tissue, 20 s for 15 × 2 mm, and the spatial 

sampling, ~600 µm, which would limit the resolution. Furthermore, the dissected specimens 

imaged were not representative of intact breast-conserving surgery specimens. 
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3.4.10 Magnetic resonance imaging 

Magnetic resonance imaging is used in screening for women who are at high risk of 

developing breast cancer. While the contrast provided by magnetic resonance imaging is 

suited for visualising tumour, conventional magnetic resonance imaging equipment is not 

widely available in the operating theatre and is typically not considered a cost-effective 

solution for margin assessment. However, a novel prototype system ClearSight (Clear‐Cut 

Medical Ltd., Rehovot, Israel) has been developed that does not require special magnetic 

shielding and may prove more cost-effective for use in the operating theatre [206]. The 

system is based on a variant of magnetic resonance imaging, diffusion-weighted magnetic 

resonance imaging, which measures a parameter related to the mobility of water within tissue, 

T2*.  

A preliminary study investigating the clinical feasibility for intraoperative tumour margin 

assessment imaged 77 specimens dissected from the surgical margin of 22 breast-conserving 

surgery specimens [206]. The diagnostic accuracy of the system was determined by 

optimising the cut-off value of T2* for which a specimen was diagnosed as tumour. The 

reported sensitivity and specificity of the system using this optimisation method was 91% 

and 93%, respectively. While the diagnostic accuracy is promising, the study was performed 

on small specimens ~6 mm in diameter and 2–5 mm in thickness; therefore, it is not clear if 

the accuracy will translate to intact breast-conserving surgery specimens. Additionally, it is 

not clear if the system will be cost-effective as the cost of the system has not been disclosed. 

3.4.11 Mass Spectrometry 

Mass spectrometry provides structural information of a specimen by measuring the mass-to-

charge ratio values of ionised molecules [207]. Mass spectrometry is used extensively in the 

life sciences [208] and has been recently proposed for the diagnosis of cancer by Zhang et al., 

who have developed a handheld pen-like device (MasSpec Pen) that identifies tumour by its 

unique molecular profile [209]. The MasSpec Pen has been tested on a range of tumours 

including breast, lung, thyroid, and ovary. For breast cancer, 45 specimens were tested, and 

the reported sensitivity and specificity were 87.5% and 100%, respectively. However, mass 

spectrometry is limited to a surface measurement, and the spatial resolution is determined by 

the tip diameter; the smallest MasSpec Pen tip was 1.5 mm [209]. Additionally, it is unclear 

how the device will perform in heterogeneous tissue, as the study reported results acquired 

from homogeneous tissue only [209]. 
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3.4.12 Optical coherence elastography 

OCE describes a suite of elastography imaging techniques that employ OCT to estimate 

mechanical properties of tissue. OCE has the potential to increase contrast over OCT 

imaging alone, which suffers from low contrast between tumour and dense tissue. To 

perform OCE, a deformation is applied to the tissue, and the resulting displacement is 

measured using OCT. The measured displacement is incorporated into a mechanical model 

of deformation to estimate mechanical parameters. An image, termed an elastogram, is then 

generated of the estimated parameter, providing mechanical contrast of the assessed tissue. 

OCE can be determine a range of mechanical properties. The most common property 

probed is elastic modulus; however, techniques have also been developed to assess 

viscoelasticity, poroelasticity and the non-linear properties common in many biological 

tissues [64, 210, 211]. 

A number of studies have investigated the use of OCE to visualise tumour in human 

breast tissue [50, 61-66, 212, 213]. One variant in particular, OCME, has shown promise for 

visualising tumour by mapping deformation, local axial strain, in response to a compressive 

load applied to the tissue7. Strain images (micro-elastograms) generated by OCME 

measurements have been shown to increase the contrast between tumour and normal dense 

tissue over OCT images alone [50, 65]. A further advantage of OCME is that it maintains 

the high lateral resolution, imaging depth, and depth sectioning ability of OCT. However, 

there is a reduction in the axial resolution, typically 5–10 times lower than that of OCT, due 

to the fitting width used to calculate local axial strain, discussed in Section 4.6.1 [63-65]. 

In one proof-of-principle study, OCME was performed on 58 freshly excised human 

breast tissue specimens from 31 patients [66]. OCME measurements from a mastectomy 

specimen imaged during the study are presented in Figure 3.8, highlighting the increased 

contrast in dense tissue provided by strain micro-elastograms over OCT images. The 

hematoxylin and eosin stained histology image, Figure 3.8a, shows that the specimen 

contains a mixture of fibroglandular tissue (comprising stroma (S), vessels (V) and ducts (D)), 

adipose tissue (A), and tumour (T). Analysis of the magnified histology, Figure 3.8d, revealed 

that the tumour in this region contained a high proportion of intermingling desmoplastic 

stroma. Magnified histology of uninvolved stroma is presented in Figure 3.8e. In the micro-

elastogram, Figure 3.8b, local axial strain is presented in a false (red yellow) colour map 

overlaid8 onto the greyscale OCT image. In the magnified micro-elastograms, the tumour, 

Figure 3.8f, appears as a disorganised, heterogeneous pattern in strain compared to 

                                                 
7 OCME is described in more detail in Section 4.6 

8 Discussed in more detail in Section 5.2.2 
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uninvolved stroma, Figure 3.8g, which appears as a uniform strain pattern. The OCT image, 

Figure 3.8c, clearly delineates the dense tissue, high OCT intensity, from adipose tissue. The 

magnified OCT images highlight that OCT intensity alone provides limited contrast between 

tumour, Figure 3.8h, and the uninvolved stroma, Figure 3.8i. 

The mechanical heterogeneity of invasive tumour observed in this study is consistent 

with studies of breast tissue surfaces conducted on the nano-scale using atomic force 

microscopy [46]. The distinctive texture present in invasive tumour in micro-elastograms 

likely arises from the localised changes in stiffness between the cancer cells and the collagen 

in desmoplastic stroma [66]. The study demonstrates OCME increases the contrast between 

invasive tumour and uninvolved dense tissue compared to OCT imaging alone. 

 
Figure 3.8. OCME of mastectomy specimen containing IDC. (a) Histology. (b) En face fused OCT image and micro-
elastogram, showing local axial strain in false-colour and OCT in grey scale. (c) Corresponding en face OCT image. Blue 
arrows in (a)-(c) indicate the region of tumour corresponding to (d), (f), and (h). Black arrows in (a)-(c) indicate the region 
of mature stroma corresponding to (e), (g), and (i). A, adipose tissue; D, duct; S, mature stroma; T, tumour; and V, blood 
vessel. dB, decibels; mε, millistrain. Scale bars in (a)-(c), 3 mm; scale bars in (d)-(i), 0.5 mm. Reproduced from [66]. 

However, the study did not report a sensitivity and specificity for OCME, and all images 

presented were generated from measurements on mastectomy specimens. Furthermore, the 

maximum imaging range presented was ~20 ×20 mm, and these datasets took over 1 hour 

to acquire. While OCME has shown promise for the visualisation of tumour, a significant 

amount of work is required for the technique to meet the requirements of tumour margin 

assessment. The overall aim of this research presented in this thesis is to build on these 

promising, preliminary results and develop OCE techniques into a tool suitable for assessing 

surgical margins in breast-conserving surgery. 

3.5 Perspectives 

In this chapter, techniques proposed for tumour margin assessment at various stages of 

development were presented. In Table 3.2, a summary of the diagnostic accuracy of each 
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technique is provided. For each technique, there are key challenges that must be overcome 

to further clinical translation, increase clinical adoption and, ultimately, reduce re-excision 

rates. 

Table 3.2. Summary comparison of tumour margin assessment techniques. BCS, breast-conserving surgery; CLI, Cerenkov 
luminescence imaging; CM, confocal microscopy; DRS, diffuse reflectance spectroscopy; FI, fluorescence imaging; FSA, 
frozen section analysis; IC, imprint cytology; IOSR, intraoperative specimen radiography; IOUS, intraoperative ultrasound; 
MRI, magnetic resonance imaging; MS, mass spectrometry; OCE, optical coherence elastography; OCT, optical coherence 
tomography; PAT, photoacoustic tomography; RFS, radio-frequency spectroscopy; RS, Raman spectroscopy; TI, terahertz 
imaging. 

 Technique 

Diagnostic accuracy 

Sensitivity / Specificity 
Specimen (or 
study) type 

Reference 

C
ur

re
nt

 

FSA 
86% / 96% Meta-analysis [33] 

83% / 95% Meta-analysis [29] 

IC 
91% / 95% Meta-analysis [33] 

72% / 97% Meta-analysis [29] 

IOSR 53% / 84% Meta-analysis [33] 

IOUS 59% / 81% Meta-analysis [33] 

E
m

er
gi

ng
 

RFS 

70% / 70% 
BCS and 

mastectomy 
[162] 

75% / 46% 
Randomized 
trial in BCS 

[163] 

OCT 

55−65% / 68−70% BCS [168] 

33.3−91.7% / 
47.4−97.4% 

BCS and 
mastectomy 

[171] 

63−94% / 71−96% 
BCS and 

mastectomy 
[164] 

90−94% / 75−79%, Mastectomy [175] 

DRS 74% / 86% BCS [186] 

RS 94% / 96% Mastectomy [188] 

PAT 93% / 90% Not reported [194] 

CLI Not reported BCS [134] 

CM 91% / 93%, Mastectomy [201] 

FI Not reported Not reported [203] 

TI 86−87% / 54−66% Mastectomy [205] 

MRI 91% / 93% Mastectomy [206] 

MS 87.5% / 100%, Mastectomy [209] 

OCE Not reported Mastectomy [66] 

 

Of the emerging techniques presented, OCT holds great promise due to its high 

resolution, rapid imaging speed and imaging depth; however, the contrast in dense tissue is 

often limited. OCE has the potential to address this issue by generating mechanical contrast 

in addition to the optical contrast provided by OCT. By measuring the mechanical properties 

with OCE, the contrast is related to that which surgeons currently access through manual 

palpation, but with an improved resolution afforded by OCT; significantly higher than that 

achieved by clinical elastography techniques based on ultrasound or magnetic resonance 

imaging. In addition to resolution, OCE capitalises on the speed, imaging depth and contrast 

between adipose and dense tissue provided by OCT. 

However, there are some key technical challenges to overcome in order for OCE to meet 

the specific needs of intraoperative margin assessment. Before the commencement of this 

thesis, proof-of-principle of OCE for visualising tumour was demonstrated, however, over 
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limited fields-of-view (~20 × 20 mm) on tissue dissected from mastectomies. The overall 

aim of this research is to translate OCE techniques from a laboratory-based tool to a tool 

capable of assessing surgical margins in breast-conserving surgery.
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Chapter 4 

Optical coherence elastography 
overview 
4  

4.1 Preface 

OCE has shown promise for visualising tumour in human breast tissue by providing 

mechanical contrast of tissue, demonstrating increased contrast in dense tissue over OCT 

imaging alone. However, there are some key challenges to overcome in order for OCE to 

meet the specific needs of intraoperative margin assessment, which the work presented in 

this thesis aims to address. In this final chapter of Part I, a more comprehensive background 

to OCE is provided. Firstly, to understand the mechanical parameters probed by OCE, an 

overview to tissue biomechanics is presented. Secondly, the motivation for the use of OCE 

in tumour margin assessment is discussed. Then OCT, the underlying imaging modality, is 

described, followed by an overview of the field of OCE. Finally, the three OCE variants, 

OCME, optical palpation, and QME, explored in this thesis are described in detail.  

4.2 Tissue biomechanics 

Each of the three OCE variants provide unique combinations of mechanical contrast by 

estimating various mechanical parameters or properties, local axial strain, stress and elasticity, 

from a measured deformation. To begin this chapter, these parameters are defined by 

providing an overview of tissue biomechanics. Here, the physical principles that govern 

tissue deformation are considered. Using conventional quantities defined by continuum 

mechanics, displacement, deformation, load, and tissue elasticity are derived [34, 67, 214-

216]. 

4.2.1 Stress tensor 

When applying an external force to constrained tissue, for the system to remain in 

equilibrium an internal force, stress, must be generated to balance the external force. 

Consider a volume subject to an arbitrary number of external forces, F1…Fn, Figure 4.1a(i). 
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The external forces give rise to stresses distributed through the volume, which can be defined 

by dividing the volume into two portions, I and II, along the plane S, which passes through 

an arbitrary point, P, with unit normal vector, n. Considering portion I, assuming that the 

external forces F1 and F2 are in equilibrium with the internal stress distributed across S, which 

represents the action of portion II on I. To obtain the stress acting on the area ΔA in plane 

S, which contains P, it is assumed that the forces acting in the area can be reduced to a 

resultant force ΔF, where ΔF acts perpendicular to S. The stress vector, σn, acting at P is 

defined as 

 σ𝑛 = lim
ΔA →0

ΔF

Δ𝐴
, 4.1 

and has of units Pascals (N.m-2). 

 
Figure 4.1. Stress and strain (a) Stress components acting at the point P located within a deformable body under load; (b) 
Normal strain along the x-axis of the cube in (a), (i) before and (ii) after deformation. The grey line in (ii) represents the 
initial length; (c) Shear strain, xy-plane of the cube in (a) after shear deformation. The dashed rectangle represents the xy-
plane before deformation. Adapted from [214]. 

Eqn 4.1 defines the case where the direction of the ΔF is also the direction of σn. In 

general, the direction of σn will be inclined to ΔA. In this case, two components will describe 

the stress vector, a normal stress acting perpendicular to ΔA and a shear stress acting in the 

plane of ΔA. To derive these components, consider an infinitesimal cube located at P, Figure 

4.1a(ii), whose faces are parallel to the coordinate axis. Each component of stress is indicated 

on the cube faces in Figure 4.1a(ii) using two subscripts. The first subscript indicates the 

direction of the normal to the plane; the second indicates the direction of the stress 

component. The entire stress can be described using a second-order tensor, σ, 



52 Chapter 4  Optical coherence elastography overview 

 

 σ = [

σxx σxy σxz

σyx σyy σyz

σzx σzy σzz

]. 4.2  

4.2.2 Strain tensor 

The strain tensor describes the deformation resulting from the load applied. Consider only 

the x-axis of the infinitesimal cube presented in Figure 4.1a(ii), the uncompressed and 

compressed x-axes are shown in Figure 4.1b(i) and Figure 4.1b(ii), respectively. The 

component ux describes the displacement from A to a. Before deformation, the length along 

the axis, |AB| is given as dx and after deformation, the length, |ab|, is given by 

dx + (∂ux/∂x)dx. The normal strain, εxx, is defined as the unit contraction, 

 휀𝑥𝑥 = 
|𝑎𝑏|−|𝐴𝐵|

|𝐴𝐵|
= 

𝜕𝑢𝑥

𝜕𝑥
. 4.3 

Strain is a ratio of lengths, i.e., length change per unit length; therefore, it is dimensionless. 

The standard convention is that tensile, i.e., extension, strains are positive and compressive 

strains are negative. The same derivation is used for normal strain in the y and z-directions; 

εyy and εzz are defined as ∂uy/∂y and ∂uz/∂z, respectively, where uy and uz are the displacements 

along the y- and z-axes, respectively.  

Similar to stress, strain also has normal and shear components. Figure 4.1c presents a 

face of the cube displayed in Figure 4.1a(ii). In the general case, after deformation the area 

dxdy takes the form of a parallelogram. The shear strain is defined as the change in angle 

between the x-, and y-axes, which were originally orthogonal. In Figure 4.1c, the shear strain, 

εxy, is given by 0.5(α + β). For small displacements gradients, α ≈ tan(α) = ∂uy/∂x and 

β ≈ tan(β) = ∂ux/∂y, allowing the shear strain to be defined as 0.5(∂uy/∂x + ∂ux/∂y). It can be 

demonstrated by interchanging x and y, and ux and uy, that εxy = εyx. The shear strain 

components in the xz and yz planes can be defined similarly. Therefore, the infinitesimal 

strain tensor describing each component of strain can be expressed as [215, 216] 

휀 = [

휀𝑥𝑥 휀𝑥𝑦 휀𝑥𝑧

휀𝑦𝑥 휀𝑦𝑦 휀𝑦𝑧

휀𝑧𝑥 휀𝑧𝑦 휀𝑧𝑧

] =

[
 
 
 
 

𝜕𝑢𝑥

𝜕𝑥
0.5 (

𝜕𝑢𝑥

𝜕𝑦
+

𝜕𝑢𝑦

𝜕𝑥
) 0.5 (

𝜕𝑢𝑥

𝜕𝑧
+

𝜕𝑢𝑧

𝜕𝑥
)

0.5 (
𝜕𝑢𝑦

𝜕𝑥
+

𝜕𝑢𝑥

𝜕𝑦
)

𝜕𝑢𝑦

𝜕𝑦
0.5 (

𝜕𝑢𝑦

𝜕𝑧
+

𝜕𝑢𝑧

𝜕𝑦
)

0.5 (
𝜕𝑢𝑧

𝜕𝑥
+

𝜕𝑢𝑥

𝜕𝑧
) 0.5 (

𝜕𝑢𝑧

𝜕𝑦
+

𝜕𝑢𝑦

𝜕𝑧
)

𝜕𝑢𝑧

𝜕𝑧 ]
 
 
 
 

. 4.4 

4.2.3 Young’s modulus 

In the previous sub-sections, the load applied to the tissue was defined using the stress tensor, 

and the resulting deformation was defined using the strain tensor. Tissue mechanical 

properties can be defined using a constitutive equation relating these two parameters. In 
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many elastography techniques, including those used in this thesis, the sample material is 

assumed to be linear-elastic, i.e., the relationship between stress and strain is linear [67]. This 

assumption results in a simplified constitutive equation with 81 elastic constants. To further 

simplify, the material is assumed to be homogeneous and isotropic, i.e., the mechanical 

properties of the material are the same when measured in different directions. These 

assumptions reduce the 81 elastic constants to just two, λ and µ, referred to as the Lamé 

constants. The constitutive equation relating stress and strain for an isotropic linear-elastic 

homogeneous material is given by  

 𝜎𝑖𝑗 = 𝜆휀𝑘𝑘𝛿𝑖𝑗 + 2𝜇휀𝑖𝑗 , 4.5 

where, i, j, and k define each tensor component, and δij is the Kronecker delta (equals 1 if 

i = j and otherwise 0) [215, 216]. The units of λ and µ are the same as those of stress, Pa, as 

ε is a dimensionless unit. 

A number of descriptors, e.g., Young’s modulus, shear modulus, bulk modulus and 

Poisson’s ratio, can be derived from the Lamé constants to describe a material’s mechanical 

properties. Young’s modulus is used to define the elasticity for a linear-elastic material under 

uniaxial stress, i.e., only one of the stress components in Eqn 4.2 is non-zero. For a force 

applied along the z-axis, Young’s modulus, E, is defined as the ratio of the normal stress, σzz, 

to the normal strain, εzz: 

 𝐸 =
𝜎𝑧𝑧

𝜀𝑧𝑧
. 4.6 

The unit of E is the same as those of stress, Pa, as εzz is a dimensionless unit. 

The remaining descriptors, e.g., shear modulus, bulk modulus and Poisson’s ratio, which 

are related to Young's modulus, can be derived from the Lamé constants. While the 

derivation of additional descriptors is beyond the scope of the work presented in this thesis, 

it should be noted that for an isotropic linear-elastic only two of these parameters are 

independent; therefore, by measuring any two, the remaining can be determined. 

4.3 The impact of  breast cancer on tissue biomechanics 

Similar to many diseases, changes in mechanical properties play a role in the genesis and 

progression of breast cancer [217]. During their development, tumours generate internal and 

external stresses. Internal stresses compress or collapse blood and lymphatic vessels [217, 

218]. Compressed blood vessels restrict the delivery of oxygen and nutrients which can lead 

to the formation of necrotic cores, described in Section 2.3. Compressed lymphatic vessels 

limit the drainage of lymph from the tumour and create a hypoxic and acidic 
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microenvironment [217]. External stresses cause the tumour to push against the surrounding 

tissue, which can cause pain for the patient [217]. 

The relative softness of tumour cells (approximately four times lower than normal cells 

in some instances [219]) means they are more deformable, which facilitates their migration 

through tissue and spreading to different sites in the human body during metastasis [220]. 

Conversely, the desmoplastic response, discussed in Section 2.3.3, is characterised by 

increased cross-linking of collagen and remodelling of the extracellular matrix1 which results 

in stiffening of the tumour [221, 222]. The same changes in mechanical properties that play 

an important role in the genesis and progression of cancers can provide the opportunity to 

detect tumours. 

The elastic moduli for a range of biological tissues found in the breast are presented in 

Figure 4.2, showing the variation in modulus between normal breast tissue and malignant 

tumours and highlighting the potential for differentiating tissue types by measuring modulus 

[223]. Manual palpation is the simplest method used to detect these variations in a clinical 

setting. However, the subjective nature and inherent poor resolution of manual palpation 

restricts its efficacy in breast-conserving surgery [9]. The low resolution of commercially 

available ultrasound and magnetic resonance elastography systems, ~100s µm and 1−3 mm, 

respectively [40, 41], also make them unsuitable for detecting small foci of tumour cells that 

can surround a tumour [138]. At the other extreme of the resolution scale, while atomic force 

microscopy has shown promise for visualising tumour on the cellular scale, the technique is 

too time-consuming to meet the clinical demands for intraoperative margin assessment [46]. 

The use of OCT, which has a lateral resolution of ~2−10 µm, as the underlying imaging 

modality for OCE means it can probe mechanical properties on the micro-scale, which is 

comparable with low-magnification histology. By imaging at this scale, OCE bridges the 

bridges the gap between ultrasound or magnetic resonance elastography systems and atomic 

force microscope. Therefore, OCE is well positioned for tumour margin assessment. OCE 

has demonstrated potential to identify structures such as ducts, lobules and blood vessels, in 

addition to invasive tumour by mapping the localised changes of mechanical properties in 

desmoplastic stroma, highlighted in Section 3.4.12 [50, 66]. The following section presents a 

more detailed overview of the field of OCE than that provided in Section 3.4.12. Firstly, by 

introducing the principles of OCT, which is a common feature of all OCE methods. 

                                                 
1 The extracellular matrix is a collection of molecules that provides structural support for cell and acts as a substrate for cell migration. 
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Figure 4.2. Average elastic moduli of different types of human breast tissue under 15% strain. [223] 

4.4 Optical coherence tomography 

OCT is the underlying imaging modality used in OCE. OCT is a non-invasive imaging 

modality that can generate 3D images of tissue microstructure with a high spatial resolution, 

typically between 1−10 μm, and a depth penetration of 1−2 mm [50, 224]. OCT is analogous 

to ultrasound imaging in its working principle, however, uses light waves instead of sound 

waves. In OCT, light is focused into tissue, and due to local changes in the refractive index 

and varying scattering anisotropy, a small portion of the light is backscattered. From the 

intensity and time-of-flight of the backscattered light, a depth profile can be reconstructed. 

However, direct measurement of the flight time is not feasible (with sufficient sensitivity for 

OCT measurements), since the speed of light is approximately six orders of magnitude 

greater than the speed of sound [225]. Instead, low-coherence interferometry is performed 

to measure the optical path difference of interfering beams and reconstruct depth-resolved 

information [226]. The work in this thesis utilises a frequency-domain OCT system as this 

enables faster scanning with higher sensitivity then time-domain OCT; therefore, is better 

suited to clinical applications [54, 227].  

Two types of Frequency-domain systems are available, spectral-domain OCT and swept-

source OCT, both of which operate based on the principles of spectral interferometry. A 

schematic of a generic spectral-domain OCT system, representative of the system used in 

this thesis, is presented in Figure 4.3a. Light in the sample arm is loosely focused, using a low 

numerical aperture, on the sample and the light in the reference arm is directed at a known 

reference point, typically a mirror, Figure 4.3a. An objective lens with a low numerical 
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aperture is used to maximise the depth-of-field and to capitalise on the depth sectioning 

ability. The backscattered light from each arm is recombined and passes through a diffraction 

grating. Light from the sample and reference arms interfere on a detector array where the 

resulting spectral interferogram is recorded. Modulations in the recorded spectral 

interferogram are proportional to depth, with higher modulation frequencies indicating a 

greater optical path length difference between light returning from the sample and reference 

arms [54]. 

A depth (z-direction) profile, referred to as an A-scan, illustrated in Figure 4.3b, is then 

reconstructed by performing an inverse Fourier transform on the recorded spectral 

interferogram. As the inverse Fourier transform is a complex operation, the reconstructed 

A-scan is a complex quantity, providing both the depth-resolved intensity and phase. The 

intensity provides structural information of tissue microstructure. The phase is effectively 

random, however, in a stationary sample, it is temporarily invariant and provides additional 

information that is crucial to resolving tissue displacement in many forms of OCE, described 

below. Cross-sectional images, B-scans, are generated using a fast transverse scanning mirror 

to sweep the incident beam across the sample in the x-direction while acquiring A-scans. 3D 

volumes, C-scans, are generated by acquiring multiple B-scans while a slow transverse 

scanning mirror scans in the y-direction. En face images can be generated by slicing the 

acquired C-scan in the x-y plane. 

 
Figure 4.3. Spectral-domain OCT system. (a) Schematic of a generic spectral-domain OCT system. (b) A-scan of OCT 
intensity. Adapted from [228] 

OCT system resolutions are defined using the point spread function, i.e., the response of 

the system to a point object. The OCT axial resolution, ∆zFWHM, is determined by the 

coherence length of the source and can be reported by measuring the full-width-at-half-

maximum, FWHM, of the intensity of the point spread function in the axial plane. The OCT 

axial resolution is given by  
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 ∆𝑧𝐹𝑊𝐻𝑀 =
2 𝑙𝑛2

𝜋

𝜆0
2

∆𝜆𝑛𝑔
, 4.7 

where λo and Δλ are the central wavelength and the bandwidth of the source respectively, and 

ng the group refractive index of the sample [229, 230]. 

The lateral resolution, ∆xFWHM, is determined by the optical components in the sample 

arm. Assuming a collimated Gaussian beam with 1 𝑒2⁄  of intensity radius 𝜔0
′, and a sample 

objective lens with focal length f, then the beam numerical aperture is 𝑁𝐴 ≅ 𝜔0
′ 𝑓⁄  [225] 

and the lateral resolution, defined as the full-width-at-half-maximum of the point spread 

function in the lateral plane, is [231]  

 ∆𝑥𝐹𝑊𝐻𝑀 = √
𝑙𝑛2

2

2𝜆0

𝜋
(

𝑓

𝜔0
′) ≅ √

𝑙𝑛 2

2

2𝜆0

𝜋
(

1

𝑁𝐴
). 4.8. 

 
The depth-of-field, DOF, is usually defined as the full-width-at-half-maximum of the 

squared magnitude of the axial distribution of the illumination beam [225] and can be 

estimated by  

 𝐷𝑂𝐹 ≅ 𝑛𝑔
2𝜆0

𝜋
(

1

𝑁𝐴2). 4.9 

As with many microscopy techniques, there is an inherent tradeoff in OCT between the 

lateral resolution and the useful depth-of-field. 

OCT systems for biological applications often have a central wavelength of ~800 nm or 

~1,300 nm to maximise the depth penetration. This range of frequencies is referred to as the 

diagnostic window, due to the low absorption of biological tissue [232]. The imaging depth 

provided by OCT in biological tissues typically ranges from 1−2 mm, which is sufficient for 

tumour margin assessment in many health care institutions as discussed in Section 2.4.2 [50]. 

The lateral field of view of an OCT system, typically 10 to 16 mm, is limited by the ability to 

telecentrically scan the OCT beam across the sample with a given aperture [224]. 

In addition to spectral-domain OCT, described above, other OCT variants that have 

shown promise for biological applications include full-field OCT and swept-source OCT. 

Full-field OCT is a variant of OCT that uses a single halogen lamp and white-light 

interference microscopy to generate tomographic images [174]. Unlike conventional OCT, 

full-field OCT uses a megapixel camera to capture 2D en face images at a particular depth 

directly. 3D volumes can be generated by translating a reference mirror and recording 

consecutive en face images at different depths [166, 233]. An advantage of full-field OCT is 

the superior resolution, with sub-micron lateral and axial resolutions reported in the 

literature, approaching that provided by histology [233]. A limitation, however, is that to 

achieve high lateral resolutions, a high numerical aperture lens is typically used, limiting the 
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depth-of-field [213]. The poor depth-of-field may limit its suitability for tumour margin 

assessment in health care institutions where the defined margin thickness is >0 mm. 

Swept-source OCT, which works on the same spectral interferometry principles as 

spectral-domain OCT, uses a swept-source laser to sweep the frequency of the source light 

instead of a broadband source [234]. Swept-source OCT enables rapid acquisition, with 

multi-megahertz A-scan rates demonstrated utilising OCT systems based on a Fourier-

domain mode-locked swept-source laser [51, 52]. Both full-field OCT and swept-source 

OCT have also demonstrated the potential for OCE, including one proof-of-principle study 

which demonstrated OCE on human breast tissue using full-field OCT [213, 235, 236]. 

4.4.1 Measuring displacement with OCT 

A core component of any elastography technique is the ability to track deformation, i.e., 

displacement or wave velocity, resulting from an applied load. The mechanical properties of 

the sample are then estimated from the measured displacement using an appropriate 

mechanical model. The two most common displacement measurement methods are phase-

sensitive OCT and speckle tracking (image correlation). 

As described above, performing an inverse Fourier transformation on the recorded 

spectral interferogram gives rise to the depth-resolved phase in addition to the OCT intensity 

and in a stationary sample, the phase is temporarily invariant. Phase-sensitive OCT utilises 

these properties to measure the displacement in many OCE methods, including those 

developed in this thesis. Two phase B-scans of a silicone tissue-mimicking phantom are 

presented in Figure 4.4a; ϕ1, before and ϕ2, after a uniaxial compressive load is applied. The 

phase difference, Δϕ, is calculated by subtracting ϕ2 from ϕ1. The phase difference can also 

be generated by comparing entire phase C-scans in the unloaded and loaded states, as 

illustrated in Figure 4.4b, or by comparing phase A-scans [212, 237]. 

The OCT signal-to-noise ratio, OCTSNR, limits the phase difference sensitivity, i.e., the 

minimum measurable phase difference. The phase difference sensitivity, σΔϕ, is 

approximately 

 𝜎𝛥𝜙 = 
1

√𝑂𝐶𝑇𝑆𝑁𝑅
, 4.10 

when the OCT signal-to-noise ratio satisfies, OCTSNR >> 1 [70]. The phase difference can 

be converted to axial displacement, D, through knowledge of the central wavelength of the 

OCT system, λ0, and the refractive index of the sample, ng, by 

 𝐷 = 
Δ𝜙𝜆0

4𝜋𝑛𝑔
. 4.11 
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Figure 4.4. Illustration of phase-sensitive OCT detection. Phase difference calculated by subtracting phase (a) B-scans and 
(b) C-scans. Adapted from [237]. 

Due to Eqn 4.10 and 4.11, the displacement sensitivity, i.e., the minimum measurable 

displacement, is determined by the OCT signal-to-noise ratio. Low OCT signal-to-noise ratio 

results in poor displacement sensitivity, which can impede the accurate measurement of 

deformation in hyposcattering tissues, e.g., the spherical fat reservoirs in adipose tissue. 

The B-scan method for calculating phase difference is better suited to the OCT systems 

used in this thesis as the relatively long time between acquiring loaded and unloaded C-scans 

(compared to the B-scan method) can result in phase drift in the interferometer, lowering 

displacement sensitivity. However, this could be overcome by using faster OCT systems, 

such as those based on Fourier-domain mode-locking lasers, capable of multi-megahertz A-

scan imaging speeds. 

Another common method to measure displacement using OCT is speckle tracking, which 

was employed in many of the early OCE studies [4, 53, 238]. Speckle is the fine-scale, granular 

texture that is common to all coherent imaging modalities, e.g., OCT and ultrasound [228]. 

Speckle arises from sub-resolution scatters in the sample and, similar to the phase, it is 

temporarily invariant in a stationary sample. A displacement applied to the specimen results 

in a corresponding displacement in the OCT speckle pattern under the frozen-speckle model 

[239]. In speckle tracking, digital image correlation on consecutive B-scans or C-scans is used 

to track the displacement [240]. A method that closely resembles speckle tracking has also 

been employed in OCE approaches based on full-field OCT [213]. 

In Table 4.1, a comparison of phase-sensitive and speckle tracking displacement 

measurement methods is presented. Phase-sensitive OCT detection provides superior 

sensitivity and resolution to displacement over speckle tracking [64] and as such, is utilised 

by the OCE methods presented in this thesis. A limitation to phase-sensitive OCT is that it 

only permits the axial component of displacement to be measured, but, as outlined in 

Section 4.2.2, the full strain tensor is derived from all three components of displacement. In 

general, biological tissues are mechanically complex structures; therefore, relying on the 

measurement of a single axial component of displacement can result in inaccuracies and 

misinterpretation of image contrast in compression OCE [241]. This can be overcome by 
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speckle tracking as it can measure displacement in 1D, 2D or 3D [213, 241, 242]. While 3D 

displacement tracking has the potential to characterise the deformation in specimens more 

accurately, Nyquist sampling must be performed in the lateral and axial dimensions. As such, 

the acquisition and processing times are typically longer than those required for displacement 

tracking in 1D [241]. Therefore, current 3D speckle tracking methods may not meet the 

clinical needs for tumour margin assessment. 

Table 4.1. Comparison of displacement tracking methods. Adapted from [64] 

 Phase-sensitive Speckle tracking 

Minimum displacement ~20 pm ~0.5 × voxel size 
Maximum displacement ~0.5 × source wavelength ~0.5 × OCT resolution 

Axial resolution Same as OCT 5−10 × OCT resolution 
Lateral resolution Same as OCT 5−10 × OCT resolution 

Dimension of displacement tracking 1D 1D, 2D, or 3D 

4.5 Optical coherence elastography approaches 

The work in this thesis focuses on three variants, OCME, optical palpation, and QME. 

However, a wide range of OCE methods are being developed for various applications, 

including those in oncology, cardiology and ophthalmology [50, 57-68]. In this section the 

main OCE methods are considered, highlighting the advantages of the three variants selected 

in relation to tumour margin assessment. 

OCE methods can be characterised by the loading mechanism used to induce the 

deformation. The loading mechanism is generally dictated by the particular requirements of 

the application and can be characterised as contact or non-contact, extrinsic or intrinsic, 

localised or global and static/quasi-static or dynamic [67]. Two commonly used loading 

mechanisms are compression, and elastic wave propagation, both illustrated in Figure 4.5. 
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Figure 4.5. Schematics of loading schemes and elasticity, E, estimation for two OCE techniques. (a) Compression OCE: 
concentric loading and detection in a bi-layer sample; resulting displacement, uz, versus depth, z; the corresponding local 
strain, εz. (b) Elastic wave-based OCE: periodic loading and off-axis detection; phase velocity, c, is frequency-dependent in 
a two-sided structured sample. SAW, surface acoustic wave; SW sheer wave. Reproduced from [243]. 

Compression OCE methods can be considered analogous to standard uniaxial 

compression testing of materials. In the compression OCE system illustrated in Figure 4.5a, 

a bi-layer sample is mounted between an imaging window and a rigid plate. A quasi-static 

step load is applied to the entire sample using an annular piezoelectric ring actuator attached 

to an imaging window, synchronised to the OCT acquisition [53, 65, 213]. The step load 

results in a displacement in the sample, which can be measured by phase-sensitive detection 

or speckle tracking. The measured displacement is used to generate mechanical contrast in 

the specimen, for example, by estimating local axial strain, defined in many compression 

OCE techniques as the gradient of displacement with respect to depth. Strain provides 

qualitative mechanical contrast and is inversely related to the elastic modulus under the 

assumption of uniform stress throughout the sample. Other mechanical parameters that can 

be investigated through compression OCE include elastic modulus [69, 244], viscoelasticity 

[210], and measurement of the non-linear elastic properties common in many biological 

tissues [211, 245, 246]. A strength of compression OCE for tumour margin assessment is 

that it possesses the highest reported spatial resolution amongst the various OCE techniques, 

matching that of the OCT system in the lateral plane [64, 213, 247, 248]. In addition to high-

resolution, compression OCE is an attractive technique for clinical use, as it is relatively 

straightforward to implement for rapid, 3D imaging [67]. 

An alternative approach to compression OCE is based on measuring the propagation of 

elastic waves in a specimen, generated by a periodic load applied to the tissue, Figure 4.5b 

[64, 67, 235]. An indenter in contact with the sample can be used as a source of elastic waves 
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in the sample, as illustrated in Figure 4.5b [249, 250]. For applications in which non-contact 

is preferable, such as performing OCE on the cornea, elastic waves can be generated by 

directing an air-puff onto the tissue surface [58, 251, 252]. Other non-contact loading 

methods include thermoelastic expansion caused by light absorption [253, 254] and acoustic 

radiation force [255, 256].  

Elastic wave-based OCE methods typically focus on measuring either shear waves, which 

propagate in the bulk of the material, or surface acoustic waves, which propagate close to 

the surface [64]. The phase velocity of the resulting elastic waves, which is proportional to 

the elastic modulus, is measured using OCT. Variations in elastic modulus with depth can 

also be determine results in dispersion in the surface acoustic waves. Thus, depth-resolved 

estimation of modulus is enabled by frequency-resolved determination of the phase velocity 

[257, 258]. Elastic wave-based OCE has demonstrated great potential for imaging the 

mechanical properties of the cornea as non-contact imaging is well suited to delicate tissues 

[58-60]. Furthermore, measurement of wave velocity provides a more direct estimation of 

elasticity than provided by compression OCE [58-60, 258]. 

There are, however, some limitations that may render elastic wave-based OCE unsuitable 

for tumour margin assessment. For example, the resolution of elastic wave-based OCE is 

typically on the order of the wavelength of the elastic-wave, ~100 – 500 μm, which is an 

order of magnitude worse than the lateral OCT resolution [64, 67]. The resolution is also 

limited by the distance from the excisional source that the wave velocity is measured, which 

is often in the range of ~0.5−20 mm [254, 259]. Furthermore, dynamic elastic wave-based 

OCE requires multiple OCT scans at each spatial location in order to resolve the wave 

velocity, which greatly increasing the acquisition time for scanning 3-D volumes [64, 67]. The 

use of faster OCT systems, such as those based on Fourier-domain mode-locked swept-

source lasers, have the potential to image wave propagation at higher frame rates, 

overcoming some of these issues [236]. 

The quasi-static compression method, outlined above, forms the basis of the three 

variants, OCME, optical palpation and QME, explored in this thesis. Each variant provides 

varying degrees of mechanical contrast: OCME maps the deformation, strain, arising from a 

compressive load applied to the tissue [70, 71], optical palpation estimates stress at the 

surface of tissue under compression using a thin compliant layer with well characterised 

mechanical properties [72], and QME combines elements of OCME and optical palpation 

to estimate the elastic modulus by relating the strain in the sample to the stress at the surface 

therefore, provides a quantification of mechanical properties [69, 73]. In the following 

section, each of these variants are described in detail. 
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4.6 Optical coherence elastography variants explored in this 
thesis 

4.6.1 Optical coherence micro-elastography 

OCME is a variant of quasi-static compression OCE that provides qualitative mechanical 

contrast by mapping local axial strain resulting from a compressive load applied to a sample 

[65]. The local axial strain is inversely related to Young’s modulus if the stress is assumed to 

be uniform throughout the sample. A schematic of the sample arm of an OCME system with 

a structured tissue mimicking phantom (SP) is presented in Figure 4.6a. The phantom 

comprises a stiff, star-shaped inclusion embedded in a soft bulk material. The phantom is 

mounted between a rigid plate (RP) and an imaging window (IW) which is connected to a 

piezo-electric ring actuator (RA). To perform OCME, a preload is first applied, ensuring 

contact between the phantom and the imaging window. A micro-scale actuation is then applied 

by the piezo-electric ring actuator, synchronised, in this case, to OCT B-scan acquisition. 

The synchronisation between the actuator and the x-scanning mirror is shown in 

Figure 4.6b by the orange and grey plots, respectively. The displacement is calculated by first 

calculating the phase difference between subsequent B-scans and using Eqn 4.11 to calculate 

axial displacement, D. The sample local axial strain, εsample, defined as the gradient of the axial 

displacement [70], with respect to sample depth, is calculated by 

 휀𝑠𝑎𝑚𝑝𝑙𝑒(𝑥, 𝑦, 𝑧) =  
∂𝐷(𝑥,𝑦,𝑧)

∂z
. 4.12 

The units of local axial strain in OCME are millistrain, i.e., ε × 10−3. 

Several methods of strain estimation have been incorporated into OCE methods. The 

earliest implementation used to estimate strain was the finite-difference method, simply 

subtracting the displacement measured in adjacent voxels [53]. Due to the relationship 

between displacement sensitivity and OCT signal-to-noise ratio, OCME methods used in 

this thesis employ weighted least squares regression to estimate strain. The weight is the OCT 

signal-to-noise ratio associated with the corresponding displacement measurement [70]. Use 

of weighted least squares has demonstrated to improve the elastogram signal-to-noise ratio 

by ~12 dB over the finite difference method [70]. The axial resolution of strain is set by the 

width of ∂z and is typically 5–10 times lower than that of OCT [64]. The fitting range used 

in the work presented in this thesis is 100 µm. 

Representative sample displacement and local strain A-scans are presented in Figure 4.6c. 

The local axial strain plot through the phantom bulk material (purple) remains constant, 

indicating homogeneous mechanical properties; whereas the plot through the inclusion 

(blue) shows a change local axial strain, indicating a change in elasticity. 
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Figure 4.6. Schematic of OCME on a structured phantom. Sample arm of the imaging system. Perspective and side-view 
illustrations of the phantom are also shown. (b) Displacement of the ring actuator and synchronised x-scanning 
galvanometer-mirror scan pattern. (c) Illustrations of displacement and local strain at two locations in the phantom, purple-
homogeneous, blue-intersect stiff inclusion. RP, rigid plate; SP, structured phantom; IW, imaging window; RA, ring 
actuator; L, Lens; X-Y GM, xy-scanning galvanometer mirrors. Reproduced from [65]. 

Figure 4.7 presents 3D OCME measurements from the structured phantom illustrated 

in Figure 4.6. Figure 4.7a shows the OCT intensity image in a perspective view above with a 

cutaway B-scan view below. The star inclusion can be delineated in the OCT image due to 

different concentrations of optical scatters to the phantom bulk and inclusion. Figure 4.7b 

shows the local axial strain micro-elastogram with the 3D volume perspective view above 

and a cutaway B-scan micro-elastogram below. The inclusion can be identified in the micro-

elastogram due to the different levels of strain in the stiff inclusion compared to the soft bulk 

material. 
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Figure 4.7. OCME measurements of a structured phantom. 3D OCT perspective view of the phantom obtained from a 
depth of ~500 μm. (b) Corresponding perspective view of the 3D micro-elastogram displaying the local axial strain, and a 
cutaway view revealing a B-scan micro-elastogram through the central region of the inclusion. OCT data are displayed on 
a log intensity scale, and local strain is displayed in millistrain, mε. Scale bars (arrows), 0.5 mm. Reproduced from [65]. 

4.6.2 Optical palpation 

Optical palpation generates images of stress, optical palpograms, and works on the principle 

that a sample being compressed by an external force will possess stress at its surface. The 

surface stress is sensitive to the underlying elasticity of features in the sample and mapping 

the surface stress provides mechanical contrast of the specimen. 

Optical palpation utilises a thin compliant silicone layer with OCT imaging to estimate 

surface stress [72]. The layer has known initial thickness, l0, and a well characterised stress-

strain relationship. The layer is compressed between the sample and the imaging window as 

the sample is preloaded, Figure 4.8a and b. Unlike in OCME, there is no additional micro-

scale actuation after the preload is applied for optical palpation measurements. The deformed 

thickness, l, of the layer due to preload is measured at each lateral location from the OCT 

intensity images, Figure 4.8d, described in detail in Section 7.2.2. The preload strain, εlayer,P, at 

each lateral position in the layer is calculated by 

 휀layer,P(𝑥, 𝑦) =
𝑙0−𝑙(𝑥,𝑦)

𝑙0
. 4.13 

The preload stress in the layer, σlayer,p, is determined by relating the preload strain to the 

known stress-strain relationship of the layer, Elayer, by 

 𝜎layer,P(𝑥, 𝑦) =  𝐸𝑙𝑎𝑦𝑒𝑟 ∙ 휀layer,P(𝑥, 𝑦), 4.14 

illustrated in Figure 4.8e. The model for estimating stress in optical palpation assumes that 

the stress field within the layer is uniform and uniaxial, and the friction of the layer interfaces 

is low [72]. Figure 4.8f shows an en face optical palpogram of a structured phantom where the 

stiff inclusion can be identified by elevated stress compared to surrounding bulk material. 
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Figure 4.8. Optical palpation of a structured phantom. (a), (b) Schematics of the optical palpation setup for an inclusion 
phantom and (c), (d) corresponding OCT B-scans before and after compression, respectively. (e) The stress-strain curve of 
the sensor material used to estimate the local stress from the measured local strain ε(x; y). (f) En face optical palpogram of 
the inclusion phantom. Adapted from [72] 

Optical palpation for visualisation of  tumour 

In Section 3.4.12, the potential of OCME to visualise tumour in human breast tissue was 

discussed. While OCME has been demonstrated in numerous studies, including one study 

performed on 58 specimens, the potential of optical palpation has not been explored 

extensively [50, 65, 66]. In a proof-of-principle study, Kennedy et al. presented one 

representative optical palpogram acquired of a specimen dissected from mastectomy tissue, 

Figure 4.9 [72]. The specimen histology, Figure 4.9b, shows the specimen contained tumour 

(comprising regions of necrosis (N) and desmoplastic stroma (DS)) and adipose tissue. The 

optical palpogram, Figure 4.9a, shows tumour exhibits elevated stress compared to the lower 

stress in regions of necrosis and adipose tissue. 
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Figure 4.9. Optical palpation measurements of human breast cancer tissue. (a) Optical palpogram and (b) corresponding 
histology prepared in the en face plane. DS, desmoplastic stroma; N, necrosis. Adapted from [72] 

4.6.3 Quantitative micro-elastography 

In both OCME and optical palpation, the mechanical contrast provided is proportional to 

the underlying elasticity. The qualitative nature of mapping local axial strain and stress limit 

OCME and optical palpations use in inter-specimen and longitudinal studies [69]. QME is 

an compression OCE technique that can overcome these issues by reporting tissue elasticity; 

therefore, quantifying a mechanical parameter of tissue [69]. Elasticity is defined here as the 

tangent to the stress-strain curve of the sample at the point of preload, i.e., the tangent 

modulus. For linear-elastic materials, the tangent modulus is equal to Young’s modulus, 

defined in Eqn 4.6. 

A schematic of the sample arm of a QME system is presented in Figure 4.10a. A layer is 

placed on the sample, and both the layer and the specimen are preloaded between an imaging 

window and a rigid plate. Following preload, a micro-scale actuation is applied. The local 

displacement, resulting from the micro-scale actuation, Figure 4.10e, is calculated for the 

sample and layer using the methods described in Section 7.2.2. 

To estimate stress, first, the preload strain, εlayer,P, in the layer is calculated for each lateral 

location, using the same method as with optical palpation, Figure 4.10d. The local strain in 

the layer, εlayer,l, is calculated by dividing the displacement at the layer-specimen interface 

(indicated by the dashed line in Figure 4.10e) by the undeformed layer thickness. The local 

stress in the layer, σlayer,l, is determined by relating the local strain to the known stress-strain 

relationship of the layer, Figure 4.10d, by 

 𝜎𝑙𝑎𝑦𝑒𝑟,𝑙(𝑥, 𝑦) = 𝐸𝑙𝑎𝑦𝑒𝑟 ∙ 휀𝑙𝑎𝑦𝑒𝑟,𝑙(𝑥, 𝑦). 4.15 

The local strain in the sample, εsample, is estimated using the same methods as with OCME, 

Figure 4.10f. 
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Figure 4.10. QME working principle. (a) Schematic of the unloaded and loaded/actuated states of the sample arm. (b, c) 
Unloaded and loaded OCT B-scans showing the deformation of the compliant layer. (d) Stress-strain curve of the compliant 
layer; inset shows an example of the position on the curve under preload. (e) Local axial displacement due to actuation. The 
dotted line represents the interface with the compliant layer. (f) Estimated strain in the sample; compliant layer strain is 
masked out. Adapted from [69]. 

The sample elasticity, Esample, is calculated by 

 𝐸𝑠𝑎𝑚𝑝𝑙𝑒(𝑥, 𝑦, 𝑧) =
𝜎𝑙𝑎𝑦𝑒𝑟,𝑙(𝑥,𝑦)

𝜀𝑠𝑎𝑚𝑝𝑙𝑒(𝑥,𝑦,𝑧)
, 4.16 

under the assumption that the local stress in the layer acts uniformly with depth in the sample 

[69]. The validity of the assumption that the stress in the layer acts uniformly with depth in 

the sample has been previously investigated using finite element analysis methods, and the 

stress field was demonstrated to be approximately uniform in layered structures and tissue-

mimicking phantoms containing stiff inclusions [260]. Using this assumption, QME has 

demonstrated the ability to allow accurate, depth-resolved estimates of elasticity in phantoms 

[69]. 

A quantitative micro-elastogram of an inclusion phantom is presented in Figure 4.11, 

where a stiff inclusion appears with higher elasticity than the surrounding bulk material. The 

en face and B-scan views presented in Figure 4.11 demonstrate the 3D contrast provided by 

QME. 
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Figure 4.11. Quantitative micro-elastogram of an inclusion phantom. (a) En face and (b) B-scan view (in the plane indicated 
by the dotted line). Adapted from [69]. 

A consideration for transitioning QME from structured phantoms to complex biological 

tissue, it is likely that the assumption that the stress in the layer acts uniformly with depth in 

the sample breaks down. To address this, computational solutions to the inverse elasticity 

problem are being developed to overcome the limitations of this assumption [261]. However, 

the computational time required may render this solution unfeasible for intraoperative 

margin assessment. 

QME for visualization of  tumour 

Similar to optical palpation, the potential for QME for visualising tumour has not been 

extensity explored, however, representative elastograms presented by Kennedy et al. 

demonstrated that QME holds promise. Figure 4.12 presents QME images of a mastectomy 

specimen. The histology, Figure 4.12a, reveals the specimen contains a mix of tumour (T), 

adipose tissue (A) and uninvolved stroma (S). The OCT image, Figure 4.12b, provides 

limited contrast between tumour and stroma. In the quantitative micro-elastogram, 

Figure 4.12c, the high elasticity delineates the region of tumour. 

 

Figure 4.12. QME measurements of a malignant breast tumour. (a) Histology. (b) En face OCT image. (c) Fused en face 
OCT and quantitative micro-elastogram. Elasticity is plotted on a logarithmic scale. A, adipose; S stroma; T tumour. 
Reproduced from [69]. 
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4.7 Perspectives 

In this chapter, a background to OCE was provided. A range of OCE approaches, developed 

for various applications, were introduced. There are a number of advantages for compression 

OCE that make the technique well suited for tumour margin assessment [64, 67, 247, 248]. 

Firstly, it possesses a high spatial resolution, matching that of the OCT system in the lateral 

plane. Therefore, it is well suited for mapping the mechanical properties of heterogeneous 

breast tissue structures on the micro-scale, e.g., lobules, ducts, blood vessels, and invasive 

tumour. Additionally, quasi-static compression OCE is relatively straightforward to 

implement for 3D imaging, as the entire volume can be acquired and 3D elastograms 

reconstructed with high spatial sampling. Three variants, in particular, OCME, optical 

palpation and QME, have shown promise for the visualisation of tumour in early studies. 

However, in common with many of the other emerging techniques presented in Section 3.4, 

much work is required for further clinical translation. 

Firstly, the proof-of-principle studies presented images acquired of specimens dissected 

from mastectomy tissue only [65, 66, 69, 72]. Therefore, it was unknown if the techniques 

are suited for imaging the surgical margins of intact WLE specimens and if the contrast 

between tumour and stroma will be retained. Additionally, previous studies only presented 

representative images from several specimens. As a result, it is not clear if the contrast 

demonstrated in tumour is reliable and consistent. Furthermore, the maximum area scanned 

in the proof-of-principle studies was ~20 × 20 mm, which was achieved by manually 

translating the specimen and imaging window relative to the OCT scan head, acquiring 

individual 10 × 10 mm sub-volumes and manually mosaicking the en face images in post-

processing [66, 69]. The scanning area must be significantly increased to image the margin of 

intact WLE specimens, which are typically ~50 × 50 × 30 mm. Additionally, the reported 

scanning times for a 10 × 10 × 2.25 mm OCME and QME sub-volume in these studies were 

16 and 6 minutes, respectively [66, 69]. Such acquisition times would result in a total scanning 

time of at least 2.5 hours to assess an area of 50 × 50 mm, far too slow for intraoperative 

margin assessment. Finally, as WLE specimens are typically thicker than mastectomy 

specimens, greater levels of compression will be required from the actuator to ensure 

sufficient strain signal-to-noise ratio to generate high-quality micro-elastograms. 

In the following chapter, some of these issues are addressed by developing an OCME 

imaging system capable of assessing a wide-field-of-view, ~50 × 50 mm, suitable for imaging 

intact WLE specimens. Additionally, a clinical scanning protocol is designed which allows 

wide-field images to be acquired in ~30 minutes, enabling the assessment of a tumour margin 

in a clinically relevant time frame. 
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Chapter 5 

Extending the field-of-view of optical 
coherence micro-elastography 
5  

5.1 Preface 

Despite the promise of OCME for visualisation of tumour, in the previous proof-of-

principle studies described in Section 3.4.12, the imaging systems did not meet the clinical 

requirements for assessing the margin of intact WLE specimens. For example, previous 

studies were limited by scanning small fields-of-view (~20 × 20 mm) which were generated 

by manually translating the actuator and specimen relative to the OCT scan head to acquiring 

individual 10 × 10 mm sub-volumes. The sub-volumes were then manually mosaicked in 

post-processing. In addition to the time required to manually translate the specimen, larger 

field-of-views were restricted by the internal diameter of the ring actuator used in those 

studies, 25 mm. 

This chapter presents a critical step towards enabling tumour margin assessment on 

clinically relevant WLE specimens by developing a wide-field OCME system. The system 

incorporates motorised translation stages, and a ring actuator with an internal diameter is 

65 mm. The system enables wide-field images of ~50 × 50 mm to be acquired, sufficient for 

imaging the margin of an intact WLE specimen. In this chapter, a scanning protocol is also 

developed that allows wide-field imaging to be performed in approximately 30 minutes, a 

significant improvement in imaging time from previous studies. This chapter presents results 

acquired by performing wide-field OCME on mastectomy specimens demonstrating the 

characteristic heterogeneous strain pattern observed in tumour is maintained in larger 

specimens. The study also presents, for the first time, OCME measurements performed on 

intact WLE specimens, demonstrating proof-of-principle of OCE for tumour margin 

assessment. 
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Abstract: Incomplete excision of malignant tissue is a major issue in breast-conserving surgery, with 
typically 20 - 30% of cases requiring a second surgical procedure arising from post-
operative detection of an involved margin. We report advances in the development of a 
new intraoperative tool, OCME, for the assessment of tumor margins on the micro-scale. 
We demonstrate an important step by conducting whole specimen imaging in 
intraoperative time frames with a wide-field scanning system acquiring mosaicked 
elastograms with overall dimensions of ~50 × 50 mm, large enough to image an entire face 
of most lumpectomy9 specimens. This capability is enabled by a wide-aperture annular 
actuator with an internal diameter of 65 mm. We demonstrate feasibility by presenting 
elastograms recorded from freshly excised human breast tissue, including from a 
mastectomy, lumpectomies and a cavity shaving. 
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OCIS codes: (110.4500) Optical coherence tomography; (170.0170) Medical optics and biotechnology. 

5.2.1 Introduction 

Breast cancer has the second highest mortality rate of cancers in females [262]. Surgical 

excision of malignant tissue forms a central component of breast cancer treatment [117]. The 

two most common surgical procedures are mastectomy and breast-conserving surgery. In 

the USA, for example, breast-conserving surgery accounts for ~58% of surgeries in patients 

diagnosed with early-stage breast cancer [117]. 

In breast-conserving surgery, the surgeon’s aim is to remove the entire tumor along with 

a rim of surrounding healthy tissue, referred to as the surgical margin, whilst ensuring a good 

cosmetic outcome for the patient. The current gold standard in assessing tumor margins is 

histopathological analysis, often performed days after surgery. If tumor is located at the cut 

edge of the removed tissue, it is classified as a positive margin. If tumor is found within a 

                                                 
1 Optical+Biomedical Engineering Laboratory, School of Electrical, Electronic & Computer Engineering, The University of Western 
Australia, 35 Stirling Highway, Perth, WA 6009, Australia. 

2 BRITElab, Harry Perkins Institute of Medical Research, QEII Medical Centre, 6 Verdun Street, Nedlands, WA 6009, Australia. 

3 Centre for Nanoscale BioPhotonics, Faculty of Health Science, University of Adelaide, Adelaide, SA 5005, Australia. 

4 PathWest, Fiona Stanley Hospital, 11 Robin Warren Drive, Murdoch, WA 6150, Australia. 

5 Centre for Microscopy, Characterisation & Analysis, The University of Western Australia, 35 Stirling Highway, Perth, WA 6009, 
Australia. 

6 School of Surgery, The University of Western Australia, 35 Stirling Highway, Perth, WA 6009, Australia. 

7 Breast Centre, Fiona Stanley Hospital, 11 Robin Warren Drive, Murdoch, WA 6150, Australia. 

8 Breast Clinic, Royal Perth Hospital, 197 Wellington Street, Perth, WA 6000, Australia. 

9 The term lumpectomy is used synonymously with WLE in Section 5.2. 



74 Chapter 5  Extending the field-of-view of optical coherence micro-elastography 

 

predetermined distance from the cut edge, it is classified as a close margin. This specified 

distance varies between institutions and is often between 0 and 5 mm [123, 124]. If no tumor 

is found on the cut edge or within the margin, it is classified as a negative margin. Currently, 

~20 - 30% of patients undergo a re-excision procedure to remove additional tissue due to 

detection of an involved (positive or close) margin [22-24].  

A major challenge for surgeons during breast-conserving surgery is the lack of effective 

tools to assess the surgical margin intraoperatively. Such tools would enable the surgeon to 

more effectively remove all tumor during the initial surgery, hence reducing re-excision rates. 

A range of intraoperative techniques are currently used, including: frozen section analysis 

[30], imprint cytology [29], intraoperative specimen radiography [31] and intraoperative 

ultrasound [263]. However, these techniques are time consuming and reported positive 

margin rates using these techniques are greater than 20% [32]. To address this issue, a number 

of new optical methods have been proposed for tumor margin assessment, including Raman 

spectroscopy [192, 264] and OCT [165, 167]. In particular, OCT holds great promise for 

margin assessment due to its high resolution (2-10 μm), rapid imaging speed and imaging 

depth of 1-2 mm [50, 167]. A challenge for OCT is that, whilst it readily differentiates adipose 

from dense tissue, it often lacks the contrast to differentiate tumor from uninvolved stroma 

[165]. 

Our group has been developing OCE to improve contrast in OCT by probing the 

mechanical properties of tissue. OCE utilizes OCT to measure tissue deformation induced 

by a mechanical load, and maps this information into an image (elastogram) of a mechanical 

property or parameter of the tissue [64]. Various OCE techniques have been developed with 

different loading and detection methods for various applications [265], including in 

ophthalmology [58], cardiology [266] and dermatology [71]. In our technique, termed 

OCME, a variant of compression, phase-sensitive OCE, a quasi-static deformation is 

introduced to the tissue between the acquisition of OCT B-scans [65]. We have recently 

published a feasibility study on 58 specimens demonstrating that compression OCME can 

provide enhanced contrast between malignant tumor and uninvolved stroma in freshly 

excised human breast tissue [65, 66]. These results are limited to fields-of-view of 

~20 × 20 mm by the internal diameter of the piezoelectric ring actuator. As lumpectomies 

have typical dimensions of ~50 × 50 × 30 mm [128], the limited field-of-view has restricted 

the proportion of the tissue that can be scanned without relocating the sample or the 

actuator. Whilst it would be possible to move the sample relative to the imaging window, 

this would be time consuming, requiring successive preloading and unloading of the sample, 

and the movement would make it challenging to co-register images. To address this, we have 
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implemented a wide-field piezoelectric ring actuator allowing ~50 × 50 mm OCT images 

and elastograms to be generated. 

In this paper, we describe this new wide-field imaging system, and demonstrate its 

operation by presenting wide-field OCT images and elastograms of a tissue mimicking 

silicone phantom and various representative freshly excised human breast specimens. In 

addition, we present an example in which compression OCME detected an involved margin 

in a freshly excised lumpectomy specimen from breast-conserving surgery. Our results 

demonstrate the feasibility of scanning large areas of lumpectomies, which is an important 

step towards practical intraoperative margin assessment. 

5.2.2 Methods 

5.2.2.1  Imaging system 

Our OCME system, based on a Fourier-domain OCT system, has been described in detail 

previously [65, 260]. Briefly, the OCT system comprises a superluminescent diode light 

source with a central wavelength of 835 nm and a bandwidth of 50 nm, and the axial (z) and 

lateral (x-y) resolutions have been measured to be 8 µm (in air) and 11 µm, respectively. The 

OCT system is configured in common-path mode [267], where the interface between the 

imaging window and the sample is used as the reference reflector. 

The sensitivity of the system has been measured to be 102 dB for an exposure time of 

36 µs [65]. The exposure time used in this study was 2 µs (to avoid saturation of the detector). 

A compressive load is applied to the sample using the wide-aperture piezoelectric ring 

actuator, which is rigidly affixed to the imaging window. The ring actuator imparts an axial 

displacement of up to 10 µm to the surface of the sample. A pair of OCT B-scans, one 

unloaded, and one loaded, is acquired at each lateral position, and the phase difference 

between each pair is used to calculate the axial displacement within the sample. 3D strain 

elastograms are then generated by calculating the local axial strain at each pixel, defined as 

the slope of axial displacement with respect to depth, here over an axial fitting range of 

100 µm, setting the OCME system axial resolution [70]. The lateral resolution of the OCME 

system matches that of the OCT system, 11 µm. The displacement sensitivity of the system 

has been measured to be 2.2 nm for an OCT signal-to-noise ratio of 27 dB [268]. 

In order to ensure contact between the sample and the imaging window, a bulk preload 

is applied corresponding to a strain (change in thickness / initial thickness) of typically 

~10 – 20%. To perform OCME, a much smaller strain is imparted using the ring actuator, 

typically corresponding to less than 0.1% [70]. The ring actuator is driven by a square-wave 

synchronized to the OCT acquisition such that subsequent OCT B-scans are acquired at 
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different loading positions. B-scans are acquired at a rate of 50 Hz, and the ring actuator 

driving frequency is 25 Hz. The lateral scanning range of the OCME system is set by the x 

and y galvanometer mirror scanning system. Single OCT images and elastograms acquired 

using our system have dimensions 10 × 10 × 2 mm.  

For tissue testing in this study, each 10 mm B-scan comprises 1,000 A-scans. OCT C-

scans comprise 1,000 B-scans. To enable spatial and temporal averaging of the detected 

phase signal, OCME C-scans comprise 10,000 B-scans, acquired in pairs, every 2 µm. Each 

B-scan pair corresponds to one loaded and one unloaded B-scan. Five B-scan pairs are 

averaged to generate the presented elastograms. This scan density results in acquisition times 

for OCT images and elastograms of 20 s and 200 s, respectively. 

5.2.2.2  Wide-field system 

Since the lateral scanning range is limited to a field-of-view of 10 × 10 mm by the 

galvanometer mirror system, in previous studies [65, 66], we manually moved the imaging 

window and sample relative to the scan head to allow for the acquisition of elastograms of 

~20 × 20 mm. Further increases in the field-of-view are restricted by the 25 mm aperture of 

the ring actuator used in those studies. To move OCME towards being a practical tool for 

an intraoperative setting, we have implemented a new system based on a much wider-

aperture ring actuator. 

The ring actuator (Piezomechanik GmbH) has an internal diameter of 65 mm, allowing 

for a scanning range of ~50 × 50 mm, a stroke of 10 µm, thickness of 22 mm and resonant 

frequency of 40 kHz. The imaging window, rigidly affixed to the actuator, has a thickness of 

4 mm and a diameter of 75 mm. To acquire wide-field images, automated x-y translation 

stages are used to reposition the sample and actuator relative to the optical beam, as indicated 

in Figure 5.1. Each stage has a travel distance of 100 mm, maximum velocity of 30 mm s-1, 

maximum acceleration of 30 mm s-2 and an accuracy of 2 µm. In-house software controls the 

stages during OCT/OCME acquisition. After each image is acquired, the stages move the 

sample in steps of 9.5 mm, allowing images to overlap by 0.5 mm. A grid of up to 5 × 5 

images is acquired per sample to generate a wide-field image, with further detail given in 

Section 5.2.2.3. 
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Figure 5.1. Wide-field OCME system with main components labelled. 

Due to the use of a common path configuration [267], it has previously been necessary 

to tilt the imaging window with respect to the beam axis in order to prevent saturation of the 

detector from strong back reflections. This tilt angle caused slight asymmetry in the 

coherence gate curvature but has negligible impact over a lateral scan range of 10 mm. Over 

a range of 50 mm, this tilt causes the focal plane to be sufficiently misaligned with the 

coherence plane to cause noticeable blurring in the wide-field en face image. To address this 

issue, adjustments were made to the tilt of the imaging window in the x and y axis to ensure 

it is flat relative to the optical table. In doing so, we ensure that the focal plane and coherence 

plane are aligned over the full range of the actuator. In order to prevent reflections from 

saturating the detector in this setup, we tilt the scan head ~2.5° relative to the imaging 

window. Due to the minor residual coherence gate curvature of the scanning system, small 

dark patches are present in the corners of each sub-image, as is particularly noticeable in the 

wide-field OCT image of the tissue mimicking phantom, Figure 5.2b. This artifact could be 

reduced by normalizing by the known effect of the curvature on the intensity; however, for 

this manuscript unaltered data are presented to allow the reader to fully interpret the 

experimental data acquired with this technique. 

We firstly demonstrated wide-field OCME on a silicone tissue-mimicking phantom. 

Figure 5.2a shows a photograph of the phantom, which was fabricated using procedures 

similar to those described previously [269]. The phantom comprises stiff inclusions 

embedded in a soft matrix, with Young’s moduli of 122 kPa and 6.4 kPa, respectively. The 

inclusions and matrix contain concentrations of 2.5 mg ml-1 and 0.8 mg ml-1 of optical 

scatterers (titanium dioxide), respectively. In total, 8 inclusions were incorporated into the 

phantom, embedded 300 µm below the surface of the matrix. The inclusions ranged in 

diameter from 0.5 mm to 21.4 mm and had a thickness of 1 mm. 25 elastograms were 
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acquired to generate a wide-field elastogram of 47.5 × 47.5 mm. The white square in 

Figure 5.2a corresponds to the imaged area. The wide-field en face OCT image, Figure 5.2b, 

taken at a depth of 400 µm, shows the inclusions embedded in the matrix. The wide-field en 

face elastogram, Figure 5.2c, exhibits increased contrast of the stiff inclusions to the soft 

matrix, particularly in the case of the smaller inclusions. 

 
Figure 5.2. Wide-field OCME of a tissue mimicking silicone phantom. (a) Photograph of phantom showing position of stiff 
inclusions. The white square indicates the area imaged using OCT and OCME. (b) Wide-field en face OCT image of phantom 
taken at a depth of 400 µm. (c) Wide-field en face elastogram of phantom taken at a depth of 400 µm. 

5.2.2.3  Wide-field imaging protocol and processing 

As described in Section 5.2.2.1, OCT images and elastograms acquired using our system have 

dimensions 10 × 10 × 2 mm. Wide-field en face OCT images and elastograms, of up to 

~50 × 50 mm, are generated by acquiring a grid of these images and creating a wide-field 

mosaic. Existing tissue handling protocols at Fiona Stanley Hospital, Perth, Western 

Australia limit total scanning time for lumpectomies to ~30 min. Our acquisition protocol is 

designed to comply with this limit. Since single 10 × 10 × 2 mm elastograms take 200 s to 

acquire at a B-scan frequency of 50 Hz, it is not feasible to acquire 25 elastograms within the 

available time. In order to scan an entire face of the specimen, we have implemented the 

following procedure. Firstly, we acquire rapid 3D-OCT images; each acquired in ~20 s. En 

face OCT images are viewed live on in-house OCT acquisition software. OCME is then 

performed only in selected areas containing dense tissue. For a typical sample, we acquire 25 

OCT images and 4 elastograms, resulting in a total acquisition time of ~30 min, including 

the time required to reposition the x-y stages. 

OCT images and elastograms in this study are presented, as previously [66], in grayscale 

and linear false-colored colormaps, respectively. OCT shows excellent contrast between 

adipose, characterized by a distinct honeycomb structure [270], and dense tissue, 

characterized by high signal intensity, as shown in Figure 5.3a. As the main goal of OCME 

is to improve contrast in dense tissues, it is not necessary to perform OCME on adipose. In 

addition, as the OCT signal-to-noise ratio is low in adipose tissue, the accuracy of the 
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detected phase is low, making it in any case challenging to perform OCME in these regions. 

In the results presented here, we present wide-field elastograms as OCT/OCME overlays, 

simply referred to as overlays, with strain presented only in areas of dense tissue.  

Figure 5.3 shows the steps involved in generating and applying the masks. In this 

example, the image comprises a grid of 25 OCT images and 4 individual elastograms. In 

order to generate overlays, firstly the wide-field OCT image, Figure 5.3a, is cropped to 

remove all areas in which OCME has not been performed, Figure 5.3b. Thresholding is 

applied to the image in order to create a binary mask, Figure 5.3c. Upon visual inspection, 

additional filtering or manual erasing may be performed to remove residual areas of adipose 

not removed by the thresholding technique. The wide-field elastogram, Figure 5.3d, is then 

multiplied by the mask in order to remove strain information from regions of adipose, 

Figure 5.3e. In the final step, the masked elastogram is overlaid on the original wide-field 

OCT image to create the wide-field overlay shown in Figure 5.3f. All en face images of tissue 

presented in this study are taken at a depth of 100 µm from the imaging window. In the 

elastograms presented, the scale is millistrain (×10−3 strain), mε, with negative corresponding 

to compression and positive strain corresponding to either tension or compression acting in 

the opposite direction to the applied force. 

 

Figure 5.3. Illustration of the overlay process. (a) Wide-field OCT image. (b) Cropped OCT image, generated by combining 
(a) and (d). (c) Binary mask. (d) Unmodified wide-field elastogram. (e) Masked elastogram, generated by multiplying (c) and 
(d), (white area corresponds to transparent in the overlay). (f) Wide-field OCT/OCME, generated by overlaying (e) onto 
(a). Scale bar 10 mm. 
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5.2.2.4  Tissue preparation 

Informed consent was obtained from patients and the study approved by Fiona Stanley 

Hospital. Thirteen specimens were imaged, freshly excised from eight patients undergoing 

breast-conserving surgery, mastectomy or mastectomy with axillary clearance. After excision, 

lumpectomy specimens were imaged as received within ~30 min. Mastectomy samples were 

dissected to similar dimensions of a typical lumpectomy. Samples were placed on the z-axis 

translation stage (see Figure 5.1), a bulk preload was applied, and we allowed a one minute 

delay to reduce to a negligible level the impact of viscoelastic creep on our images [70]. 

After imaging, samples were fixed in 10% neutral-buffered formalin, embedded in 

paraffin, sectioned, and stained with hematoxylin and eosin following the standard 

histopathology protocols used at Fiona Stanley Hospital. Histology images from the 

mastectomy specimen presented in Figure 5.5 are in the same plane as the en face images. 

Histology images from the breast-conserving surgery specimens are in the plane orthogonal 

to the en face images, as seen in Figure 5.6.  

5.2.3 Results 

Figure 5.4 to 5.7 contain wide-field OCT images and elastograms of four human breast tissue 

samples, freshly excised from three patients undergoing either a mastectomy procedure or 

breast-conserving surgery. In Figure 5.4, we present images of a benign tumor excised from 

a 65-year-old patient undergoing a hookwire local excision. This wide-field en face overlay 

image, Figure 5.4a, measuring 38 × 38 mm, comprises 16 OCT images and 4 elastograms. In 

Figure 5.4a, large areas of dense tissue surrounded by adipose can be observed. A benign 

intraductal papilloma (P) is visible, as well as small regions of adipose (A) and uninvolved 

stroma (S), in the wide-field en face overlay. A photograph of the tissue is shown in 

Figure 5.4b. Figure 5.4c and d show a 1.6× magnification of the OCT and overlay images, 

respectively. In both the OCT and overlay images, the papilloma appears to have a highly 

fibrous structure. The orientation of the fibers and the strain pattern appear to be more 

organized than we would expect from examples of malignant tumors from previous studies 

[66]. This suggests that, using OCT and OCME, we may be able to distinguish papillomas 

from malignant tissue. 

In Figure 5.5, we present images acquired from a dissected tumor, excised from a 34-year 

old patient undergoing a mastectomy procedure. The sample, measuring ~35 × 25 mm, 

contains high-grade tumor surrounded by adipose. The wide-field en face overlay image, 

Figure 5.5a, comprises 25 OCT images and 3 elastograms. OCT clearly delineates adipose 

(A), with areas of dense tissue (D) characterized by high signal-to-noise ratio. The histology 
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image, Figure 5.5b, shows dense regions of tumor (T) interspersed with uninvolved stroma 

(S) and adipose tissue (A). Due to the size of the specimen, the tumor was dissected and 

loaded into four cassettes for histopathological analysis. For presentation in this paper, 

histology images from the cassettes have been manually stitched together. The horizontal 

white line visible in Figure 5.5b is a result of this stitching process (C). We can see on the 

1.6× magnified OCT image, Figure 5.5c, there is limited contrast within the dense tissue. In 

the overlay of the same region, Figure 5.5d, we see a heterogeneous strain pattern indicative 

of tumor (T) and small areas with a homogeneous strain pattern, indicative of uninvolved 

stroma (S). Mechanical heterogeneity visible in malignant tumor is a result of differences in 

the mechanical properties and structure expected between the nests of tumor cells and the 

surrounding immature desmoplastic stroma, as described in detail in previous work [66]. The 

artifact in the center of Figure 5.5a and bottom right of Figure 5.5c and d is caused by there 

being no contact (NC) between the tissue and window. The heterogeneous strain pattern we 

see in areas of tumor is consistent with findings in our previous studies [65, 66]. 
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Figure 5.4. Wide-field OCME of a freshly excised benign tumor. (a) Wide-field en face OCME overlay on OCT of benign 
tumor (b) Photograph of excised tissue. (c) En face OCT image showing a 1.6× magnification of the boxed region in (a). (d) 
Corresponding en face OCME overlay. A, adipose; S, stroma; and P, intraductal papilloma. 
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Figure 5.5. Wide-field OCME of a freshly excised malignant tumor. (a) Wide-field en face OCME overlay on OCT of the 
entire sample, measuring 47.5 × 47.5 mm. (b) Histology, co-registered with OCT and OCME image. (The white horizontal 
artifact at top is due to stitching images taken from tissue in two histology cassettes.) (c) En face OCT image showing a 1.6× 
magnification of the boxed region in (a). (d) Corresponding en face OCME overlay. A, adipose; C, cassette stitching artifact; 
D, dense tissue; NC, non-contact; S, stroma; and T, tumor.  

In Figure 5.6, we present images acquired from a lumpectomy, excised from a 46-year-

old patient undergoing breast-conserving surgery. The wide-field en face overlay, Figure 5.6a, 

comprises 25 OCT images and 4 elastograms. Regions of dense tissue interspersed with 

adipose can be observed in Figure 5.6a. Areas indicated by green and red squares are 
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magnified by 1.6× in Figure 5.6c, d, f and g, respectively. Comparing the corresponding OCT 

images, Figure 5.6c and f, it is difficult to identify differences in structure between the two 

regions of dense tissue. However, in the overlay image, these two regions are easily 

distinguished by differing textures in the elastograms. The overlay, Figure 5.6d, shows 

uniform strain texture and is indicative of uninvolved stroma. In comparison, Figure 5.6g 

shows a heterogeneous strain texture indicative of malignant tumor. These patterns in 

uninvolved and malignant tissue are consistent with our previous studies in breast tissue [66] 

and are confirmed by histology images acquired from the same region. The green and red 

dashed lines in Figure 5.6a indicate the regions from which histology images are presented 

in Figure 5.6b and d, respectively. Following protocols used at Fiona Stanley Hospital for 

margin assessment, the histology images shown here, in contrast to that shown in Figure 5.4, 

are taken orthogonal to the en face images, and the blue arrows indicate the direction of the 

imaging beam. Figure 5.6b does not contain malignant tissue; however, in Figure 5.6e, we 

see that this section of the lumpectomy has an involved margin. From visual inspection and 

manual palpation performed during the surgery, the surgeon suspected malignant tumor 

close to the surface of the excised lump and proceeded to excise additional tissue (cavity 

shaving). The cavity shaving, measuring ~17 × 23 mm, was taken from the wall of the cavity 

of the remaining breast tissue.  

Figure 5.7 shows images acquired from the cavity shaving associated with the 

lumpectomy specimen shown in Figure 5.6. The surface imaged corresponds to the new 

surgical margin. The wide-field en face overlay, Figure 5.7a, consists of 4 OCT images and 4 

elastograms. The shaving comprises mostly adipose with small areas of dense tissue. 

Figure 5.7a and d show homogeneous strain texture, indicative of uninvolved stroma. 

Vertical striations present in elastograms presented in Figure 5.7 are a ringing artifact seen in 

thin samples. Ringing occurs due to the ring actuator being driven by a step function and 

overshooting its set position, with this damped oscillation decaying over several A-scans in 

each B-scan. Histopathological analysis confirmed that this cavity shaving had a negative 

margin. 
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Figure 5.6. Wide-field OCME of a freshly excised lumpectomy. (a) Wide-field en face OCME overlay on OCT of 
lumpectomy. (b) Histology acquired in orthogonal plane to OCT/OCME from region indicated by green dashed line found 
to contain clear margin. (c) En face OCT image showing a 1.6× magnification of the green boxed region in (a). (d) 
Corresponding en face overlay. (e) Histology acquired in orthogonal plane to OCT/OCME from region indicated by red 
dashed line found to contain involved margin. (f) En face OCT image showing a 1.6× magnification of the blue boxed 
region. (g) Corresponding en face overlay. Note: Histology is taken in the plane orthogonal to en face images, with the imaging 
beam direction indicated by blue arrows. A, adipose; S, stroma; and T, tumor. 
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Figure 5.7. Wide-field OCME of a freshly excised cavity shaving. (a) Wide-field en face OCME overlay on OCT of cavity 
shaving, black regions correspond to areas of non-contact or absence of tissue. (b) Photograph of sample. (c) En face OCT 
image showing a 1.6× magnification of boxed region in (a). (d) Corresponding en face OCME overlay. A, adipose; and S, 
stroma. 

5.2.4 Discussion 

In this study, we have presented the first demonstration of wide-field compression OCME 

capable of assessing large areas of an excised lumpectomy specimen in an intraoperative 

timeframe and successfully detecting an involved margin. In the current configuration, this 
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system is limited to scanning excised tissue. However, by permitting assessment of tumor 

margins in an intraoperative time frame, this study is an important step towards our objective 

of reducing the re-excision rate of patients undergoing breast-conserving surgery.  

The total scanning time for freshly excised human tissue for this study is 30 min, ensuring 

that our imaging complied with existing tissue handling protocols at Fiona Stanley Hospital. 

We are currently developing methods to further reduce the time required to acquire and 

visualize data. One way in which the acquisition time could be reduced is by increasing the 

A-scan acquisition rate. In this current study, A-scans were acquired at a frequency of 50 

kHz. Recent related OCE work has demonstrated a phase-sensitive technique with an A-

scan frequency of 1.5 MHz, utilizing a Fourier-domain mode-locked swept-source laser 

[236]. Implementing a similar Fourier-domain mode-locked laser in compression OCME 

could increase acquisition speeds by a factor of 30. This could lead to 3D-OCT images being 

acquired in less than 1 s and 3D elastograms being acquired in ~7 s without a reduction in 

spatial or temporal averaging.  

Increasing the A-scan frequency with a Fourier-domain mode-locked laser, if 

implemented in the future, would require an increase of actuation frequency. An increased 

actuator frequency is likely to cause a ringing artifact, similar to that seen in Figure 5.7d, to 

occur more often [237]. Our group has previously published an acquisition method for 

compression OCME that could be implemented to overcome this ringing artifact by 

calculating the voxel-to-voxel phase difference between C-scans, compared to the technique 

used in this study in which we calculate the phase difference between B-scans. This method 

would allow us to increase the A-scan frequency through a Fourier-domain mode-locked 

laser while avoiding the ringing artifact associated with a high actuator frequency. 

An alternative method to reduce the acquisition time of 3D-OCME is to reduce the 

spatial averaging. Recent publications describe a method enabling this in which a larger strain 

results between subsequent B-scans [271]. The greater phase differences are less masked by 

measurement noise. Implementing a variation of this technique has the potential to reduce 

our acquisition time by a factor of 5, which may remove the need to incorporate expensive 

Fourier-domain mode-locked lasers in our setup. 

As well as reducing acquisition time, data processing time can also be reduced. Wide-field 

results, comprising 25 OCT and 4 OCME individual datasets, presented in this study took 

approximately 6 hours to process. In recent work, our group has demonstrated near video-

rate OCME processing [272]. Utilizing a commercial-grade graphics processing unit and a 

desktop computer, the system achieved a processing rate of 21 B-scan elastograms per 

second. The masking and overlaying process described in Section 5.2.2.3 could also be 
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automated using thresholding of the OCT image. Additional filtering would need to be 

incorporated to remove residual areas of adipose not removed by the thresholding technique, 

as described above. Incorporating this technique into our current system could enable 

elastograms to be presented and interpreted intraoperatively. A further step for this 

thresholding process is to use the binary mask generated to automatically select regions from 

which to capture OCME data. 

Histology images in this study are presented in two different planes. In the case of the 

mastectomy specimen, as tissue was not required by the hospital for subsequent analysis, 

histology images were obtained in the same plane as wide-field en face images. In the case of 

the lumpectomy specimen, tissue was required for subsequent analysis, thus, in following the 

standard histopathology protocols used at Fiona Stanley Hospital, histology images could 

not be obtained in the same plane as our wide-field en face images. 

In order for the ring actuator to impart a displacement to the sample, the sample must 

be in contact with the imaging window. This is currently achieved by applying a preload to 

the sample. This preload is typically in the region of ~10% of the thickest part of the sample. 

In some cases, it may be up to ~20%, depending on the geometry of the tissue. Due to the 

nonlinear properties of biological tissue, some features are more clearly delineated with 

micro-elastography when performed at higher preloads [273, 274]. However, in some cases, 

a preload of ~20% does not result in complete contact between the tissue and the imaging 

window. This can lead to artifact in regions of non-contact, as shown in Figure 5.5a. Another 

issue with non-contact is that it can lead to the generation of axial tensile strain associated 

with surface topography rather than with tissue properties. In future studies, we will 

investigate incorporating optical palpation to reduce artifacts generated by non-contact [69, 

72]. In optical palpation, a thin, compliant and transparent layer is placed between the sample 

and the imaging window. The stiffness of the layer is designed to be similar to the stiffness 

of breast tissue. As preload is applied to the sample, the compliant layer deforms to partially 

fill areas of non-contact. Implementing a compliant layer in our wide-field system would 

allow more uniform contact without the need to preload the sample excessively. This 

technique would also allow us to quantify the tissue stiffness [69]. 

5.2.5 Conclusion 

In conclusion, we have demonstrated that wide-field compression OCME can generate OCT 

images and elastograms of freshly excised human breast tissue over a field-of-view of up to 

~50 × 50 mm. By rapidly acquiring OCT images and performing OCME in selected regions 

of dense tissue within 30 min, we have demonstrated the potential of wide-field OCME as a 
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tool to intraoperatively assess surgical margins of excised breast tissue. We have presented 

an example which demonstrates that wide-field compression OCME can delineate malignant 

tissue and uninvolved stroma in a freshly excised lumpectomy sample. In this study, we have 

advanced OCME to the point of scanning lumpectomy specimens. In future work, we will 

incorporate further reductions in acquisition and processing time and determine the 

diagnostic accuracy of compression OCME in identifying malignant tissue during breast-

conserving surgery. 
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6.1 Preface 

In the previous chapter, a wide-field OCME system capable of assessing the margin of an 

intact WLE specimen was presented. Despite the promise of the system, there are still 

significant challenges that must be overcome to move OCME closer to clinical use. Firstly, 

only one case of an involved margin was imaged during the study. As breast cancer is a 

complex disease, with numerous subtypes and stages of cancer, a more extensive study is 

required to demonstrate contrast across a range of tumours. Secondly, the scanning protocol 

enabled one margin of the specimen to be assessed in ~30 min, which is a significant 

improvement in speed from previous studies. However, in a clinical setting, ideally, the entire 

surgical margin, i.e., all four radial margins, would be evaluated for tumour. Another 

limitation of the study is the degree of user input required during scanning and post-

processing. For example, during scanning, regions to perform OCME were manually selected 

from the live OCT view, and during post-processing, manual segmentation of the OCT 

images was performed to generate elastogram overlays. 

The research undertaken in this chapter aims to overcome many of these limitations by 

developing a new imaging system. The new imaging system and associated scanning 

protocols enable more rapid OCME measurements. This is achieved by a new OCT system 

using a lens with a lateral field-of-view of 16 × 16 mm which enables wide-field images to be 

acquired by mosaicking a grid of 3 × 3 sub-images (compared to 5 × 5 in the previous 

chapter), saving time by reducing the number of times the translation stages need to move 

the specimen. In addition to the changes in optical hardware, the sampling density has been 

reduced, further increasing imaging speed. The changes in the new system enable OCME 

measurements to now be performed across the entire field-of-view in ~10 minutes, allowing 

two margins to be scanned in the intraoperative time frame of 30 minutes. Performing 
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OCME across the entire field-of-view has also reduced the level of user input as the system 

is fully automated during wide-field acquisition. 

The following study also outlines improvements in the generation and analysis of 

elastograms which was required to facilitate scanning a larger number of specimens. To aid 

image analysis, it is advantageous to visualise the OCT images and micro-elastograms in 3D. 

To enable this, stacks of en face images from increasing depths are presented as videos. For 

each stack, 50 en face elastogram overlays are required. As the manual segmentation method 

described in the previous chapter required ~30 min for each wide-field image, it is not 

feasible to generate large numbers of en face images required for more extensive studies. 

Therefore, an automated segmentation algorithm for the rapid generation of en face micro-

elastograms is developed. The results presented in the following section demonstrate the 

clinical feasibility of performing OCME on a large number of clinically relevant WLE 

specimens and highlight the distinctive features of invasive tumour in the surgical margin. 

6.2 Clinical feasibility of  optical coherence micro-
elastography for imaging tumor margins in breast-conserving 
surgery [75] 

Wes M. Allen,1, 2 Ken Y. Foo,1, 2 Renate Zilkens,1, 3 Kelsey M Kennedy, 1, 2, 4 Qi Fang1, 2 

Lixin Chin,1, 2 Benjamin F. Dessauvagie,5, 6 Bruce Latham,5 Christobel M. Saunders,3, 7, 8 and 

Brendan F. Kennedy1, 2 

Biomedical Optics Express, 9(12): p. 6331-6349, 2018. 

Abstract: It has been demonstrated that OCME provides additional contrast of tumor compared to 
OCT alone. Previous studies, however, have predominantly been performed on 
mastectomy specimens. Such specimens typically differ substantially in composition and 
geometry from the more clinically relevant WLE specimens excised during breast-
conserving surgery. As a result, it remains unclear if the mechanical contrast observed is 
maintained in WLE specimens. In this manuscript, we begin to address this issue by 
performing a feasibility study of OCME on 17 freshly excised, intact WLE specimens. In 
addition, we present two developments required to sustain the progression of OCME 
towards intraoperative deployment. Firstly, to enable rapid visualization of en face images, 
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required for intraoperative assessment, we describe an automated segmentation algorithm 
to fuse en face micro-elastograms with OCT images to provide dual contrast images. 
Secondly, to validate contrast in micro-elastograms, we present a method that enables co-
registration of en face images with histology of WLE specimens, sectioned in the orthogonal 
plane, without any modification to the standard clinical workflow. We present a summary 
of the observations across the 17 specimens imaged in addition to representative micro-
elastograms and OCT images demonstrating contrast in a number of tumor margins, 
including those involved by IDC, mucinous carcinoma, and solid-papillary carcinoma. The 
results presented here demonstrate the potential of OCME for imaging tumor margins. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement. 

OCIS codes: (110.4500) Optical coherence tomography; (170.0170) Medical optics and biotechnology. 

6.2.1 Introduction 

WLE is the standard procedure for removal of malignant tumors during breast-conserving 

surgery [10]. During WLE, the surgeon aims to remove the entire tumor surrounded by a 

rim of normal tissue, referred to as the surgical margin. However, 20−30% of patients require 

additional surgery because tumor is found within the surgical margin, an involved margin, 

which is associated with a higher rate of recurrence [22-25]. A key reason for these high re-

excision rates is that, currently, the status of the margins is not known until the post-operative 

histopathological analysis is performed days later on the excised tissue [20, 27]. A number of 

techniques have been developed for intraoperative margin assessment [29, 33]. The most 

commonly used intraoperative margin assessment technique is frozen section analysis, where 

the specimen is serially sectioned, rapidly frozen, sectioned in a cryostat, fixed and assessed 

by a pathologist [33, 143]. However, there are significant disadvantages that limit the 

effectiveness of frozen section analysis, for example, personnel resourcing [33], and damage 

to the specimen during the freezing process, which can result in low-quality histology slides 

[135]. 

An array of emerging techniques have been proposed to improve on those in current use 

[140, 164, 167, 168, 171, 201, 209, 275-279]. One group of techniques, which includes 

confocal microscopy [201, 277], fluorescence imaging [203], light sheet microscopy [275], 

Cerenkov luminescence imaging [134] and nonlinear microscopy [278, 279] require 

exogenous contrast agents. These agents can be applied to the surface of the excised 

specimen or, in some cases, injected intravenously before surgery [134]. While these 

techniques hold great promise and generate images with cellular resolution that can be 

evaluated analogously to histology, the use of such agents adds to their complexity, and there 

is significant value in pursuing label-free techniques [132]. Label-free techniques rely on 

endogenous contrast, for example, optical scattering or mechanical properties, for visualizing 

tumor [132]. While these techniques typically cannot provide molecular-level contrast, the 

relative simplicity of imaging endogenous contrast facilitates rapid structural imaging. Among 

https://doi.org/10.1364/OA_License_v1
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the label-free techniques, OCME, a variant of OCE [55, 64], has shown promise for the 

visualization of tumor in human breast tissue [65, 66, 74]. 

OCME generates mechanical contrast by mapping micro-scale deformation (local axial 

strain) resulting from a quasi-static compressive load [70]. As OCME utilizes phase-sensitive 

OCT to measure local strain, the opportunity exists to generate images with combined 

mechanical and optical contrast. This approach provides complementary contrast that 

enhances visualization of features in human breast tissue over OCT alone. For example, local 

strain often provides higher contrast than OCT in differentiating turbid tissues, such as 

stroma, fibroglandular tissue, and invasive tumor [50, 66, 74]. On the other hand, OCT 

readily delineates adipose tissue, manifesting as a distinctive honeycomb structure, whilst 

local strain is erratic in adipose tissue due to the hyposcattering spherical fat reservoirs [50, 

70]. 

To take advantage of this dual contrast, fused images, known as micro-elastograms, are 

generated by first segmenting OCT images into dense tissue and non-dense tissue, then 

overlaying the measured local strain on regions of dense tissue only and presenting the OCT 

intensity in regions of non-dense tissue [66, 74]. To facilitate rapid assessment across a wide-

field-of-view (up to ~46 × 46 mm) micro-elastograms (and OCT images) are presented in 

the en face plane. En face visualization also takes advantage of the high lateral resolution of the 

OCT system, as estimating axial strain results in an effective degradation of the axial 

resolution (compared to OCT images) while the lateral resolution is maintained [66, 70]. 

Previous work has demonstrated that fused micro-elastograms can increase contrast over 

OCT images in a range of features in human breast tissue, including invasive tumor, in situ 

tumor, ducts, and blood vessels [50, 65, 66, 74]. 

A primary issue with previous studies, however, is that, except for one WLE specimen 

[74], they have been predominantly performed on specimens dissected from the central 

tumor mass of mastectomies. Imaging mastectomy specimens demonstrated the capability 

of OCME to visualize tumor and enabled histology to be presented in the same plane as en 

face images, thus providing direct validation [65, 66, 74]. However, mastectomy specimens 

often contained dense, macro-scale regions of advanced tumor, typically extending through 

the specimen. In the more clinically relevant scenario of imaging tumor margins in WLE 

specimens, only the leading edge of the tumor mass, often comprising small tendrils of the 

tumor surrounded by adipose tissue, are expected to be present at the surgical margin. 

Furthermore, mastectomy specimens are imaged following serial sectioning, or bread-loafing, 

and they are typically flatter and thinner than WLE specimens. As the tissue boundary can 

have a significant impact on micro-elastogram quality, the surface unevenness present in 

WLE specimens may adversely affect contrast in micro-elastograms [66, 77]. The increased 
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sample thickness in WLE specimens also necessitates the application of larger compression 

to ensure sufficient strain signal-to-noise ratio to generate high-quality micro-elastograms 

[268]. As such, while previous mastectomy studies have validated the potential of OCME for 

visualization of tumor, and the WLE specimen presented previously provided proof-of-

principle [74], it is not clear if OCME will be suited for visualizing a range of tumor 

morphologies in a large set of WLE specimens. 

In this manuscript, we present a study investigating the clinical feasibility of OCME for 

imaging tumor margins of WLE specimens. We perform OCME on 28 margins from 17 

freshly excised specimens from patients undergoing breast-conserving surgery. We present a 

summary of observations of common tissue types present in the tumor margins imaged 

during the study. The representative micro-elastograms and OCT images presented in this 

manuscript demonstrate the capability of OCME to identify a range of features, including 

IDC, mucinous carcinoma, and solid-papillary carcinoma. In addition, we present an 

automated algorithm that fuses strain with OCT images by segmenting the OCT images into 

dense and non-dense tissue regions to generate micro-elastograms, previously performed 

manually. To enable validation of the contrast obtained, accurate co-registration of gold-

standard histology with wide-field en face images is required. We present a new method to 

achieve this for WLE specimens, which, unlike mastectomy specimens, are sectioned in the 

plane orthogonal to en face images; importantly, this method does not require any 

modification to the standard clinical workflow. The results presented here demonstrate the 

clinical feasibility of OCME for imaging tumor margins in breast-conserving surgery and 

highlight the complementary contrast provided by analysis of micro-elastograms alongside 

OCT images. 

6.2.2 Methods 

6.2.2.1  OCME system 

The OCME system comprises three main components: the OCT system, the specimen 

mounting mechanism and the wide-field translation system. The OCT system is based on a 

Telesto II spectral-domain system (TEL220C1, Thorlabs Inc., USA). The measured full-

width-at-half-maximum axial and lateral resolutions are 5.5 μm and 13 μm in air, respectively. 

The measured displacement sensitivity of the OCT system is 1.4 nm at an OCT signal-to-

noise ratio of 40 dB, acquired under clinical testing conditions [77]. 

The tissue mounting mechanism comprises a motorized laboratory jack, a piezoelectric 

actuator, and an imaging window. The laboratory jack (MLJ050/M, Thorlabs Inc., USA) 

applies a preload strain to the specimen, ensuring sufficient contact between the imaging 

window and the specimen. The piezoelectric actuator (Piezomechanik GmbH, Germany) 
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applies quasi-static compression to the tissue (described in Section 6.2.2.2) and has an 

aperture of 65 mm and a maximum stroke of 9.5 µm. The 75-mm diameter imaging window 

(84-359, Edmund Optics Inc., USA), fixed to the piezoelectric actuator, transfers the 

compressive load from the actuator to the specimen. The OCT system is configured in 

common-path mode, with the interface between the imaging window and the tissue acting 

as the reference reflector [65]. 

The wide-field translation system moves the entire tissue mounting mechanism relative 

to the OCT scan head to generate wide-field images (~46 × 46 mm). The translation stages 

(NRT100/M, Thorlabs Inc., USA) have a range of 100 mm and accelerate at 30 mm s−2 to a 

maximum velocity of 30 mm s−1. Wide-field images are generated by acquiring individual 

OCT volumes (termed sub-volumes) and performing a mosaicking technique in post-

processing, as described previously [74, 77]. 

6.2.2.2  Acquisition and post-processing protocol 

Individual sub-volumes (measuring 16 × 16 × 3.5 mm) are acquired with 808 A-scans per B-

scan and 2,424 B-scan pairs. The A-scan rate used in this study is ~71 kHz. Each B-scan pair 

comprises two B-scans acquired at different compression levels in the same spatial location, 

every 6.6 µm in the y-plane [65]. During post-processing, the phase-difference is calculated 

between B-scans in a pair via the Kasai phase estimator and three phase-difference B-scans 

are averaged together [65, 280]. The axial displacement at each lateral and axial location in a 

sub-volume is calculated from the phase difference. The local axial strain, defined as the 

gradient of the displacement with respect to depth, is estimated at each spatial location using 

weighted least squares linear regression, over a fitting range of 100 μm [70]. The fitting range 

results in an effective degradation in strain resolution in the axial plane, meaning it is lower 

than the OCT axial resolution [66]. Presenting en face micro-elastograms for clinical 

interpretation capitalizes on the maintenance of high lateral resolution, in addition to 

enabling rapid assessment of tissue across wide field-of-views [70, 74]. 

Wide-field en face images are generated by mosaicking en face sub-images. The technique 

overlaps sub-images by 1 mm in the en face plane, to ensure accurate alignment is achieved 

and to minimize areas of low OCT intensity due to coherence gate curvature [74, 77]. Wide-

field en face micro-elastograms are generated by presenting strain (in a perceptually linear 

colormap [281]) in regions of dense tissue only, fused with grayscale OCT images, using a 

custom segmentation algorithm (described in Section 6.2.2.3). Wide-field en face OCT images 

are presented in grayscale on a logarithmic scale. The depth (optical path length) of en face 

images is indicated in each image in Section 6.2.3. 
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6.2.2.3  Segmentation algorithm 

To automate the generation of fused en face micro-elastograms, an algorithm was developed 

to segment the wide-field OCT scans into dense and non-dense tissue regions. The input to 

this algorithm is a wide-field en face OCT image, and the output is a binary mask labelling 

dense tissue regions with one and non-dense tissue regions with zero. The mask is used to 

produce fused micro-elastograms in which strain is presented in dense tissue regions, and 

OCT is presented in non-dense tissue regions. This algorithm comprises four stages: filtering, 

in which noise is removed from the image; binarization, in which a binary image is produced 

via intensity thresholding; area thresholding, in which small components in the binary image 

are removed; and clean-up, in which small holes in the binary mask are closed. Figure 6.1 

shows a flowchart summarizing this algorithm. 

A representative ‘unfused’ image of local axial strain is shown in Figure 6.1a and the 

corresponding OCT image (the algorithm input) is shown in Figure 6.1b. During the filtering 

stage, Figure 6.1c, the noise reduction of the OCT image is achieved using anisotropic 

diffusion [282], followed by hybrid median filtering [283]. Anisotropic diffusion smooths the 

image to reduce noise, without significantly degrading edge contrast [282]. A 3 × 3 pixel 

hybrid median filter is then used to remove single pixel ‘salt and pepper’ noise. Compared to 

a standard median filter, hybrid median filtering better preserves edges and corners [283]. As 

dense tissue is typically more highly scattering than non-dense tissue, signal intensity 

thresholding (using a global Otsu threshold [284]) is used to create a preliminary dense tissue 

mask, Figure 6.1d. 

Regions of adipose cell membranes were then masked out by calculating the areas of 

connected components in the binary image, and thresholding to filter out components with 

an area less than 200 pixels2 (78,408 µm2, Figure 6.1e). This value was tuned by testing the 

binary algorithm on multiple (>10) wide-field OCT images. Since the hyperscattering 

membranes surrounding adipose cells are typically much smaller than dense tissue regions, 

filtering binary components with small surface area allows adipose cell membranes to be 

removed from the segmentation mask. Finally, morphological closing was applied to fill in 

small holes in dense tissue regions created by residual noise, Figure 6.1f. The resulting binary 

mask, Figure 6.1g, was then used to produce fused micro-elastograms, Figure 6.1h. The 

accuracy of the algorithm was assessed qualitatively by comparing the resulting fused en face 

micro-elastogram with corresponding OCT images. The use of the algorithm has reduced 

the time required to generate a single wide-field en face micro-elastogram from ~30 minutes 

using the manual method described previously [74] to ~20−30 seconds, a critical step to 

enable future intraoperative deployment of OCME. 
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Figure 6.1. Flowchart for the segmentation algorithm. (a) En face local axial strain image. (b) Input en face OCT image. (c) 
Filtering stage. (d) Binarization stage. (e) Area thresholding stage. (f) Clean-up stage. (g) Segmentation mask. (h) Fused 
micro-elastogram. 

6.2.2.4  Clinical protocol 

WLE specimens were obtained from patients undergoing breast-conserving surgery at Fiona 

Stanley Hospital, Western Australia (Project No: FSH-2015-032). Informed consent was 

obtained from patients, and the ethics for this research project has been approved by the Sir 

Charles Gairdner and Osborne Park Health Care Group Human Research Ethics Committee 

(HREC No: 2007-152). In this study, 28 margins were imaged from 17 WLE specimens. 

Following surgery, fresh specimens were transferred from the operating theater to the 

anatomical pathology laboratory where they were inspected and checked in following 
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standard protocols before scanning. For each specimen, up to two margins were scanned 

within ~30 minutes from when the research team received the specimen. Each wide-field 

OCME dataset took ~10 minutes to acquire using the scanning parameters outlined in 

Section 6.2.2.2. In cases where two margins were scanned, following the first scan, the 

specimen was removed from the loading mechanism, rotated to the new orientation, 

photographed before being placed back on the loading mechanism and the second scan 

performed. OCME scanning was performed between ~1−2 hours after excision. 

The specimen’s orientation was indicated by the placement of sutures and clips during 

surgery, visible in Figure 6.2a. During OCME scanning, the orientation of the specimens was 

recorded for later co-registration of histology slides, described in Section 6.2.2.5. Following 

scanning, specimens were inked for orientation in histopathology and fixed in 10% neutral-

buffered formalin for at least 24 hours. The specimens were typically serially sectioned 

perpendicular to the medial-lateral plane following standard protocols (however, the 

specimen in Figure 6.2 was sectioned perpendicular to the inferior-superior plane). Cross-

sections were taken of the first and last slices of the specimen, e.g., A1 in Figure 6.2a. Sections 

of the tumor, close-by margins and other areas of interest were sampled and placed in 

cassettes for histopathology processing. These cassettes were processed into paraffin blocks, 

one section, ~4 µm thick, from each block was mounted on glass slides and stained with 

hematoxylin and eosin. The glass slides were scanned at 40× magnification to generate digital 

micrographs for subsequent analysis by a pathologist. The pathology handling process is 

documented in the pathology report, following standard protocols. 

6.2.2.5  Histology co-registration and validation 

Accurate co-registration of digital micrographs with wide-field en face images is required to 

validate contrast obtained from OCME measurements. Imaging mastectomy specimens in 

previous studies enabled digital micrographs to be presented in the same plane as en face 

images, providing direct validation of contrast. However, the standard clinical workflow for 

preparing histology slides of WLE specimens, described in Section 6.2.2.4, results in digital 

micrographs in the plane orthogonal to en face images. In this section, we describe a method 

developed to co-register digital micrographs with wide-field en face images that requires no 

additional modification to the standard clinical workflow or documentation.  

A schematic illustrating this process is shown in Figure 6.2a. The orientation and 

dimensions of the whole specimen are recorded by photographing the specimen on a 

calibration grid before OCME scanning. For each specimen, the research team obtains the 

following information from the sectioned specimen key and the final pathology report: 

inking details, dimensions of the specimen after chemical fixation, and pathology handling 



102 Chapter 6  Optical coherence micro-elastography in breast-conserving surgery 

 

information such as the numbering of the tissue slices and cassettes. The thickness of the 

first and last slices is 10 mm unless otherwise documented in the pathology report. The 

thickness of the remaining slices is estimated by subtracting the thickness of the first and last 

slice from the overall length of the fixed specimen and dividing this by the number of tissue 

slices. A correction factor for shrinkage is calculated by dividing the length before fixation 

by the length after fixation. The thickness of the tissue slices is multiplied by the correction 

factor. The location of digital micrographs is approximated, to within the thickness of the 

tissue slice (~3−7 mm in our experience), and indicated on the en face OCT image. 

 

Figure 6.2. Histology co-registration and validation process. (a) Schematic outlining the process to estimate the location of 
tissue slices on the en face OCT image. (b) Validation of co-registration using low-resolution OCT volume to match digital 
micrographs. *, †, ‡, and § indicate co-registered features; *, change in surface topology; †, apocrine cyst; ‡, adipose tissue; 
§ dense tissue. 
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To validate the positioning of the digital micrographs, sequences (or stacks) of en face 

wide-field OCT images, at intervals of 20 µm and up to a depth of 1 mm, are loaded into 

image processing software, and assembled into low-resolution wide-field OCT volumes, 

Figure 6.2b, using the Volume Viewer plugin for ImageJ software (ImageJ/Fiji, v1.51w) 

[285]. The OCT volume is sliced in the cross-sectional plane in the expected location of the 

digital micrograph. Features such as clusters of adipose cells, strands of dense tissue or gross 

changes in surface topology, are identified from cross-sectional views extracted from the 

low-resolution OCT volume and corresponding digital micrographs, Figure 6.2b. In cases 

where the OCT cross-section does not match the first approximation of the digital 

micrograph location, the position of the cross-sectional view within the OCT volume is 

adjusted to determine the exact location and the new positioning of the digital micrograph 

updated on the en face image. A mismatch typically occurs as it is not standard practice to 

record which face of the tissue slice is placed facing upwards in the cassette and therefore, 

sectioned for staining. As a result, the 4 µm thick section could be produced from either face 

of the tissue slice. However, in a given specimen, the face of the tissue slice sectioned is 

typically consistent. Therefore, the assumed distance between digital micrographs is not 

affected. The histology matching was performed by the research team and was evaluated and 

confirmed against en face images by a pathologist. The representative results presented in 

Section 6.2.3 demonstrate the accuracy of the technique across a range of specimens. Once 

matching was confirmed to be accurate, en face images and digital micrographs were then 

annotated with a pathologist to identify features in the margin. Tumor detected in the margin, 

defined here as <1 mm from the edge of the specimen, as is common with other emerging 

techniques [160, 171], is referred to here, as an involved margin. 

6.2.3 Results 

OCME was performed on 28 margins from 17 WLE specimens. From the pathology reports, 

ten specimens contained invasive tumors only, four contained a mix of invasive and in situ 

tumors, and three contained in situ tumors only. Five of the imaged margins contained tumor 

<1 mm from the edge of the specimen, i.e., involved margins. The remaining 23 margins 

were mainly comprised of adipose tissue and stroma. Other features that were identified 

included ducts, terminal duct lobular units, and blood vessels. Two of the involved margins, 

both from the same specimen, contained IDC; the remaining involved margins contained 

solid papillary carcinoma, mucinous carcinoma, and lobular carcinoma. None of the involved 

margins contained in situ tumor. In four of the involved margins, the tumor was confidently 

identified in the micro-elastograms and OCT images during image analysis by the research 

team. In the last case, the tumor was situated ~800 µm from the edge of the tissue in the 
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digital micrograph. While a region of dense tissue was visible in this area, in this case, the 

strain and OCT intensity had degraded too much at this depth to confidently detect the 

tumor. Table 1 provides a summary of the most common tissue types identified in the 

margins imaged in this study. For most tissue types, fused micro-elastograms were found to 

provide additional contrast in visualizing tissue types in the margins imaged over the OCT 

image. However, in some cases, e.g., adipose tissue and mucinous carcinoma, the OCT image 

provided greater contrast. The summary in Table 6.1 highlights the complementary contrast 

provided by analyzing fused micro-elastograms alongside OCT images. 

In the following section, representative en face micro-elastograms and OCT images of four 

surgical margins are presented. These results demonstrate the potential for OCME to 

visualize involved margins by showing contrast for a range of features, including IDC, 

mucinous carcinoma, and solid-papillary carcinoma. Although the number of involved 

margins imaged throughout this study allows OCME to be assessed qualitatively, significantly 

more work is required to obtain a sufficient number of images for quantitative analysis to be 

meaningful; therefore, this is not provided here. The representative results presented also 

highlight some obstacles that must be overcome to further progress OCME to clinical 

translation, for example, subtle strain patterns in highly cellular invasive tumor, thermal 

damage due to the use of electrosurgical instruments and non-contact between the imaging 

window and specimen. For each of the representative result, we present an annotated digital 

micrograph with co-registered B-scans and a video fly-through of magnified en face images 

from a depth of 20 µm to 1 mm which allow the entire 1 mm margin to be assessed. High-

resolution digital micrographs are provided in Visualization 6.1. As the system is configured 

in common-path mode [65], the top of the B-scan corresponds to the imaging window-

specimen interface. The automated segmentation algorithm has been optimized for the en 

face view, therefore, fused micro-elastogram B-scans were generated using manual 

segmentation, described previously [74]. 

Figure 6.3 contains images of uninvolved stroma acquired from the lateral margin of a 

WLE specimen excised from a 67-year-old patient. This result demonstrates that the 

characteristic homogeneous strain in uninvolved stroma, observed in mastectomy specimens, 

is retained in WLE specimens [66]. A photograph of the margin, which measured 

50 × 65 mm, is shown in Figure 6.3a. Three clips (C) are visible in Figure 6.3a, identifying 

this surface as the lateral margin. Analysis of the digital micrograph, Figure 6.3b, revealed the 

specimen contained uninvolved stroma (S) and adipose tissue (A). Co-registered B-scans are 

presented in Figure 6.3b. The location of the digital micrograph in en face images is indicated 

by the white dashed lines in Figure 6.3c-f. The wide-field micro-elastogram, Figure 6.3c, 

shows the specimen contains a mix of adipose tissue and dense tissue. The strain appears 

https://doi.org/10.6084/m9.figshare.7257152
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mostly uniform, indicative of uninvolved stroma [66]. The magnified micro-elastogram, 

Figure 6.3d, shows the uniform strain in more detail. A large region of non-contact (NC) is 

visible in the magnified micro-elastogram. The magnified OCT image, Figure 6.3f, shows the 

dense tissue exhibits mostly uniform OCT intensity, indicative of uninvolved stroma [50]. 

However, an area of heterogeneous OCT intensity, indicated by the arrow in Figure 6.3f, 

could be misinterpreted as invasive tumor. These images demonstrate the benefit of the 

mechanical contrast provided by micro-elastograms compared to OCT images alone in 

analyzing tumor margins. 

Table 6.1. Summary of observations of common tissue types present in the margins imaged during the study. 

Tissue type OCT image contrast Fused micro-elastogram contrast 

Adipose tissue Distinctive honeycomb structure. 
Relies on OCT contrast, as strain is not displayed in 

adipose tissue following segmentation. 

Stroma - thin 
connective 

strands 
Well-organized, trabecular pattern. 

Typically appears as well-organized, trabecular 
pattern. Strain accentuates the trabecular structure 

compared to OCT. In some cases, can appear 
heterogeneous due to underlying adipose tissue. 

Stroma - solid 
mass 

Homogeneous or well-organized dense region, often 
transitions to adipose tissue deeper into the scan. 

Strain is typically smooth, or a well-organized, 
trabecular pattern. However, in some cases can 
manifest as heterogeneous if excessive thermal 

damage, micro-scale non-contact present, or due to 
boundary effects where adipose tissue is infiltration 

stroma. 

Ducts 

Appears as circular or tubular structures with 
hyperscattering walls. Can appear ‘full’ (interior has 
slightly lower scattering than the wall), or ‘empty’ 

(hyposcattering interior). Ducts imaged in this study 
were typically 0.1-1 mm in diameter. 

Strain typically appears as a crater-like or tubular 
structure with an abrupt change from positive to 
negative strain at the boundary of the duct. Strain 
accentuates the boundaries of duct compared to 

OCT. 

Terminal duct 
lobular unit 

Appears as ‘grape-like’ structure in OCT, however, 
contrast is often subtle. 

Appears as distinctive ‘grape-like’ structures. Strain 
accentuates the lobular unit compared to OCT. 

Vessel 
Vessels typically have well-delineated hyperscattering 

walls and often appear ‘empty’ inside. 

Appears as a crater or tubular structure, similar to a 
duct. Strain accentuates the boundaries of vessel 

compared to OCT. 

Highly-cellular 
IDCa,b 

Heterogeneous OCT intensity, however, the contrast is 
subtle. 

Heterogeneous texture in strain, however, the 
contrast is subtle. 

Invasive lobular 
carcinomaa,b 

Heterogeneous OCT intensity Heterogeneous strain pattern 

Mucinous 
carcinomaa,b 

Appears as more uniformly scattering 'pools' of mucin, 
distinct from adipose tissue.  

Strain is displayed in adipose tissue following 
segmentation, however, contrast primarily from the 

OCT image 

Solid papillary 
carcinomaa,b 

Interior of carcinoma displays lower OCT intensity, 
however, the contrast is subtle.  

Appears as a crater structure, similar to a duct, 
however with a larger diameter and is nodular. Strain 

accentuates the boundaries. 
aObservations for these carcinomas are based on the one example of each imaged during this study. bA common trait of 
all carcinomas imaged that they remained present, or grew in size, deeper within the specimen and did not transition to 

adipose tissue. 
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Figure 6.3. OCME of the lateral margin of freshly excised WLE specimen demonstrating contrast in uninvolved stroma 
(See Visualization 6.2). (a) Photograph of the lateral margin. (b) Digital micrograph and co-registered B-scans. (c) Wide-
field and (d) magnified en face micro-elastogram. (e) Wide-field and (f) magnified en face OCT image. The arrow in (f) 
indicates an area of heterogeneous OCT intensity. En face images are presented at a depth of 240 µm. The white dashed 
lines in (c)-(f) indicate the location of the digital micrograph. All scale bars 3 mm. A, Adipose tissue; C, Clips; NC, Non-
contact; S, Uninvolved stroma. 

In Figure 6.4, we present images of a deep margin involved with IDC, excised from a 65-

year-old patient. A photograph of the margin, which measured 35 × 38 mm, is shown in 

Figure 6.4a. Three clips, (C), attached to the suture from the lateral margin are visible in the 

photograph. The digital micrograph, Figure 6.4b, reveals that the deep margin was involved 

by highly cellular IDC, detected 260 µm from the inked surface of the specimen. The digital 

https://doi.org/10.6084/m9.figshare.6989228
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micrograph also shows the specimen comprised adipose tissue (A) and stroma (S). Co-

registered B-scans are presented in Figure 6.4b. The location of the digital micrograph is 

indicated by white dashed lines in the en face images shown in Figure 6.4c-f. The wide-field 

micro-elastogram, Figure 6.4c, and OCT image, Figure 6.4e, show that the tissue comprises 

adipose and dense tissue. The dense tissue to the right of the clips appears organized in 

structure in the wide-field micro-elastogram, with bands running in parallel, indicative of 

mature fibrous tissue [74]. Much of the dense tissue in this specimen transitions to adipose 

deeper within the specimen, however, the magnified micro-elastogram, Figure 6.4d, shows a 

region of dense tissue that grows in size with depth. This region of dense tissue can also be 

seen in Visualization 6.3 and the B-scans in Figure 6.4b. The dense tissue in this region 

exhibits disorganized heterogeneous strain, in both the en face and B-scan plane, indicative of 

IDC [66, 286]. It is interesting to note that the central area of this tumor, i.e., the tumor away 

from the margin, contains more intervening stroma and would likely exhibit more clearly 

defined strain heterogeneity if this tissue had been dissected to expose the dense center for 

imaging, as in the case of mastectomies [77]. The wide-field en face OCT image, Figure 6.4e, 

highlights the organized structure and directionality of the fibrous tissue to the right of the 

clips. 

The magnified OCT image highlights a limitation of the segmentation algorithm. Due to 

the coherence gate curvature (CG) there is a step change in OCT intensity where two sub-

images are stitched together, visible in Figure 6.4f. This has resulted in the algorithm 

incorrectly identifying dense tissue as non-dense tissue, manifesting as a vertical discontinuity 

in the magnified micro-elastogram in Figure 6.4d. This specimen demonstrates a key 

difference in tumor architecture between WLE and mastectomy specimens as only the 

leading edge of the tumor is present in the margin. We expect this will prove to be a common 

trait for WLE specimens, as, often, the bulk of the tumor will be located near the center of 

the specimen, and only the leading edges of the tumor mass will be imaged. In comparison, 

in the previous benign case, Visualization 6.2, much of the dense tissue transitioned to 

adipose at increasing depths in the specimen. This case also highlights how the 

complementary contrast provided by OCME and OCT aids in the identification of tumor. 

https://doi.org/10.6084/m9.figshare.6989234
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Figure 6.4. OCME of the deep margin of a freshly excised WLE specimen demonstrating contrast in highly cellular IDC 
(See Visualization 6.3). (a) Photograph of the deep margin. (b) Digital micrograph and co-registered B-scans. (c) Wide-field 
and (d) magnified en face micro-elastogram. (e) Wide-field and (f) magnified en face OCT image. En face images are presented 
at a depth of 240 µm. The white dashed lines in (c)-(f) indicate the location of the digital micrograph. All scale bars 3 mm. 
A, Adipose tissue; C, Clip; CG, Coherence gate curvature artifact; IDC, Invasive ductal carcinoma; S, Stroma. 

In Figure 6.5, we present images of the superficial margin of the WLE specimen 

presented in Figure 6.3. The superficial margin of this specimen was involved by mucinous 

carcinoma. A photograph of the margin, which measured ~65 × 60 mm, is presented in 

Figure 6.5a. The digital micrograph, Figure 6.5b, shows the distinctive micro-architecture of 

mucinous carcinoma (MC), i.e., cancer cells suspended in pools of mucin. Similar to the 
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previous case, only the leading edge of the mucinous carcinoma is present at the surgical 

margin. Co-registered B-scans are presented in Figure 6.5b. The location of the digital 

micrograph in en face images is indicated by white dashed lines in Figure 6.5c-f. In this case, 

the OCT images more clearly delineate the mucinous carcinoma from adipose tissue 

compared to the micro-elastograms. In the wide-field OCT image, Figure 6.5e, the specimen 

appears to comprise mainly adipose tissue (A), with some thin strands of connective stroma 

(S). A region of mucinous carcinoma is presented in the magnified OCT image, Figure 6.5f. 

The mucin manifests as more uniformly scattering than the surrounding adipose tissue, with 

the tumor cells appearing as dots of high OCT intensity [165]. In the wide-field micro-

elastogram, Figure 6.5c, the strain in the connective tissue appears uniform, indicative of 

uninvolved stroma. The magnified micro-elastogram, Figure 6.5d, shows that the automated 

segmentation algorithm identified the mucinous carcinoma. Much of the strain in this region 

is positive, i.e., moving towards the imaging window during compression, which may indicate 

that the surrounding tissue is displacing mucin. The arrows in the low-magnification images, 

Figure 6.5d and f, point to a region where the mucinous carcinoma appears closer to the 

margin than in the digital micrograph, highlighting that the spatial sampling (~3−7 mm) 

during tissue sectioning can be a limiting factor when performing the standard 

histopathological analysis of WLE specimens. A potential advantage of OCT-based imaging 

techniques is the ability to more fully assess the surface of these specimens through 

visualization of en face images. 
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Figure 6.5. OCME of the superficial margin of a freshly excised WLE specimen demonstrating contrast in mucinous 
carcinoma (See Visualization 6.4). (a) Photograph of the superficial margin. (b) Digital micrograph and co-registered B-
scans. (c) Wide-field and (d) magnified en face micro-elastogram. (e) Wide-field and (f) magnified en face OCT image. En face 
images are presented at a depth of 430 µm. The white dashed lines in (c)-(f) indicate the location of the digital micrograph. 
All scale bars 3 mm. A, Adipose tissue; MC, Mucinous carcinoma; S, Stroma. 

In Figure 6.6, we present images of an involved superior margin containing solid-

papillary carcinoma, excised from a 69-year-old patient. A photograph of the margin, which 

measured ~35 × 60 mm, is shown in Figure 6.6a. The digital micrograph, Figure 6.6b, shows 

that the superior margin was involved by solid-papillary carcinoma (PC) and also contained 

regions of adipose tissue (A). Co-registered B-scans are presented in Figure 6.6b. The 
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location of the digital micrograph in en face images is indicated by white dashed lines in 

Figure 6.6c-f. 

 
Figure 6.6. OCME of the superior margin of a freshly excised WLE specimen demonstrating contrast in solid-papillary 
carcinoma (See Visualization 6.5). (a) Photograph of the superior margin. (b) Digital micrograph and co-registered B-scans. 
(c) Wide-field and (d) magnified en face micro-elastogram. (e) Wide-field and (f) magnified en face OCT image. En face images 
are presented at a depth of 240 µm. The white dashed lines in (c)-(f) indicate the location of the digital micrograph. All scale 
bars 3 mm. A, Adipose tissue; PC, Solid-papillary carcinoma. 

The wide-field micro-elastogram, Figure 6.6c, and OCT image, Figure 6.6e, show that 

the specimen comprises large regions of dense tissue intermingled with adipose tissue. The 

bulk of the specimen exhibits relatively homogeneous strain in the wide-field micro-

https://doi.org/10.6084/m9.figshare.6989231
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elastogram, with the exception of boundary effects where the stroma is infiltrated by adipose 

tissue, which can manifest as strain heterogeneity, as highlighted in Table 6.1. The magnified 

micro-elastogram, Figure 6.6d, delineates the boundaries of the solid-papillary carcinoma 

(PC), manifesting as luminal features highlighted with compressive (negative) strain. The 

boundaries of the solid-papillary carcinoma are also visible in the micro-elastogram B-scan. 

Figure 6.6b. While such luminal features are also present in ducts, the diameter, >1 mm, of 

the solid-papillary carcinoma nodules are larger than expected in normal ducts Also, unlike 

a typical duct, the papillary carcinoma does not form a tubular structure and appears more 

nodular in shape when visualized in 3D (Visualization 6.5). The magnified OCT image, 

Figure 6.6f, shows the region containing the solid-papillary carcinoma; however, the OCT 

contrast is subtle in comparison to the micro-elastogram. 

6.2.4 Discussion 

In this study, we performed OCME on 28 margins from 17 WLE specimens excised from 

patients undergoing breast-conserving surgery. We have demonstrated the clinical feasibility 

of performing OCME on intact WLE specimens, and have presented developments that 

enable automated generation of fused en face micro-elastograms and co-registration of WLE 

histology to validate contrast. A summary of the observations of common tissue types 

present in the margins imaged during the study was presented in Table 6.1. The 

representative micro-elastograms and OCT images presented here demonstrate mechanical 

contrast observed in mastectomy specimens is retained for a range of tissue types in WLE 

specimens. The results also demonstrate that the complementary contrast present in micro-

elastograms and OCT images aids in the visualization of a range of features in freshly excised 

human breast tissue. 

In addition to the changes in micro-architecture and geometry already highlighted in this 

manuscript, there are some further challenges to overcome in transitioning OCME from 

mastectomy specimens to the clinical scenario of imaging the surgical margin of WLE 

specimens. For example, WLE specimens occasionally sustain thermal damage during 

excision, caused by the use of electrosurgical instruments to excise the tissue and coagulate 

severed blood vessels. Thermal damage was identified by the pathologist during annotation 

of the digital micrographs. We observed, in some cases, that excessive thermal damage results 

in regions of non-contact, as the specimen does not readily deform to contact the imaging 

window fully. Non-contact can result in strain heterogeneity with a similar spatial frequency 

as invasive tumor [66, 77]. In a related technique, QME, a thin compliant layer is placed 

between the imaging window and the specimen to measure tissue elasticity [69, 77]. An 

advantage of the layer is that it deforms under preload to accommodate the rough surface of 
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the specimen, resulting in more uniform contact and reducing strain heterogeneity arising 

from the boundary conditions [77]. In ongoing work investigating QME, we have acquired 

images of over 140 margins. From these, excessive thermal damage from electrosurgical 

instruments appears to sometimes result in elevated tissue stiffness, but in the majority of 

the cases, this effect has not been significant enough to cause benign tissue to be confused 

with tumor. 

Additionally, in previous studies on mastectomy specimens, QME has demonstrated the 

ability to detect a range of tumors by presenting micro-elastograms of elasticity alongside 

strain. In particular, QME has proven beneficial in detecting highly cellular invasive tumors 

with little intervening stroma that present as subtle strain heterogeneity, as is the case in 

Figure 6.4 [77]. A further advantage of incorporating a compliant layer is that the interface 

between the imaging window and the compliant layer acts as the reference reflection; 

ensuring that the intensity of the reference reflection is constant across the entire field-of-

view. By comparison, in OCME, the refractive index of the tissue in contact with the imaging 

window may vary, resulting in a change in the intensity of the reference reflection. A recent 

study has demonstrated the ability of QME to image a wide-field-of-view [77], in future work 

will continue to explore the extension of QME for imaging of WLE specimens. 

This study incorporates the use of an automated masking algorithm to segment regions 

of dense tissue from regions of non-dense tissue, e.g., adipose or non-contact. The algorithm 

allows for 3D stacks of en face micro-elastograms to be processed for analysis without manual 

intervention. However, the robustness of the masking algorithm depends on the quality of 

the experimental setup. For example, variations in OCT intensity caused by coherence gate 

curvature results in a step change in OCT intensity in the mosaicked wide-field images, 

apparent in Figure 6.4d and Visualization 6.2 (below 400 µm), which cause misclassification 

of tissues. Although this effect is difficult to eliminate by physically adjusting the imaging 

equipment, it may be possible to reduce it through image processing, for example, by using 

a calibration image [287]. Alternatively, region-growing techniques may be implemented to 

combat this issue [288]. Additionally, regions of non-dense tissue with high optical 

backscattering may be erroneously classified as dense tissue. An example of this is seen in 

the clips (C) in Figure 6.3c and the high OCT intensity present in this adipose tissue (A) in 

Figure 6.4d. Preliminary work explored the use of an algorithm based on texture 

classification, which would be less likely to misclassify adipose regions. However, the 

algorithm possessed lower resolution compared to the binary masking algorithm used here. 

The scanning protocol presented here allows us to scan a maximum of 2 margins within 

~30 minutes. To enable scanning of all margins, we need to improve the scanning protocol 

to reduce the scanning time. Faster scanning could be achieved in a number of ways, for 

https://doi.org/10.6084/m9.figshare.6989228
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example, by performing depth-encoded OCME to simultaneously acquire two 3D OCME 

datasets from opposite sides of the specimen [289] or by utilizing a Fourier-domain mode-

locked swept-source laser which has demonstrated phase-sensitive OCE with an A-scan 

frequency of ~1.5 MHz [236]. Improvements in the post-processing speed also need to be 

made for eventual intraoperative deployment. Post-processing of datasets, including 

segmentation and image generation, took ~3 hours per margin and was performed in the 

days following data acquisition in this feasibility study. For eventual intraoperative 

deployment of OCME, this must be reduced. Near video-rate OCME processing has 

previously been demonstrated using a commercial-grade graphics processing unit [272]. 

Incorporating such a graphics processing unit in the current system has the potential to 

provide intraoperative feedback in a surgical setting. 

The methods described in this manuscript enable co-registration of histology, processed 

and documented following standard clinical workflows, with wide-field en face images. While 

the method can compensate for tissue shrinkage that occurs during chemical fixation, it 

assumes that the tissue shrinks uniformly in all directions. However, tissue often distorts 

during fixation. By identifying bulk features, such as regions of adipose tissue or fibrous 

tissue and features in the surface topology in the low-resolution OCT volume, this method 

has proven robust in the co-registration of digital micrographs with en face images and the 

validation of contrast in the results presented in this study. 

6.2.5 Conclusion 

In this manuscript, we have presented a study investigating the clinical feasibility of OCME 

for imaging tumor margins performed on specimens excised during breast-conserving 

surgery. We have outlined the challenges in translating OCME from mastectomy specimens 

to the more clinically relevant WLE specimens. The images presented here demonstrate that 

the complementary contrast in micro-elastograms and OCT images aids in visualizing a range 

of features in human breast tissue. We have described an algorithm to segment dense and 

non-dense tissue regions in OCT images, which is required for the rapid generation of fused 

micro-elastograms. We have also presented a method to co-register histology from WLE 

specimens with wide-field en face micro-elastograms and OCT images. The techniques 

developed to demonstrate the suitability of OCME for imaging tumor margins for a large set 

of specimens. This study will provide a framework for a more extensive study determining 

the diagnostic accuracy of OCME for tumor margin assessment in breast-conserving surgery. 
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Optical palpation in breast-conserving 
surgery 
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7.1 Preface 

The research undertaken in Part II of this thesis developed a wide-field imaging system and 

presented a clinical feasibility study by performing OCME on 17 WLE specimens. Despite 

the advances demonstrated, further work is required to extend the range of tumour that can 

be visualised for OCE to fully realise its potential for tumour margin assessment. A limitation 

with OCME is that by mapping local axial strain only, it primarily relies on the localised 

changes of elasticity between tumour cells and desmoplastic stroma to identify invasive 

tumour. 

In some cases, however, strain imaging alone may not provide sufficient contrast to 

delineate tumour. For example, in the highly cellular tumour with little intermingling 

desmoplastic stroma presented in Figure 6.4, the subtle heterogeneous strain pattern could 

be erroneously diagnosed as uninvolved stroma. While highly cellular tumour and uninvolved 

stroma provided similar strain patterns, their absolute elasticity values are likely to be very 

different, as discussed in Section 4.3. Furthermore, in the mucinous carcinoma, presented in 

Figure 6.5, the contrast was primarily provided by the OCT image. Additional mechanical 

contrast would likely increase the range of tumour that can be visualised, potentially 

increasing the diagnostic accuracy of OCE for tumour margin assessment. 

Part III of this thesis outlines the incorporation of stress estimation, required for both 

optical palpation and QME measurements, into the wide-field system. Stress is estimated by 

incorporating a thin compliant layer between the specimen and the imaging window. Images 

of stress, optical palpograms, provide contrast related to variations in the underlying tissue 

elasticity with elevated regions of stress indicating stiffer underlying features. In this chapter, 

a clinical feasibility study investing the suitability of optical palpation for tumour margin 

assessment is presented. 
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7.2 Optical palpation for the visualization of  tumour in 
human breast tissue [76] 

Wes M. Allen,1, 2 Philip Wijesinghe,2, 3 Benjamin F. Dessauvagie,3, 4 Bruce Latham,4 

Christobel M. Saunders,5, 6, 7 and Brendan F. Kennedy2, 3 

Journal of Biophotonics, e201800180, 2018. 

Abstract: Accurate and effective removal of tumor in one operation is an important goal of breast-
conserving surgery. However, it is not always achieved. Surgeons often utilize manual 
palpation to assess the surgical margin and/or the breast cavity. Manual palpation, however, 
is subjective and has relatively low-resolution. Here, we investigate a tactile imaging 
technique, optical palpation, for the visualization of tumor. Optical palpation generates 
maps of the stress at the surface of tissue under static preload compression. Stress is 
evaluated by measuring the deformation of a contacting thin compliant layer with known 
mechanical properties using OCT. In this study, optical palpation is performed on thirty-
four freshly excised human breast specimens. Wide field-of-view (up to ~46 mm × 46 mm) 
stress images, optical palpograms, are presented from four representative specimens, 
demonstrating the capability of optical palpation to visualize tumor. Median stress reported 
for adipose tissue, 4 kPa, and benign dense tissue, 8 kPa, is significantly lower than for 
invasive tumor, 60 kPa. Additionally, we demonstrate that optical palpation provides 
contrast consistent with a related optical technique, QME. This study demonstrates that 
optical palpation holds promise for visualization of tumor in breast-conserving surgery. 

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission. 

7.2.1 Introduction 

Enabling surgeons to accurately assess the surgical margin and/or the breast cavity during 

breast-conserving surgery may enable more effective removal of tumor [27]. This could 

potentially reduce the number of patients requiring additional procedures, currently 20−30% 

[22-25]. A number of techniques have been utilized for intraoperative surgical margin 

assessment, including frozen section histology, imprint cytology, intraoperative ultrasound 

and intraoperative specimen radiography; however, these techniques have not significantly 

reduced re-excision rates [28-32, 263]. As a result, it is common for many surgeons to rely 

primarily on manual palpation, i.e., the sense of touch, to locate tumor based on changes in 

their mechanical properties [6, 7, 26]. However, manual palpation is subjective and suffers 

from low spatial resolution. One method used to determine the spatial resolution of manual 

                                                 
1 BRITElab, Harry Perkins Institute of Medical Research, QEII Medical Centre, Nedlands and Centre for Medical Research, The 
University of Western Australia, Perth, Western Australia, 6009, Australia. 

2 Department of Electrical, Electronic & Computer Engineering, School of Engineering, The University of Western Australia, 35 Stirling 
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palpation, two-point tactile discrimination, reports that the minimum separation at which 

two points can be resolved by a subject is 1.3 to 5 mm for the fingertip [290, 291]. Another 

method, grating orientation discrimination, measures the minimum grating spacing, reported 

to be 0.8 to 1.6 mm, at which subjects can determine orientation [292-294]. Conversely, it 

has been reported that the fingertip sensitivity extends to the nanoscale under certain 

conditions, demonstrated by subjects detecting the presence of sinusoidal wrinkle patterns 

with an amplitude of ~10 nm on substrate surfaces [295]. However, in a clinical setting, the 

use of surgical gloves degrades both the sensitivity and the resolution of manual palpation 

[296]. The subjectivity and low spatial resolution of manual palpation limit its efficacy in 

breast-conserving surgery and restricts surgeons to the identification of gross regions of the 

tumor [9]. 

Tactile imaging has been proposed to improve on manual palpation in the pre-operative 

detection of cancer [297, 298]. In tactile imaging, the subjectivity of manual palpation is 

removed by translating the sense of touch to a 2D image of stress at the tissue surface, 

measured using, for example, capacitive or resistive arrays [297-301]. However, as the spatial 

resolution of tactile imaging is limited by the spacing of sensor elements, typically >1 mm, 

these techniques provide spatial resolution on a scale similar to manual palpation [299, 302]. 

An optoelectronic tactile imaging system, proposed for robotics and human-machine 

interfaces, has demonstrated a resolution of 2.7 µm, using nanowire pressure sensors [303]. 

However, the small field-of-view, ~100200 µm, limits its applicability in tumor margin 

assessment. A number of other optical techniques have also been proposed for tactile 

imaging [72, 304-307]. In particular, optical palpation, based on OCT, has the potential to 

estimate stress at the surface of tissue at a resolution suitable for tumor margin assessment 

[72, 306]. It has previously been demonstrated that optical palpation can generate images of 

stress, referred to here as optical palpograms, with a lateral resolution of 160 to 390 µm [72, 

306]. Furthermore, a recently developed extension of optical palpation, computational 

optical palpation, has demonstrated a resolution of 1525 µm, over a field-of-view of 

7 × 7 mm, achieved by incorporating finite-element methods in the computation of stress 

[308]. 

To perform optical palpation, a thin compliant silicone layer is compressed (preloaded), 

between a specimen and an imaging window. The deformed thickness of the layer is 

measured using an OCT system, from which strain, i.e., the change in thickness divided by 

the original thickness, at each lateral position in the layer is calculated [72, 306]. Stress is 

determined by relating the strain to the known stress-strain relationship of the layer under 

the assumption that the stress field within the layer is uniform and uniaxial, and the friction 

of the layer interfaces is low [72]. An advantage of optical palpation over many tactile imaging 
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techniques is that the compliant layer deforms to accommodate the rough surface invariably 

present in excised biological tissue: an important attribute for imaging surgical margins. A 

further advantage of optical palpation is that, in addition to optical palpograms, 3D-OCT 

images of the tissue micro-architecture are generated. OCT images provide excellent contrast 

between adipose tissue and dense tissue and, additionally, can delineate certain imaging 

artifacts, such as those caused by air bubbles, aiding in the interpretation of stress. For this 

reason, we present optical palpograms here as semi-transparent overlays on en face OCT 

images.  

Optical palpation, as with all tactile imaging techniques, provides contrast related to 

variations in the underlying mechanical properties of tissue. In optical palpograms, elevated 

regions of stress indicate stiffer underlying features. If the preload is kept approximately 

constant between samples, stress may be used to distinguish tissue types, as we report in this 

paper. However, stress is a qualitative measurement of elasticity, and the measured stress is 

proportional to the preload. A related technique, QME, reports tissue elasticity, defined here 

as the slope of the stress-strain curve at the point of preload, i.e., the tangent modulus [69, 

77]. Despite the quantification of elasticity provided by QME, in this study, we suggest that 

optical palpation may provide a less-complex and more cost-effective solution for margin 

assessment in a large subset of tumors, particularly in invasive tumors, which tend to present 

as larger regions of tumor. 

In this paper, we present a feasibility study assessing the use of optical palpation to 

identify tumor in freshly excised human breast tissue. We provide four representative wide-

field (up to ~46 × 46 mm) optical palpograms from a study performed on thirty-four 

specimens from patients undergoing mastectomy or breast-conserving surgery. The images 

presented demonstrate contrast in adipose, uninvolved stroma, invasive tumor, and ducts 

involved by high-grade DCIS. In addition, we provide a comparison of optical palpation and 

QME. Finally, we perform statistical analysis on a subset of specimens (n = 19) and report 

that the median stress for adipose tissue (4 kPa) and uninvolved dense tissue (8 kPa) is 

significantly lower than for invasive tumor (60 kPa). The results presented here demonstrate 

the potential of optical palpation in the visualization of tumor in freshly excised human breast 

tissue. 

7.2.2 Materials and methods 

7.2.2.1  Imaging system 

The imaging system comprises four main components: a compliant layer, an OCT system, a 

specimen mounting mechanism and a wide-field translation system (Figure 7.7). The system 



7.2 Optical palpation for the visualization of tumour in human breast tissue [76] 125 

 

is configured such that optical palpation and QME results are generated from the same OCT 

datasets. 

The compliant layers used in this study were formulated using two-component room-

temperature-vulcanizing silicone, Elastosil P7676 (Wacker GmbH, Germany), with a 1:1 

(Cross-linker : Catalyst) mixing ratio. The elastic modulus of the compliant layers is ~6.4 kPa 

at 5% strain [269]. The thickness of the layers, (500 to 650 µm) is measured before testing to 

allow subsequent calculation of layer strain, described in Section 7.2.2.2. The OCT system is 

based on a Telesto II spectral-domain OCT system (TEL220C1, Thorlabs Inc., USA). The 

system uses a superluminescent diode light source with a central wavelength of 1300 nm and 

a bandwidth of >170 nm. The A-line rate used in this study is ~71 kHz. The lens used in 

this study (LSM04, Thorlabs Inc., USA) has a numerical aperture of 0.04. The measured full 

width at half maximum axial and lateral OCT resolutions are 5.5 μm (in air) and 13 μm, 

respectively. 

The specimen mounting mechanism (Figure 7.7) comprises an imaging window, a 

compression plate, a laboratory jack and an annular piezoelectric actuator (required for 

QME). The compression plate is mounted on three load cells (LSB200, Futek Inc., USA), 

which in turn are mounted on a motorized laboratory jack (MLJ050/M, Thorlabs Inc., USA). 

The 75-mm diameter imaging window (84-359, Edmund Optics Inc., USA) is rigidly affixed 

to the piezoelectric actuator (Piezomechanik GmbH, Germany). The actuator has an 

aperture of 65 mm and a maximum stroke of 9.5 µm. Before scanning, the specimen is placed 

on the compression plate, and saline is applied to keep it hydrated during testing (the saline 

also lubricates the layer-specimen interface). A layer is then placed on the specimen, and 

silicone fluid (AK50, Wacker GMBH, Germany) is used to lubricate the top surface of the 

layer. The laboratory jack applies a preload strain of approximately 1525% of the maximum 

undeformed thickness of the specimen, compressing the specimen and layer against the 

imaging window. This preload range, determined empirically, ensures sufficient contact 

between the specimen, layer and imaging window while minimizing the influence of the non-

linear stress-strain relationship of tissue. Following the application of preload, a one-minute 

delay is allowed to reduce the impact of viscoelastic creep [70]. The OCT system is 

configured in a common-path mode with the interface between the imaging window and the 

compliant layer acting as the reference reflector [69]. 

Translations stages (NRT100/M, Thorlabs Inc., USA) move the specimen mounting 

mechanism relative to the OCT scan head to generate wide-field images, up to ~46 × 46 mm, 

by acquiring individual OCT volumes (termed sub-volumes) which are mosaicked in post-

processing. The travel range of the translation stages is 100 mm and the velocity and 

acceleration are 30 mm s−1 and 30 mm s−2, respectively. Sub-volumes, measuring 
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16 × 16 × 3.5 mm, are acquired with 808 A-lines per B-scan and 2,424 B-scan pairs per sub-

volume. B-scan pairs comprise two B-scans in the same location; the first B-scan is acquired 

with only the preload compression applied, Figure 7.1a(ii), the second B-scan (required for 

QME) is acquired with an additional micro-scale compression applied by the actuator, 

Figure 7.1a(iii) [69]. Only the first OCT B-scan in each pair, i.e., without the actuation 

compression applied, at each spatial location is required for optical palpation signal 

processing, Section 7.2.2.2, provided the undeformed thickness of the layer is known. To 

enable a comparison of optical palpation and QME in this study, the two measurements were 

generated from the same OCT dataset. 

7.2.2.2  Signal Processing 

Signal processing for optical palpation 

In optical palpation signal processing, the deformed thickness of the layer, resulting from 

preload, at each lateral position is measured by detecting the layer-specimen interface using 

a Canny-based edge detection algorithm on the OCT B-scans, Figure 7.1a(ii) [309]. 

Smoothing is performed on the detected edge using a Hampel-based median filter, with a 

window of ~80 µm, to remove outliers. The layer preload strain, εlayer,P, is calculated by 

dividing the change in thickness by the original thickness. The layer preload stress, σlayer,P, is 

estimated by relating the layer preload strain to the stress-strain response of the layer, Elayer, 

under the assumption that the stress field in the layer is uniform and uniaxial, and the friction 

at the layer interfaces is low, Figure 7.1bi [72]. Figure 7.1b(ii), shows an en face optical 

palpogram demonstrating elevated stress contrast provided by a stiff inclusion, σ1, 

surrounded by a softer bulk material, σ2. 

Signal processing for QME 

In QME, first the layer preload stress is determined by following the same steps as optical 

palpation. Then, local displacement, arising from actuation, is calculated for each lateral and 

axial location in the OCT field-of-view from the measured phase-difference between OCT 

B-scans in pairs [70]. The layer local strain, εlayer,L, is calculated by dividing the measured 

displacement at the layer-specimen interface by the undeformed layer thickness, 

Figure 7.1a(iii) [69]. The layer local stress, σlayer,L, is estimated by relating the layer local strain 

to the known stress-strain response of the layer, Elayer, Figure 7.1ci [69]. The sample local 

strain, εsample,L, defined as the gradient of axial displacement with respect to depth, is calculated 

using weighted least squares linear regression, over a fitting range of 100 µm [70]. Sample 

elasticity, Esample, is estimated at each spatial location in the sample by dividing the 2D local 

stress in the layer by the 3D local strain in the sample, under the assumption that the local 
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stress in the layer acts uniformly with depth [69]. Figure 7.1c(ii), shows an en face quantitative 

micro-elastogram of the stiff inclusion presented in Figure 7.1b(ii). 

 
Figure 7.1. Comparison of optical palpation and QME. (a) Schematic of the loading stages of a sample with a stiff inclusion, 
(i) undeformed, (ii) with preload applied, resulting in a layer preload strain, εlayer,P, and (iii) with actuation applied, resulting 
in local strain in the layer, εlayer,L, and sample, εsample,L. (b) : the layer preload stress, σlayer,P, is estimated by relating the layer 
preload strain to the stress-strain response of the layer, Elayer. (c) QME: the sample elasticity, Esample, is estimated by relating 
the layer local stress, σlayer,L to the sample local strain, εsample,L. 

En face image generation 

Wide-field en face images are generated by mosaicking en face sub-images with an overlap of 

1 mm to ensure accurate alignment can be achieved and to minimize areas of low OCT 

intensity due to coherence gate curvature [77]. Wide-field en face OCT images are generated 

(at a single pixel depth) ~100 µm below the layer-specimen interface. Optical palpograms are 

generated by overlaying stress, with an opacity of 70%, on grayscale OCT images using 

image-processing software (GNU Image Manipulation Program, v2.8.22). Stress is presented 

in false color, on a log scale. Stress values corresponding to regions of non-contact between 

the layer and the specimen are not presented in optical palpograms. Quantitative micro-

elastograms are also generated as overlays on OCT images, however, as the accuracy of 

elasticity is low in regions of low OCT signal-to-noise ratio, such as in adipose tissue, 

elasticity is overlaid in regions of dense tissue only [70]. A custom binary segmentation 

algorithm is used to identify regions of dense tissue and to produce binary masks. Due to the 

complex mechanical structure of the tissue, in some cases, negative elasticity is estimated in 
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QME [77]. As negative elasticity is not physically meaningful, these pixels are also segmented 

from the final image. Elasticity is presented in false color, on a log scale. Quantitative micro-

elastograms are generated by applying the binary mask to elasticity and overlaying, with an 

opacity of 100%, on grayscale OCT images. 

7.2.2.3  Clinical Protocol 

Specimens were obtained from patients undergoing either mastectomy or breast-conserving 

surgery at Fiona Stanley Hospital, Western Australia. Informed consent was obtained from 

patients, and the ethics for this research project have been approved by the South 

Metropolitan Health Service, Western Australia, Human Research Ethics Committee and the 

Fiona Stanley Hospital Human Research Ethics Committee (FSH-2015-032). In this study, 

mastectomy specimens from seven patients and breast-conserving surgery specimens from 

twenty-seven patients were imaged. The inclusion of mastectomy specimens allows 

presentation of en face images in the same plane as scanned digital micrographs of the 

histology slides, thus, providing direct validation of the contrast in optical palpograms. 

Following surgery, specimens were transferred from the operating theater to the anatomical 

pathology laboratory immediately post-operatively. 

Pathology handling of mastectomy specimens 

Mastectomy specimens were serially sectioned following standard protocols at Fiona Stanley 

Hospital. Direct visualization and manual palpation were utilized to identify an area of 

interest. To provide a specimen with suitable dimensions for imaging, this area was excised 

from the mastectomy. Following imaging, the perimeter of the extracted specimen was inked 

to allow subsequent re-approximation of the specimen, which required dissection into 

smaller pieces to fit within cassettes for histopathology processing. The cassettes were fixed 

in 10% neutral-buffered formalin for at least 24 hours. 

Pathology handling of breast-conserving surgery specimens 

Breast-conserving surgery specimens were imaged with no further dissection, to mimic the 

clinical scenario of margin assessment. Two types of breast-conserving surgery specimens 

were imaged, diagnostic open biopsies for benign fibroadenomas and WLE for cancer. As 

the status of the surgical margin of diagnostic open biopsies is not reported, the orientation 

of the specimen was not indicated. In the case of WLE, the orientation of the specimens is 

indicated by the placement of sutures and clips during the surgical procedure, visible in 

Figure 7.3a. During imaging, the orientation of WLE specimens was recorded for later co-

registration of digital micrographs. Following imaging, WLE specimens were inked for 

orientation in histopathology. Both types of breast-conserving surgery specimens were fixed 



7.2 Optical palpation for the visualization of tumour in human breast tissue [76] 129 

 

in 10% neutral-buffered formalin for at least 24 hours. The specimens were then serially 

sectioned, with areas of tumor, close-by margins and other areas of interest sampled and 

placed in cassettes for histopathology processing. 

Histopathological processing 

Cassettes described in the previous sub-sections were processed into paraffin blocks 

according to standard practice. Paraffin blocks were sectioned and stained with hematoxylin 

and eosin. The histology slides were scanned at 40× magnification to generate digital 

micrographs for subsequent analysis by a pathologist. In mastectomy specimens, the digital 

micrographs were manually stitched to enable co-registration with wide-field en face OCT 

images, optical palpograms and, in Figure 7.5, quantitative micro-elastograms. In diagnostic 

open biopsy specimens, the orientation and location of the digital micrographs in relation to 

OCT images and optical palpograms were unknown, and thus the images were compared to 

representative digital micrographs of the specimen. In WLE specimens, the orientation of 

digital micrographs is in the plane orthogonal to en face OCT images and optical palpograms. 

In these cases, as the position of the micrograph relative to the specimen boundaries was 

known, the approximate location of digital micrographs in relation to OCT images and 

optical palpograms was determined and indicated in en face images. 

7.2.3 Results 

In Figure 7.2-7.4, we present OCT images and optical palpograms of human breast 

specimens, freshly excised from patients undergoing mastectomy or breast-conserving 

surgery. To provide a comparison of mechanical contrast in optical palpation and QME, in 

Figure 7.5, we present OCT images, optical palpograms and quantitative micro-elastograms 

of a mastectomy specimen. In Figure 7.6, we present an analysis comparing the stress for 

three tissue types: adipose tissue, uninvolved dense tissue, and invasive tumor. 

Figure 7.2 provides an example of the additional contrast in invasive tumor provided by 

optical palpation compared to OCT alone. The images were acquired from a 59-year-old 

patient undergoing a mastectomy. A photograph of the preloaded specimen, measuring 

~45 × 45 mm, is shown in Figure 7.2a. Analysis of the digital micrographs, 

Figure 7.2b and c, show that the specimen comprised uninvolved stroma (S), invasive tumor 

(T) and adipose tissue (A). Magnified in Figure 7.2c is a region of tissue containing invasive 

tumor, uninvolved stroma, and clusters of adipose cells. Adipose tissue can be identified in 

the wide-field OCT image, Figure 7.2d, by its distinctive honeycomb structure arising from 

spherical hyposcattering fat reservoirs surrounded by hyperscattering cell walls [50]. The 

magnified OCT image, Figure 7.2f, corresponds to the region of magnified histology in 



130 Chapter 7  Optical palpation in breast-conserving surgery 

 

Figure 7.2c. The OCT intensity appears slightly higher in uninvolved stroma, however, the 

contrast between uninvolved stroma and the invasive tumor is subtle. The wide-field optical 

palpogram, Figure 7.2e, shows a region of high stress in the center of the specimen 

corresponding to the bulk of invasive tumor in the specimen. The magnified optical 

palpogram, Figure 7.2g, shows elevated stress, >60 kPa, corresponding to the invasive 

tumor. By contrast, uninvolved stroma shows low stress ranging from 10−15 kPa. The 

results shown in Figure 7.2 demonstrate how mechanical contrast provided by optical 

palpograms complements the contrast provided by OCT alone and aids in delineating 

invasive tumor and uninvolved stroma. 

 
Figure 7.2. Optical palpation of a freshly excised mastectomy specimen containing invasive tumor. (a) Photograph of the 
preloaded specimen. (b) Low magnification histology. (c) High magnification histology. Wide-field en face (d) OCT image 
and (e) optical palpogram. Magnified en face (f) OCT image and (g) optical palpogram. A, Adipose tissue; S, Uninvolved 
stroma; T, Invasive tumor. 

In Figure 7.3 we demonstrate the ability of optical palpation to detect an involved margin 

in a WLE specimen excised from a 64-year-old patient. A photograph of the superior margin 

of the specimen, measuring 70 × 70 mm, is shown in Figure 7.3a. A digital micrograph from 

a section of the superior margin is shown in Figure 7.3b. The digital micrograph is orthogonal 

to the en face OCT image and wide-field optical palpogram, as illustrated in Figure 7.3b. 



7.2 Optical palpation for the visualization of tumour in human breast tissue [76] 131 

 

Histopathological analysis of the digital micrograph revealed invasive tumor (T) within 

300 µm of the margin. This micrograph also shows adipose tissue (A) and uninvolved stroma 

(S). Red dashed lines indicate the approximate location of the digital micrograph in 

Figure 7.3c-f. The wide-field OCT image, Figure 7.3c, shows that the superior margin 

contains a mix of adipose tissue and dense tissue. The magnified OCT image, Figure 7.3e, 

shows heterogeneous intensity, indicative of invasive tumor [167]. In the corresponding 

region of the wide-field optical palpogram, Figure 7.3d, regions with stress greater than 

70 kPa are visible, also indicative of invasive tumor as demonstrated in Figure 7.2. Benign 

stroma and adipose tissue exhibit low stress in the optical palpogram. The magnified optical 

palpogram, Figure 7.3f, shows in detail the region of invasive tumor. An artifact, in an area 

where the specimen surface topology prevented contact between the specimen and layer, is 

visible in the en face images (L). The high stress in the optical palpogram more clearly 

delineates the tumor from the surrounding dense tissue than the heterogeneous intensity in 

the OCT image. 

 
Figure 7.3. Optical palpation of WLE specimen with a margin involved by invasive tumor. (a) Photograph of the specimen. 
(b) Histology. Wide-field en face (c) OCT image and (d) optical palpogram. Magnified en face (e) OCT image and (f) optical 
palpogram. A, Adipose tissue; L, Layer artifact; S, Stroma; T, Invasive tumor. The direction of OCT beam indicated by 
black arrows in (b). Digital micrograph in the plane orthogonal to en face images, the approximate location indicated by the 
red dashed line in (c)-(f). 
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In Figure 7.4, we present an optical palpogram demonstrating that low, homogeneous 

stress is indicative of benign dense tissue. The images were acquired from the open diagnostic 

biopsy of a benign fibroadenoma excised from a 29-year-old patient. A photograph of the 

specimen, measuring ~30 × 25 mm, is presented in Figure 7.4a. Representative histology of 

this specimen is presented in Figure 7.4b, as the orientation of diagnostic open biopsies is 

not reported. Analysis of the digital micrograph identified a well-circumscribed benign 

fibroadenoma (FA) composed of compressed and elongated ducts within dense fibrous 

stroma with surrounding adipose tissue (A). Figure 7.4c, we present the wide-field OCT 

image of the benign fibroadenoma, which appears as a solid region of highly scattering, dense 

tissue. In the magnified OCT image, Figure 7.4e, we see hyperscattering luminal and tubular 

structures with highly scattering interiors, indicative of ducts involved by DCIS. However, 

the low homogeneous stress, 5−10 kPa, in the wide-field optical palpogram, Figure 7.4d, 

indicates that this specimen comprises uninvolved dense tissue, consistent with Figure 7.2. 

The magnified optical palpogram, Figure 7.4f, shows subtle changes in stress, corresponding 

to variations in elasticity within the fibroadenoma. An artifact (L), caused by the layer sticking 

to the imaging window as the specimen was positioned, is visible in wide-field en face images, 

Figure 7.4c and d. 
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Figure 7.4. Optical palpation of a benign fibroadenoma excised during breast-conserving surgery. (a) Photograph of the 
specimen. (b) Representative histology. Wide-field en face (c) OCT image and (d) optical palpogram. Magnified en face (e) 
OCT image and (f) optical palpogram. A, Adipose tissue; FA, Benign fibroadenoma; L, Layer artifact. 

In Figure 7.5, a comparison of the mechanical contrast provided by optical palpograms 

and quantitative micro-elastograms is provided. The images were acquired from tumor 

excised from a 77-year-old patient undergoing a mastectomy. A photograph of the scanned 

region of the specimen, measuring 40 × 30 mm, is shown in Figure 7.5a. Three digital 

micrographs were manually stitched and are shown in Figure 7.5b. The specimen contains 

numerous ducts involved by DCIS (D) and small regions of adipose tissue (A). In Figure 7.5c, 

we present magnified histology of a region of tissue comprising ducts involved by DCIS 

containing focal calcifications (FC). The wide-field OCT image, Figure 7.5d, shows a central 

region of dense tissue and small regions of adipose tissue. In the magnified OCT image, 

Figure 7.5g, luminal structures of ducts with hyposcattering interiors are visible. However, it 

is ambiguous if the ducts are benign or involved by DCIS [165]. The wide-field optical 

palpogram, Figure 7.5e, shows a central region of high stress corresponding to DCIS. The 

magnified optical palpogram, Figure 7.5h, shows higher stress resulting from the stiff 

calcifications, demonstrating the potential for optical palpation to identify ducts involved by 

high-grade DCIS with focal calcifications. The wide-field quantitative micro-elastogram, 

Figure 7.5f, shows high elasticity in the center of the specimen corresponding to DCIS. 
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Comparison of the magnified optical palpogram, Figure 7.5h, and quantitative micro-

elastogram, Figure 7.5i, demonstrates the corresponding mechanical contrast provided by 

optical palpation and QME, respectively. At this magnified scale, it is apparent that 

quantitative micro-elastograms provide a higher mechanical resolution (For additional 

information, please refer to the supporting information in Section 7.2.6). This is visible in 

features exhibiting a sharper change in measured mechanical properties, such as duct walls 

(W), which are more readily identified by patterns in quantitative micro-elastograms than in 

optical palpograms, in which the duct walls are primarily delineated by OCT contrast. In 

Figure 7.5i, the elasticity in some regions is masked due to negative elasticity. However, the 

optical palpogram, Figure 7.5h, shows mechanical contrast in this region. 

 
Figure 7.5. Comparison of OCT, optical palpation and QME of a freshly excised mastectomy specimen containing high-
grade DCIS. (a) Photograph of specimen excised from a mastectomy. (b) Low magnification histology. (c) High 
magnification histology. Wide-field en face (d) OCT image, (e) optical palpogram and (f) quantitative micro-elastogram. 
Magnified en face (g) OCT image, (h) optical palpogram and (i) quantitative micro-elastogram. A, Adipose tissue; D, DCIS; 
FC, Focal calcifications; W, Duct walls. 

Figure 7.6 presents a comparison of the stress across three tissue types in a larger subset 

of specimens than presented in Figure 7.2-7.5. Due to the surface topology of some 

specimens, sufficient contact was achieved with a preload strain outside the target 1525% 

range. As the stress estimated is dependent on the preload, to reduce the influence of a 
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variable preload in this analysis, only specimens with a preload strain between 1525% were 

included for this analysis (n = 19). For each specimen, a minimum of one region (1 mm2) 

was selected and the average stress recorded. Selected regions contained either adipose tissue, 

uninvolved dense tissue or invasive tumor (within 2 mm of the margin). In specimens 

containing invasive tumor (n = 6), up to three non-overlapping regions were selected. The 

total number of regions of adipose tissue and uninvolved dense tissue was limited to match 

the number of invasive tumor regions (n = 16). The median (interquartile range) stress for 

adipose tissue, uninvolved dense tissue, and invasive tumor are 4 kPa (3−5 kPa), 8 kPa 

(6−12 kPa) and 60 kPa (25−68 kPa), respectively. Stress is not significantly different between 

adipose tissue and uninvolved dense tissue (n = 16; p = 0.15; Welch’s t-test). However, the 

stress is significantly higher for invasive tumor in comparison to both adipose tissue (n = 16; 

p = 1.7e-6; Welch’s t-test) and uninvolved dense tissue (n = 16; p = 4.1e-5; Welch’s t-test). 

 
Figure 7.6. Mean stress for adipose tissue, uninvolved dense tissue and invasive tumor, represented as box plots, showing 
the statistically significant higher stress for invasive tumor in comparison to adipose tissue and uninvolved dense tissue 
(***p <0.001). The horizontal red line indicates the median. The blue box indicates the interquartile range. The whiskers 
represent the range of measurements within the 1.5× interquartile range. The red addition sign represents outliers. The solid 
black circles represent the mean. 

7.2.4 Discussion 

In this paper, we have demonstrated that optical palpation can visualize tumor by mapping 

stress at the surface of freshly excised human breast tissue under compression. We have 

presented optical palpograms of four specimens, chosen from the thirty-four specimens 
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imaged, to provide representative contrast in a range of tissue types. These representative 

results demonstrate that optical palpograms complement OCT by providing additional 

contrast based on the mechanical properties of tissue. This feasibility study represents an 

important step towards clinical translation of optical palpation for tumor margin assessment. 

The methods described here could provide the basis for larger clinical studies to determine 

the diagnostic accuracy of optical palpation for tumor margin assessment. Such studies would 

enable a better understanding of other factors that may affect the mechanical properties of 

tissue, for example, breast density or patient age, which were beyond the scope of this current 

feasibility study. 

Statistical analysis performed in this study has shown that tumor exhibits median stress 

of 60 kPa, higher than that of adipose and stroma, in cases when the preload was controlled 

between 1525%. The elevated stress, which is sensitive to the underlying elasticity of 

features in tissue, measured for invasive tumor in this study is consistent with QME studies; 

where it was shown that invasive tumor exhibits elevated elasticity in comparison to benign 

dense tissue [69, 77]. Stress is a qualitative measurement; therefore, the measured stress in 

the layer is proportional to the preload applied. Furthermore, as breast tissue is a hyperelastic 

material, the stress-strain relationship is non-linear. Therefore, the rate of change of stress 

will increase at higher preloads. However, in situations where the preload strain cannot be 

readily controlled, for example in an in vivo setting, the relative contrast between the stresses 

of features in optical palpograms can also be considered when interpreting optical 

palpograms. 

There are some potential advantages of optical palpation over QME for tumor margin 

assessment. Optical palpation requires a less-complex imaging system, as there is no actuator 

synchronized to the OCT system. Instead, to generate mechanical contrast, optical palpation 

relies only on the contact force provided by preload. Consequently, optical palpation may be 

more practical to translate into a form factor suitable for in vivo imaging of the breast cavity 

[73, 306]. Optical palpation may also prove more robust in generating mechanical contrast 

in highly scattering tissue, such as blood. Unlike QME, optical palpation does not rely on 

scattering from within the specimen to generate mechanical contrast; it requires only a 

measurement of the compliant layer thickness. 

Additionally, as optical palpation does not require high OCT sensitivity to detect the 

layer-specimen interface, and it does not require phase-sensitive detection, it is well suited to 

low-cost OCT systems, a further advantage for clinical translation. Optical palpation 

measurements also have the potential to be acquired in less time than QME measurements 

as it is not necessary to acquire pairs of B-scans in each. Finally, we anticipate that by 

mimicking the sense of touch, a tool that surgeons routinely use to assess tissue, optical 
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palpation may provide images that can prove more intuitive to interpret than other forms of 

intraoperative imaging. However, the significant advantages of QME over optical palpation 

are the quantification of elasticity [69], the ability to perform depth sectioning of mechanical 

contrast, up to ~1 mm [77], and higher spatial resolution (which is discussed in the 

supporting information in Section 7.2.6). 

In addition to the underlying elasticity of features in tissue, the surface stress is further 

sensitive to the size and depth of these features. To maximize the diagnostic accuracy of 

optical palpation in margin assessment, it is important to avoid erroneously identifying high 

stress caused by a stiff feature far below the surface as tumor at the surgical margin. An 

advantage of optical palpation in this regard is that 3D-OCT images are also generated of 

the tissue micro-architecture. Presenting optical palpograms as semi-transparent overlays on 

en face OCT images aids in the interpretation of mechanical contrast and helps to avoid such 

erroneous interpretation of optical palpograms. In addition, we expect that optical 

palpograms from deep stiff features will manifest differently to those from shallow stiff 

features. In the case of a feature far from the margin, we would expect to see a gradual spatial 

increase in stress compared to a sharper increase in stress for stiff features near the surface. 

Other tactile imaging techniques have proposed inverse and semi-empirical methods to 

generate 3D images [297, 298]. These methods could be translated to optical palpation to 

provide depth-resolved mechanical contrast. 

Extension of computational optical palpation to the results presented here has the 

potential to more accurately characterize the stress field in the layer [308]. Such methods 

would enable us to remove the need for the assumptions that the stress field within the layer 

is uniform and uniaxial, and the interface friction is low; this would result in a significant 

increase in resolution of optical palpograms [308]. Preliminary work indicated that additional 

development is required to perform computational optical palpation over the field-of-views 

presented in the current study, due to discontinuities in the measured layer thickness. Such 

discontinuities arise from performing the edge detection across wide fields-of-view on 

uneven surfaces and the mosaicking of sub-images. These discontinuities could be overcome 

by employing edge detection methods that impose local continuity, such as active contours, 

or by using softer contact models in the finite element method. Proposed computation 

methods could also be incorporated to better characterize the stress field in mechanically 

heterogeneous tissue for QME measurements by developing iterative solutions to the inverse 

elasticity problem [261]. However, the relative contrast between uninvolved stroma and 

tumor demonstrated in this feasibility study indicate that the algebraic method of determining 

stress, used here, provides sufficient resolution and contrast for tumor margin assessment. 
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7.2.5 Conclusion 

We have demonstrated the ability of optical palpation to visualize tumor in freshly excised 

human breast tissue. The optical palpograms presented here have demonstrated increased 

contrast over OCT alone in benign dense tissue, high-grade in situ tumor and invasive tumor. 

We have presented images indicating the suitability of optical palpation to detect an involved 

margin in a clinically relevant WLE specimen. We have also demonstrated the corresponding 

mechanical contrast in optical palpograms and quantitative micro-elastograms. We have 

performed analysis across three tissue types, comparing the median stress for adipose tissue, 

4 kPa, benign dense tissue, 8 kPa and invasive tumor, 60 kPa. Optical palpation provides a 

number of advantages over QME that may aid in the clinical translation of the technique, 

including providing a less-complex and more cost-efficient imaging system and mapping a 

parameter that more closely mimics manual palpation. This feasibility study has 

demonstrated the potential for optical palpation in the visualization of tumor and represents 

an important step towards clinical translation of optical palpation for tumor margin 

assessment. 
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7.2.6 Supporting information for Section 7.2 

 
Figure 7.7. Experimental setup for optical palpation and QME. (a) Photograph of the wide-field probe. (b) Schematic of a 
loaded sample. 

Spatial resolution in optical palpation and quantitative micro-elastography. 

The spatial resolution of both optical palpation and QME is influenced by the OCT system, 

signal processing and the mechanics of the specimen and layer. Here, we define spatial 

resolution as the spatial response arising from a step change in mechanical properties, of 

stress and elasticity, for optical palpation and QME, respectively. To estimate resolution, 

imaging was performed on a tissue mimicking phantom comprising a stiff inclusion, 

measuring ~1 × 1 × 0.5 mm, embedded ~120 µm below the surface of a soft matrix [269]. 

The measured full width at half maximum resolutions for this phantom are 243 µm and 

92 µm for stress and elasticity, respectively. 

The difference in resolution arises from a combination of mechanical coupling in the 

layer (i.e., where the deformation of one part of a material influences the deformation in the 
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nearby regions) and the difference in signal processing between optical palpation and QME. 

In the signal processing of optical palpation, a Canny-based edge detection algorithm is used 

to detect the layer-specimen interface [72, 309]. Due to the presence of artifacts in OCT 

images, smoothing is performed on the detected edge using a Hampel-based median filter to 

remove outliers. However, as the stress is calculated directly from the detected layer 

thickness, the smoothing also degrades the resolution. By comparison, while QME also 

utilizes the same signal processing to determine the layer-specimen interface, the local strain 

in the layer is used to calculate the local stress and, subsequently, elasticity. The local strain 

in the layer is calculated from the local changes in phase at the layer-specimen interface, 

measured at the underlying resolution of OCT [69]. Therefore, the smoothing has minimal 

effect on elasticity resolution. 

7.2.7 References for Section 7.2 

6. M. Morrow, E. A. Strom, L. W. Bassett, D. D. Dershaw, B. Fowble, A. Giuliano, J. 
R. Harris, F. O'Malley, S. J. Schnitt, and S. E. Singletary, "Standard for breast 
conservation therapy in the management of invasive breast carcinoma," CA: A 
Cancer Journal for Clinicians, 2002. 52(5): 277-300. 

7. D. T. Butcher, T. Alliston, and V. M. Weaver, "A tense situation: Forcing tumour 
progression," Nature Reviews: Cancer, 2009. 9(2): 108-122. 

9. R. G. Pleijhuis, M. Graafland, J. De Vries, J. Bart, J. S. De Jong, and G. M. Van Dam, 
"Obtaining adequate surgical margins in breast-conserving therapy for patients with 
early-stage breast cancer: Current modalities and future directions," Annals of 
Surgical Oncology, 2009. 16(10): 2717-2730. 

22. H. Ballal, D. B. Taylor, A. G. Bourke, B. Latham, and C. M. Saunders, "Predictors of 
re-excision in wire-guided wide local excision for early breast cancer: A Western 
Australian multi-centre experience," ANZ Journal of Surgery, 2015. 85(7-8): 540-545. 

23. R. Jeevan, D. A. Cromwell, M. Trivella, G. Lawrence, O. Kearins, J. Pereira, C. 
Sheppard, C. M. Caddy, and J. H. P. Van Der Meulen, "Reoperation rates after breast 
conserving surgery for breast cancer among women in England: Retrospective study 
of hospital episode statistics," BMJ, 2012. 345: e4505. 

24. E. D. Kurniawan, M. H. Wong, I. Windle, A. Rose, A. Mou, M. Buchanan, J. P. 
Collins, J. A. Miller, R. L. Gruen, and G. B. Mann, "Predictors of surgical margin 
status in breast-conserving surgery within a breast screening program," Annals of 
Surgical Oncology, 2008. 15(9): 2542-2549. 

25. B. J. Adams, C. K. Zoon, C. Stevenson, P. Chitnavis, L. Wolfe, and H. D. Bear, "The 
role of margin status and reexcision in local recurrence following breast conservation 
surgery," Annals of Surgical Oncology, 2013. 20(7): 2250-2255. 

26. J. K. Harness, A. E. Giuliano, B. A. Pockaj, and E. Downs-Kelly, "Margins: A status 
report from the annual meeting of the American society of breast surgeons," Annals 
of Surgical Oncology, 2014. 21(10): 3192-3197. 



7.2 Optical palpation for the visualization of tumour in human breast tissue [76] 141 

 

27. L. Jacobs, "Positive margins: The challenge continues for breast surgeons," Annals of 
Surgical Oncology, 2008. 15(5): 1271-1272. 

28. M. Bakhshandeh, S. O. Tutuncuoglu, G. Fischer, and S. Masood, "Use of imprint 
cytology for assessment of surgical margins in lumpectomy specimens of breast 
cancer patients," Diagnostic Cytopathology, 2007. 35(10): 656-659. 

29. K. Esbona, Z. Li, and L. G. Wilke, "Intraoperative imprint cytology and frozen 
section pathology for margin assessment in breast conservation surgery: A systematic 
review," Annals of Surgical Oncology, 2012. 19(10): 3236-3245. 

30. T. Olson, J. Harter, A. Munoz, D. Mahvi, and T. Breslin, "Frozen section analysis for 
intraoperative margin assessment during breast-conserving surgery results in low 
rates of re-excision and local recurrence," Annals of Surgical Oncology, 2007. 14(10): 
2953-2960. 

31. R. A. Graham, M. J. Homer, C. J. Sigler, H. Safaii, C. H. Schmid, D. Marchant, and 
T. Smith, "The efficacy of specimen radiography in evaluating the surgical margins of 
impalpable breast carcinoma," American Journal of Roentgenology, 1994. 162(1): 33-
36. 

32. N. Cabioglu, K. K. Hunt, A. A. Sahin, H. M. Kuerer, G. V. Babiera, S. E. Singletary, 
G. J. Whitman, M. I. Ross, F. C. Ames, and B. W. Feig, "Role for intraoperative 
margin assessment in patients undergoing breast-conserving surgery," Annals of 
Surgical Oncology, 2007. 14(4): 1458-1471. 

50. L. Scolaro, R. A. Mclaughlin, B. F. Kennedy, C. M. Saunders, and D. D. Sampson, 
"A review of optical coherence tomography in breast cancer," Photonics & Lasers in 
Medicine, 2014. 3(3): 225-240. 

69. K. M. Kennedy, L. Chin, R. A. Mclaughlin, B. Latham, C. M. Saunders, D. D. 
Sampson, and B. F. Kennedy, "Quantitative micro-elastography: Imaging of tissue 
elasticity using compression optical coherence elastography," Scientific Reports, 
2015. 5: 15538. 

70. B. F. Kennedy, S. H. Koh, R. A. Mclaughlin, K. M. Kennedy, P. R. T. Munro, and D. 
D. Sampson, "Strain estimation in phase-sensitive optical coherence elastography," 
Biomedical Optics Express, 2012. 3(8): 1865-1879. 

72. K. M. Kennedy, S. Es’haghian, L. Chin, R. A. Mclaughlin, D. D. Sampson, and B. F. 
Kennedy, "Optical palpation: Optical coherence tomography-based tactile imaging 
using a compliant sensor," Optics Letters, 2014. 39(10): 3014-3017. 

73. S. Es’haghian, K. M. Kennedy, P. Gong, Q. Li, L. Chin, P. Wijesinghe, D. D. 
Sampson, R. A. Mclaughlin, and B. F. Kennedy, "In vivo volumetric quantitative 
micro-elastography of human skin," Biomedical Optics Express, 2017. 8(5): 2458-
2471. 

76. W. M. Allen, P. Wijesinghe, B. F. Dessauvagie, B. Latham, C. M. Saunders, and B. F. 
Kennedy, "Optical palpation for the visualization of tumor in human breast tissue," 
Journal of Biophotonics, 2018: e201800180. 

77. W. M. Allen, K. M. Kennedy, Q. Fang, L. Chin, A. Curatolo, L. Watts, R. Zilkens, S. 
L. Chin, B. F. Dessauvagie, B. Latham, C. M. Saunders, and B. F. Kennedy, "Wide-



142 Chapter 7  Optical palpation in breast-conserving surgery 

 

field quantitative micro-elastography of human breast tissue," Biomedical Optics 
Express, 2018. 9(3): 1082-1096. 

165. C. Zhou, D. W. Cohen, Y. Wang, H.-C. Lee, A. E. Mondelblatt, T.-H. Tsai, A. D. 
Aguirre, J. G. Fujimoto, and J. L. Connolly, "Integrated optical coherence 
tomography and microscopy for ex vivo multiscale evaluation of human breast 
tissues," Cancer Research, 2010. 70(24): 10071-10079. 

167. F. T. Nguyen, A. M. Zysk, E. J. Chaney, J. G. Kotynek, U. J. Oliphant, F. J. 
Bellafiore, K. M. Rowland, P. A. Johnson, and S. A. Boppart, "Intraoperative 
evaluation of breast tumor margins with optical coherence tomography," Cancer 
Research, 2009. 69(22): 8790-8796. 

261. L. Dong, P. Wijesinghe, J. T. Dantuono, D. D. Sampson, P. R. Munro, B. F. 
Kennedy, and A. A. Oberai, "Quantitative compression optical coherence 
elastography as an inverse elasticity problem," IEEE Journal of Selected Topics in 
Quantum Electronics, 2016. 22(3): 277-287. 

263. L. F. Smith, I. T. Rubio, R. Henry-Tillman, S. Korourian, and V. S. Klimberg, 
"Intraoperative ultrasound-guided breast biopsy," The American journal of surgery, 
2000. 180(6): 419-423. 

269. G. Lamouche, B. F. Kennedy, K. M. Kennedy, C.-E. Bisaillon, A. Curatolo, G. 
Campbell, V. Pazos, and D. D. Sampson, "Review of tissue simulating phantoms 
with controllable optical, mechanical and structural properties for use in optical 
coherence tomography," Biomedical Optics Express, 2012. 3(6): 1381-1398. 

290. S. T. Philipp, T. Kalisch, T. Wachtler, and H. R. Dinse, "Enhanced tactile acuity 
through mental states," Scientific Reports, 2015. 5: 13549. 

291. L. S. Bickley, P. G. Szilagyi, and B. Bates, "Bates' guide to physical examination and 
history taking," 10th ed. 2009, Philadelphia: Wolters Kluwer Health/Lippincott 
Williams & Wilkins. 

292. A. C. Grant, R. Fernandez, P. Shilian, E. Yanni, and M. A. Hill, "Tactile spatial acuity 
differs between fingers: A study comparing two testing paradigms," Attention, 
Perception, & Psychophysics, 2006. 68(8): 1359-1362. 

293. R. W. Van Boven, R. H. Hamilton, T. Kauffman, J. P. Keenan, and A. Pascual–
Leone, "Tactile spatial resolution in blind braille readers," Neurology, 2000. 54(12): 
2230-2236. 

294. R. W. Van Boven and K. O. Johnson, "The limit of tactile spatial resolution in 
humans grating orientation discrimination at the lip, tongue, and finger," Neurology, 
1994. 44(12): 2361-2366. 

295. L. Skedung, M. Arvidsson, J. Y. Chung, C. M. Stafford, B. Berglund, and M. W. 
Rutland, "Feeling small: Exploring the tactile perception limits," Scientific Reports, 
2013. 3: 2617. 

296. J. A. Woods, L. F. Leslie, D. B. Drake, and R. F. Edlich, "Effect of puncture resistant 
surgical gloves, finger guards, and glove liners on cutaneous sensibility and surgical 
psychomotor skills," Journal of Biomedical Materials Research, 1996. 33(1): 47-51. 



7.2 Optical palpation for the visualization of tumour in human breast tissue [76] 143 

 

297. P. S. Wellman, R. D. Howe, N. Dewagan, M. A. Cundari, E. Dalton, and K. A. Kern. 
"Tactile imaging: A method for documenting breast masses." in Proceedings of the First 
Joint BMES/EMBS Conference. 1999. IEEE. 

298. V. Egorov and A. P. Sarvazyan, "Mechanical imaging of the breast," IEEE 
Transactions on Medical Imaging, 2008. 27(9): 1275-1287. 

299. R. Surapaneni, Q. Guo, Y. Xie, D. J. Young, and C. H. Mastrangelo, "A three-axis 
high-resolution capacitive tactile imager system based on floating comb electrodes," 
Journal of Micromechanics and Microengineering, 2013. 23(7): 075004. 

300. V. Egorov, S. Ayrapetyan, and A. P. Sarvazyan, "Prostate mechanical imaging: 3D 
image composition and feature calculations," IEEE Transactions on Medical 
Imaging, 2006. 25(10): 1329-1340. 

301. V. Egorov, H. Van Raalte, and A. P. Sarvazyan, "Vaginal tactile imaging," IEEE 
Transactions on Biomedical Engineering, 2010. 57(7): 1736-1744. 

302. M. I. Tiwana, S. J. Redmond, and N. H. Lovell, "A review of tactile sensing 
technologies with applications in biomedical engineering," Sensors and Actuators A: 
Physical, 2012. 179: 17-31. 

303. C. Pan, L. Dong, G. Zhu, S. Niu, R. Yu, Q. Yang, Y. Liu, and Z. L. Wang, "High-
resolution electroluminescent imaging of pressure distribution using a piezoelectric 
nanowire led array," Nature Photonics, 2013. 7(9): 752-758. 

304. A. Sahu, F. Saleheen, V. Oleksyuk, C. McGoverin, N. Pleshko, A. H. H. N. Torbati, 
J. Picone, K. Sorenmo, and C.-H. Won, "Characterization of mammary tumors using 
noninvasive tactile and hyperspectral sensors," IEEE Sensors Journal, 2014. 14(10): 
3337-3344. 

305. J.-H. Lee, Y. N. Kim, and H.-J. Park, "Bio-optics based sensation imaging for breast 
tumor detection using tissue characterization," Sensors, 2015. 15(3): 6306-6323. 

306. S. Es’haghian, K. M. Kennedy, P. Gong, D. D. Sampson, R. A. Mclaughlin, and B. F. 
Kennedy, "Optical palpation in vivo: Imaging human skin lesions using mechanical 
contrast," Journal of Biomedical Optics, 2015. 20(1): 016013. 

307. C. Gentle, "Mammobarography: A possible method of mass breast screening," 
Medical Engineering and Physics, 1988. 10(2): 124-126. 

308. P. Wijesinghe, D. D. Sampson, and B. F. Kennedy, "Computational optical 
palpation: A finite-element approach to micro-scale tactile imaging using a compliant 
sensor," Journal of The Royal Society Interface, 2017. 14(128): 20160878. 

309. J. Canny, "A computational approach to edge detection," IEEE Transactions on 
Pattern Analysis and Machine Intelligence, 1986. PAMI-8(6): 679-698. 

  



 

 144 

Chapter 8 

Increasing contrast across a range of 
tumours through quantitative micro-
elastography 
8  

8.1 Preface 

The previous chapter demonstrated the ability of optical palpation to visualise invasive 

tumour, including one case of an involved margin in a WLE specimen, and high-grade DCIS 

with calcifications. There are some advantages to optical palpation which make the technique 

suitable for clinical translation, discussed in Section 7.2.4, and the statistical analysis 

performed suggests that, if the preload strain is controlled, the values of stress measured in 

tumour is statically significantly higher than that measured in adipose tissue or uninvolved 

stroma. Limitations to optical palpation, however, are that the stress measured is a surface 

measurement. Therefore, depth-resolved mechanical contrast is not provided, the 

mechanical resolution of surface stress is lower than that of elasticity provided by QME, and 

the stress estimated is proportional to the preload applied. 

In this chapter, QME is investigated as a potential solution to overcome many of these 

limitations. QME combines stress and strain measurements to quantify tissue elasticity. 

While QME does typically require longer acquisition times and a more complex imaging 

system than optical palpation, the advantages of depth-resolved mechanical information, 

higher mechanical resolution (described in Section 7.2.6), and quantification of elasticity may 

outweigh these disadvantages. It is anticipated that QME will maximise the contrast between 

tumour and dense tissue compared to OCME and optical palpation, which is an essential 

factor in designing an effective tumour margin assessment technique. In Section 8.2, a wide-

field QME feasibility study is performed on mastectomy tissue, demonstrating the potential 

to visualise a range of invasive and in situ tumour. 



8.2 Wide-field quantitative micro-elastography of human breast tissue [77] 145 

 

8.2 Wide-field quantitative micro-elastography of  human 
breast tissue [77] 

Wes M. Allen,1, 2 Kelsey M Kennedy, 1, 2 Qi Fang1, 2 Lixin Chin,1, 2 Andrea Curatolo,1, 2 

Lucinda Watts,1, 3 Renate Zilkens1, 3 Synn Lynn Chin,4 Benjamin F. Dessauvagie,5, 6 

Bruce Latham,5 Christobel M. Saunders,3, 4, 7 and Brendan F. Kennedy1, 2 

Biomedical Optics Express, 9(3), p. 1082-1096, 2018. 

Abstract: Currently, 20-30% of patients undergoing breast-conserving surgery require a second 
surgery due to insufficient surgical margins in the initial procedure. We have developed a 
wide-field QME system for the assessment of tumor margins. In this technique, we map 
tissue elasticity over a field-of-view of ~46 × 46 mm. We performed wide-field QME on 
thirteen specimens of freshly excised tissue acquired from patients undergoing mastectomy. 
We present wide-field OCT images, qualitative (strain) micro-elastograms and quantitative 
(elasticity) micro-elastograms, acquired in 10 minutes. We demonstrate that wide-field 
QME can extend the range of tumors visible using OCT-based elastography by providing 
contrast not present in either OCT or qualitative micro-elastography and, in addition, can 
reduce imaging artifacts caused by a lack of contact between tissue and the imaging window. 
Also, we describe how the combined evaluation of OCT, qualitative micro-elastograms and 
quantitative micro-elastograms can improve the visualization of tumor. 
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OCIS codes: (110.4500) Optical coherence tomography; (170.0170) Medical optics and biotechnology. 

8.2.1 Introduction 

Breast cancer has the second highest mortality rate of cancers in females [310]. In the USA, 

breast-conserving surgery accounts for ~58% of surgeries in patients diagnosed with early-

stage breast cancer [117]. If post-operative histological assessment identifies tumor near the 

edge of the excised tissue (the surgical margin), the patient will often undergo a re-excision 

surgery to reduce the risk of recurrence. Currently, 20-30% of patients undergo re-excision 

due to tumor found within the surgical margin [22-25]. To reduce the number of re-excisions, 

there is a need for intraoperative margin assessment tools. A range of techniques have been 

proposed, including frozen section histology, imprint cytology and intraoperative specimen 

radiography, but these techniques have not significantly reduced re-excision rates [32]. 

                                                 
1 BRITElab, Harry Perkins Institute of Medical Research, QEII Medical Centre, Nedlands and Centre for Medical Research, The 
University of Western Australia, Perth, Western Australia, 6009, Australia. 

2 Department of Electrical, Electronic & Computer Engineering, School of Engineering, The University of Western Australia, 35 Stirling 
Highway, Perth, Western Australia, 6009, Australia. 

3 School of Surgery, The University of Western Australia, 35 Stirling Highway, Perth, Western Australia, 6009, Australia. 

4 Breast Centre, Fiona Stanley Hospital, 11 Robin Warren Drive, Murdoch, Western Australia, 6150, Australia. 

5 PathWest, Fiona Stanley Hospital, 11 Robin Warren Drive, Murdoch, Western Australia, 6150, Australia. 

6 School of Pathology and Laboratory Medicine, The University of Western Australia, 35 Stirling Highway, Perth, Western Australia, 
6009, Australia. 

7 Breast Clinic, Royal Perth Hospital, 197 Wellington Street, Perth, Western Australia, 6000, Australia. 

https://doi.org/10.1364/OA_License_v1


146 Chapter 8  Increasing contrast across a range of tumours through quantitative micro-
elastography 

 

More recently, a number of novel approaches for margin assessment have been 

proposed, including mass spectrometry [209]. The handheld pen-like device identifies tumor 

by its unique molecular profile. However, this technique is a surface measurement with the 

spatial resolution for each measurement limited by the smallest pen tip diameter: 1.5 mm 

[209]. A number of optical methods have also been proposed for tumor margin assessment 

in breast-conserving surgery [165, 167, 171, 192, 275, 276, 311-313]. Of these, OCT has 

shown great promise due to its unique combination of high spatial resolution, high imaging 

speed and an imaging depth, 1-2 mm, that is well-suited to margin assessment [50, 167]. In 

addition, OCT, in common with many optical methods, can readily be implemented in small 

form factor probes, making it well-suited for use in operating theaters [168]. A main 

drawback, in some instances, is that OCT has low contrast between tumor and uninvolved 

dense stromal tissue, making it potentially challenging to accurately assess margin status 

[165]. 

To increase contrast in dense tissues, we are developing OCT-based elastography 

techniques that utilize variations in mechanical properties between healthy and diseased 

tissue to improve the visualization of tumor [55, 56, 64]. One qualitative approach, OCME 

maps the local axial strain, at each lateral (x, y) and axial (z) position, in response to a 

compressive load imparted to the tissue. A clinical feasibility study of 58 specimens 

demonstrated that images of local strain (qualitative micro-elastograms) can enhance contrast 

between uninvolved dense tissue and tumor, in comparison to OCT images alone [66]. We 

have recently described a wide-field imaging capability to extend the field-of-view of OCME, 

enabling an entire margin surface of a typical specimen excised during breast-conserving 

surgery to be viewed in one en face image [74]. Recent improvements to both the imaging 

system and the associated clinical scanning protocols, detailed in this study, allow us to 

acquire wide-field data volumes (46 × 46 × 3.5 mm) in 10 minutes. 

Whilst wide-field OCME represents an important development, there are a number of 

obstacles that must be overcome before this technology can be translated to clinical use. For 

example, a primary mechanism by which OCME identifies regions of invasive tumor is by 

heterogeneous patterns in qualitative micro-elastograms. In these cases, strain heterogeneity 

often arises from localized changes in the mechanical properties between nests of tumor cells 

and surrounding immature fibrous connective tissue (desmoplastic stroma) [66]. However, 

this characteristic intermingling of tumor cells with desmoplastic stroma represents only one 

micro-architectural pattern in malignant tissue. For example, we have also identified cases in 

which invasive tumor exhibits homogeneous strain. Histopathological analysis of these cases 

has identified highly cellular tumors with little intervening stroma. To increase the clinical 

utility of wide-field OCT-based elastography, improved mechanical contrast is needed across 
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a broader range of micro-architectural patterns characteristic of both invasive and in situ 

tumor. Another factor that can reduce contrast of tumor is the presence of artifacts in 

qualitative micro-elastograms. One such artifact arises when the specimen does not fully 

contact the imaging window used to impart deformation to the specimen. As described 

previously, micro- to milli-scale non-contact can cause tissue to deform in the opposite 

direction to the applied load [66]. This can result in strain heterogeneity with similar spatial 

frequency to invasive tumor. In a clinical setting, this heterogeneity could cause a reader to 

misinterpret a qualitative micro-elastogram, thereby potentially reducing diagnostic accuracy. 

In this study, we propose wide-field QME (QME). We demonstrate improved 

visualization of malignant tissue by providing additional contrast, based on tissue elasticity, 

that complements the contrast provided by OCT and strain, and additionally, removes many 

of the artifacts present in OCME. The principle of QME has been described previously [69]. 

To perform QME, a translucent, compliant silicone layer with well-characterized mechanical 

properties is placed between the imaging window and the specimen, and OCT is used to 

estimate the axial stress at the layer-specimen interface [72]. Tissue elasticity is then estimated 

by dividing the axial stress (at each lateral position at the surface of the specimen) by the 

local axial strain (at each lateral and axial position in the OCT field-of-view) [69]. 

Here, we extend the field-of-view of QME to ~46 × 46 mm, allowing us to generate 

elasticity maps across the entire face of a typical specimen excised during breast-conserving 

surgery. We perform wide-field QME on thirteen freshly excised tissue specimens acquired 

from patients undergoing mastectomy. We demonstrate, through comparison with co-

registered histology, the improved ability of QME to detect regions of highly cellular invasive 

tumor based on elevated elasticity. We highlight that by more readily conforming to the tissue 

surface, the compliant layer reduces heterogeneous strain arising from regions of micro- to 

milli-scale non-contact. In addition, by conforming to the surface, the layer increases overall 

contact area, allowing for more complete assessment of the margin. Together, these results 

demonstrate that quantitative micro-elastograms, used in conjunction with OCT images and 

qualitative micro-elastograms, have the potential to improve the visualization of tumor in a 

broader range of breast cancers. 

8.2.2 Methods 

8.2.2.1  Wide-field imaging system 

Our wide-field QME imaging system, shown in Figure 8.1a and b, comprises three main 

elements: the OCT system, the loading mechanism and the wide-field translation stages. The 

OCT system is based on a Telesto II spectral-domain OCT system (TEL220C1, Thorlabs). 
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It uses a superluminescent diode light source with a central wavelength of 1300 nm and a 

bandwidth of 200 nm. The measured (full width half maximum) axial and lateral resolutions 

in air are 5.5 µm and 13 µm, respectively (Lens: LSM04, Thorlabs). The camera exposure 

time is 10 µs and the A-scan line period is 14 µs. The system is configured in common-path 

mode with the interface between the imaging window and the silicone layer acting as the 

reference reflector, Figure 8.1b. The measured displacement sensitivity of the OCT system 

is 1.44 nm at an OCT signal-to-noise ratio of 40 dB, acquired under clinical testing conditions 

in the pathology laboratory (i.e., without a vibration isolation optical table). 

The loading mechanism comprises a piezoelectric ring actuator, to which the imaging 

window is rigidly affixed, and a compression plate on which the specimen is placed. The 

piezoelectric ring actuator (Piezomechanik GmbH) has an aperture of 65 mm and a 

maximum stroke of 9.5 µm. The compression plate is mounted on three load cells (LSB200-

FSH03874, Futek) arranged in a triangular configuration, which in turn are mounted on a 

motorized laboratory jack (MLJ050, Thorlabs). The load cells allow us to monitor the force 

applied to the specimen prior to testing. The motorized laboratory jack is used to bring the 

specimen into contact with the imaging window and to apply preload to the specimen to 

maximize contact area. The laboratory jack has 50 mm travel, which determines the 

maximum thickness of the specimen that can be scanned in this system. The motorized jack 

is controlled and the individual load cell readings are summed using a custom LabVIEW 

(National Instruments) program. 



8.2 Wide-field quantitative micro-elastography of human breast tissue [77] 149 

 

 

Figure 8.1. Wide-field QME experimental setup. (a) Photograph of wide-field probe with three main elements labelled. (b) 
Schematic of loaded specimen. (c) Example of unstitched en face OCT images of mastectomy specimen. 

Wide-field datasets are generated by translating the loading mechanism, which includes 

the sample, silicone layer and imaging window, relative to the OCT scan head between sub-

volume acquisitions, as described in a previous study [74]. The stages in this study have 

100 mm travel and maximum velocity of 30 mm s-1. Up to nine sub-volumes, each measuring 

16 × 16 × 3.5 mm, are acquired with 1 mm overlap in the lateral plane. Sub-images in the en 

face plane are later stitched to form mosaicked wide-field en face images, as illustrated in 

Figure 8.1c. 

The silicone layers used to measure axial stress at the tissue surface were formulated using 

Elastosil P7676 (Wacker Chemie AG), with a mixing ratio of 1:1 (Cross-linker:Catalyst) [269]. 

The diameter of the layers was ~55 mm. The thickness of each layer was measured before 

performing QME and recorded for subsequent processing of elasticity. The thickness of the 

layers ranged between 550 µm and 650 µm. Variation in layer thickness is due to the difficulty 

of pipetting exact amounts of the viscous silicone mixture into glass petri dishes for curing. 

8.2.2.2  QME scanning 

Prior to imaging, the specimen is placed on the compression plate and a preload, resulting in 

~15-20% strain, is applied to ensure even contact between the imaging window, the silicone 

layer, and the specimen. The displacement imparted to the specimen by the actuator is 
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synchronized with OCT B-scans pairs, such that alternate B-scans are acquired at different 

compression levels. Individual sub-volumes are acquired with 808 A-scans per B-scan and 

2,424 B-scan pairs. During post-processing, phase difference is calculated between 

consecutive B-scans acquired in the same lateral position via the Kasai phase estimator and 

3 phase-difference B-scans, acquired at different lateral locations, are block averaged together 

in the complex plane [65, 280]. The displacement at each lateral and axial location in a sub-

volume is calculated from the phase difference [65, 280]. 3D qualitative micro-elastograms 

are generated by calculating the local axial strain at each lateral and axial location. Local axial 

strain is defined as the slope of the estimated axial displacement with respect to depth, and 

is calculated using weighted least squares linear regression, over a fitting range of 100 µm [65, 

70]. 

The majority of strain measured in qualitative micro-elastograms is in the direction of 

loading (compression); however, strain in the direction opposite to loading can also occur 

due to variations in the compressibility of tissue. In incompressible tissue, due to the 

conservation of volume, axial compression results in lateral expansion, i.e., lateral tensile 

strain. This lateral expansion gives rise to reactive compressive forces along the lateral plane. 

In continuous and solid tissues, this expansion is similar across different sections of the 

tissue, with reactive forces cancelling and the axial strain being predominantly compressive 

(negative) strain, in qualitative micro-elastograms. However, compressible areas in tissue, 

such as hollow ducts and areas of poor contact, accommodate this expansion by sacrificing 

their volume. In material above such compressible areas, lateral compressive forces from 

nearby regions dominate, resulting in lateral compressive strain, which appears in qualitative 

micro-elastograms as axial tensile (positive) strain [66]. 

In processing of 3D quantitative micro-elastograms, the layer-specimen interface is 

detected in each B-scan using a detection algorithm based on the Canny edge detector [309]. 

The axial resolution of the system, ~3.9 µm (in silicone), determines the minimum 

measurable sensor thickness. The local axial strain at the layer-specimen interface, arising 

from compression introduced by the ring actuator, is then measured at each lateral position 

on the interface. Using this measured strain and the known stress-strain relationship of the 

layer, the axial stress at the layer-specimen interface is estimated. Under the assumption that 

the axial stress measured at the layer-specimen interface acts uniformly with depth, the 2D 

stress in the layer is divided by the 3D strain in the specimen, and the elasticity of the 

specimen is calculated at each lateral and axial position [69]. QME reports the elasticity as a 

tangent modulus at the preload strain. QME has previously been validated against standard 

compression tests, in each case the measured elasticity matched to within 8% of the expected 

elasticity and the inter-measurement variability was less than 12% [69]. During post-
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processing of the quantitative micro-elastogram, pixels in which the local strain is acting in 

the opposite direction to the applied stress are masked in the final quantitative micro-

elastograms, as these pixels give rise to negative elasticity, which is not physically meaningful. 

In this study, a custom, thresholding-based algorithm is used to segment regions of 

adipose and milli-scale non-contact. Quantitative micro-elastograms are presented in false 

color and overlaid on the grayscale OCT image. Additionally, at pixels masked due to a 

negative value of elasticity, OCT signal-to-noise ratio is shown. Qualitative micro-

elastograms are presented using a separate false color scale, overlaid on the grayscale OCT 

image [66, 74]. En face OCT images (from a single pixel depth), qualitative micro-elastograms, 

quantitative micro-elastograms, and corresponding plots, from QME measurements, are 

presented 100 µm below the layer-specimen interface. To demonstrate the ability of wide-

field QME to generate 3D datasets, stacks of magnified en face images are presented as videos, 

to a depth of 500 µm for each wide-field QME result presented. In some dense tissues, the 

OCT signal-to-noise ratio has degraded considerable by 500 µm, as a result, the custom 

thresholding-based algorithm fails to identify dense tissue and does not overlay elasticity and 

strain in these cases. 

8.2.2.3  OCME scanning 

In Figure 8.3, we compare QME measurements to OCME measurements. To perform 

OCME, the experimental setup is the same as that described in Section 8.2.2.2, except for, 

in OCME, the silicone layer is not included. As a result, the interface between the imaging 

window and the specimen acts as the reference reflector, and displacement is imparted from 

the imaging window directly to the specimen. The force applied to the specimen during 

OCME measurements matched that for QME measurements to minimize any variation due 

to non-linear mechanical properties of tissue. OCME sub-volumes were acquired with the 

same scanning parameters as QME sub-volumes, described in Section 8.2.2.2. In OCME, 

3D qualitative micro-elastograms are generated by calculating the local axial strain in the 

same manner as QME. In Figure 8.3 en face OCT images and qualitative micro-elastograms, 

from OCME measurements, are presented 100 µm below the window-specimen interface. 

8.2.2.4  Clinical scanning 

Tissue was transferred directly from the operating theater to the anatomical pathology 

laboratory at Fiona Stanley Hospital. Mastectomies were dissected following standard 

protocols. During dissection, for imaging, a pathologist extracted a specimen with similar 

dimensions to a specimen excised during breast-conserving surgery. Specimens were kept 

hydrated in saline, and imaging took place within 30 minutes of dissection to minimize cold 

ischaemic time and prevent degradation of the tissue. Following imaging, a pathologist 
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applied ink to the perimeter of the specimen for later orientation of the digital micrographs. 

Due to their size, specimens were further dissected, placed in cassettes, fixed in 10% neutral-

buffered formalin, and processed and embedded in paraffin according to standard practice. 

Paraffin blocks were sectioned in the plane matching en face images and stained with 

hematoxylin and eosin. Scanned digital micrographs of the histology slides were manually 

stitched for histopathological analysis. Informed consent was obtained from patients and the 

ethical aspects of this research project have been approved by the South Metropolitan Health 

Service, Western Australia Human Research Ethics Committee and the Fiona Stanley 

Hospital Human Research Ethics Committee (FSH-2015-032). 

8.2.3 Results 

In Figure 8.2-8.5, we present OCT images, qualitative micro-elastograms and quantitative 

micro-elastograms of human breast tissue specimens, freshly excised from patients 

undergoing mastectomy. 

In Figure 8.2, we present images from a dissected tumor, excised from a 93-year-old 

patient undergoing mastectomy. A photograph of the specimen, measuring 

~40 × 40 × 20 mm, is shown in Figure 8.2a. This patient previously underwent breast-

conserving surgery, and the specimen scanned here was extracted from the location of the 

previous surgery. A cavity (C) from the previous procedure, can be seen in the photograph 

and is the cause of non-contact in the wide-field OCT image, Figure 8.2d, and micro-

elastograms, Figure 8.2e and f. The specimen was processed in two sections for 

histopathological analysis, Figure 8.2b. Analysis revealed invasive tumor around the 

periphery of the prior excision (T). Surrounding the tumor there is adipose tissue (A) and 

uninvolved stroma (S). In Figure 8.2c, a representative region of tumor is magnified to show 

in more detail the tumor cells distributed within desmoplastic stroma. 

A preload of ~20% was applied to the specimen, resulting in a contact area of 

~30 × 45 mm, and wide-field QME was performed. In Figure 8.2d-f, we present a wide-field 

OCT image, qualitative micro-elastogram, and quantitative micro-elastogram, respectively. 

In Figure 8.2g-j, we present magnified images from a region of dense tumor with similar 

micro-architecture to that visible in the magnified histology, Figure 8.2c. Tumor can be 

identified in this specimen by a combination of heterogeneous OCT signal-to-noise ratio, 

Figure 8.2g, heterogeneous strain, arising from a mix of stroma and desmoplastic stroma, 

Figure 8.2i, and high elasticity, Figure 8.2j [66, 69, 74, 167]. 
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Figure 8.2. Wide-field QME of a freshly excised mastectomy specimen (See Visualization 8.1). (a) Specimen photograph. 
(b) Histology. (c) Magnified histology. (d) Wide-field en face OCT. (e) Wide-field en face qualitative micro-elastogram. (f) 
Wide-field en face quantitative micro-elastogram. (g) Magnified en face OCT. (h) OCT B-scan in the plane indicated by dashed 
line in (g). (i) Magnified en face qualitative micro-elastogram. (j) Magnified en face quantitative micro-elastogram. A, adipose; 
C, cavity; E, edge detection artifact; G, coherence gate curvature artifact; T, invasive tumor; R, specular reflection; S, 
uninvolved stroma. 

The wide-field OCT image, Figure 8.2d, shows low OCT signal-to-noise ratio in the 

corners of each of the 9 sub-images (G). As discussed previously, this arises from the 

coherence gate curvature of the lens used [74]. The binary segmentation algorithm used to 

generate elastogram overlays identifies regions of low OCT signal-to-noise ratio and masks 

these pixels. As a result, no strain or elasticity data is presented in these areas, 

Figure 8.2e and f. Visible in Figure 8.2g-j, is an artifact caused by the edge detection 

algorithm failing to identify the layer-specimen interface (E). In this case, the algorithm 

detected a horizontal specular reflection (R) visible in OCT B-scan, Figure 8.2h. The location 

of this B-scan is indicated by the white dashed line in Figure 8.2g. This strong reflection 

resulted in the layer thickness being measured incorrectly. This region was masked from 

elastograms using the segmentation algorithm, due to the low OCT signal-to-noise ratio and, 

consequently, OCT signal-to-noise ratio from the layer is displayed in en face images.  

https://doi.org/10.6084/m9.figshare.5687566
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In Figure 8.3, we present images acquired from a tumor freshly excised from a 66-year-

old patient undergoing mastectomy. A photograph of the specimen, measuring 

~45 × 45 × 15 mm, is shown in Figure 8.3a. Histopathological analysis of the digital 

micrographs, Figure 8.3b, reveals regions of invasive tumor (T) surrounded by uninvolved 

stroma (S) and normal adipose tissue (A). In the magnified histology, Figure 8.3c, we see 

nests of invasive tumor cells separated by regions of desmoplastic stroma (S). To compare 

OCME (without layer) and QME (with layer), we performed two scans on this specimen, 

OCME in Figure 8.3d-g, and QME in Figure 8.3h-m. A preload of ~20% was applied to the 

specimen in both cases, resulting in a contact area of ~40 × 40 mm. The contact region is 

indicated by the black square in Figure 8.3a and b. 

The wide-field OCT image and qualitative micro-elastogram, generated by performing 

OCME, are shown in Figure 8.3d and e, respectively. Magnifying the OCT image in a region 

of dense invasive tumor, Figure 8.3f, we see heterogeneous OCT signal-to-noise ratio 

indicative of malignancy. In the magnified qualitative micro-elastogram of the same region, 

Figure 8.3g, we see heterogeneous strain, corresponding to invasive tumor (T). The wide-

field OCT image, qualitative micro-elastogram, and quantitative micro-elastogram, generated 

by performing QME, are shown in Figure 8.3h-j, respectively. Magnifying the OCT image, 

Figure 8.3k, we see heterogeneous OCT signal-to-noise ratio. In the magnified qualitative 

strain micro-elastogram, Figure 8.3l, we see that inclusion of the layer does not reduce strain 

heterogeneity in the invasive tumor (T). In the magnified quantitative micro-elastogram, we 

see a stiff region corresponding to invasive tumor, Figure 8.3m. Similar to Figure 8.2, the 

tumor, in this case, presents as heterogeneous OCT and strain and as a region of elevated 

elasticity.  

Comparison of OCME and QME images in Figure 8.3 highlights advantages of including 

the layer. In wide-field OCME, the surface topology of this specimen causes regions of 

micro- and milli-scale non-contact (NC) between the rigid imaging window and the specimen 

in Figure 8.3f. Areas of micro-scale non-contact reduce the area of the specimen that is 

imaged. This could result in missing tumor in a specimen if the malignant region is not in the 

scanned area. Milli-scale non-contact can also increase imaging artifacts; for example, strong 

reflections from air bubbles can saturate the detector. In QME incorporating the compliant 

layer, which more readily conforms to the surface topology we significantly reduce the 

regions of non-contact, as shown in Figure 8.3k. 

As described in Section 8.2.2.2, positive strain can arise from micro-scale non-contact, 

caused by localized peaks and troughs on the tissue surface, between the imaging window 

and the specimen in OCME [66]. In some cases, strain heterogeneity arising from such 

surface roughness can be similar to the heterogeneity arising from tumor. This could lead to 
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misinterpretation of qualitative micro-elastograms. If we compare qualitative micro-

elastograms from OCME, Figure 8.3g, and QME, Figure 8.3l, we see that an advantage of 

QME is the apparent reduction in positive strain caused by surface roughness while still 

maintaining strain contrast arising from tissue features. 

 
Figure 8.3. Wide-field OCME and QME of freshly excised mastectomy specimen containing IDC (See Visualization 8.2). 
(a) Photograph and (b) histology of specimen; black square indicates the scanned area. (c) Magnified histology. En face (d) 
OCT and (e) qualitative micro-elastogram from wide-field OCME. Magnified en face (f) OCT and (g) qualitative micro-
elastogram from wide-field OCME. En face (h) OCT, (i) qualitative micro-elastogram, and (j) quantitative micro-elastogram 
from wide-field QME. Magnified en face (k) OCT, (l) qualitative micro-elastogram, and (m) quantitative micro-elastogram 
from wide-field QME. A, adipose; T, invasive tumor; NC, non-contact; S, uninvolved stroma. 

https://doi.org/10.6084/m9.figshare.5687581
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In Figure 8.4, we present QME images acquired from a tumor, excised from a 77-year-

old patient undergoing mastectomy8. A photograph of the specimen, which measured 

~70 × 30 × 15 mm, is shown in Figure 8.4a. From the digital micrographs, Figure 8.4b, we 

see the specimen contains dilated ducts involved by DCIS with necrosis (N) strands of 

stroma (S) and adipose tissue (A). Magnifying a region of the digital micrograph, Figure 8.4c, 

we see, in greater detail, ducts containing DCIS with necrosis (N) and ducts containing DCIS 

with necrosis and focal calcifications (FC). A preload of ~20% was applied to the specimen, 

resulting in a contact area of ~25 × 25 mm. Wide-field images were generated by mosaicking 

four sub-images. 

The wide-field OCT image, qualitative micro-elastogram and quantitative micro-

elastogram are presented in Figure 8.4d-f, respectively. In the magnified OCT image, 

Figure 8.4g, we see the outlines of the ducts; however, it is difficult to differentiate between 

DCIS and DCIS with focal calcifications from OCT signal-to-noise ratio alone. Similarly, in 

the magnified qualitative micro-elastogram, Figure 8.4h, outlines of the ducts are highlighted 

by strain patterns. However, as in the OCT image, it is difficult to differentiate between DCIS 

and DCIS with focal calcifications. The magnified quantitative micro-elastogram, Figure 8.4i, 

on the other hand, uniquely provides differentiation between DCIS and DCIS with focal 

calcifications due to the lower elasticity of necrosis in comparison to calcifications. Viewing 

en face images at increasing depths, Visualization 8.3, allows the reader to follow the lumenal 

cross-section of ducts through the specimen, which provides an appreciation of the 3D 

structure of the tissue. 

In Figure 8.5 we present wide-field QME images of a tumor, excised from a 59-year-old 

patient undergoing mastectomy. A photograph of the preloaded specimen, with surface area 

of ~45 × 45 mm, is shown in Figure 8.5a. Analysis of the digital micrographs, Figure 8.5b, 

revealed the specimen contained regions of adipose tissue (A), ducts involved by DCIS (D), 

invasive tumor (T) and regions of uninvolved stroma (S). Magnified in Figure 8.5c is a region 

of tissue containing a duct involved by DCIS. Surrounding the duct is a highly cellular 

invasive tumor (T) with little intervening desmoplastic stroma, and a region of paucicellular 

desmoplastic stroma (P), i.e., stroma containing few or sparse cells. 

The wide-field OCT image, qualitative micro-elastogram and quantitative micro-

elastogram are presented in Figure 8.5d-f, respectively. Magnified in Figure 8.5g is the OCT 

image corresponding to the region magnified in histology, Figure 8.5c. At this scale, OCT 

shows limited contrast between the duct, dense invasive tumor and stroma. A plot of OCT 

signal-to-noise ratio through the duct, Figure 8.5h, confirms limited contrast between DCIS 

                                                 
8 Measurements acquired from this specimen also featured in Figure 7.5 of this thesis. 

https://doi.org/10.6084/m9.figshare.5687596
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and invasive tumor. In the magnified qualitative micro-elastogram, Figure 8.5i, the duct is 

clearly delineated from the surrounding tissue as an oval-shaped feature, highlighted by 

positive and negative strain, as described previously [66]. The plot of strain through the duct, 

Figure 8.5j, highlights the transition from negative to positive strain found at the boundaries 

of the duct containing DCIS. However, in this case, the qualitative micro-elastogram shows 

homogeneous strain in both the tumor and paucicellular desmoplastic stroma. The magnified 

quantitative micro-elastogram, Figure 8.5k, delineates between the region of tumor, with 

high elasticity, and paucicellular desmoplastic stroma, with low elasticity. Within the duct, 

strain acts in the opposite direction to the applied stress. As a result, elasticity is not reported 

in these pixels and OCT is instead presented. The plot of elasticity through the duct, 

Figure 8.5l, highlights the pixels with masked elasticity and the elevated elasticity in this 

tumor. This result highlights the complementary contrast provided by qualitative and 

quantitative micro-elastograms. Horizontal dashed lines are plotted across Figure 8.5g-l to 

aid in locating the upper and lower boundaries of the duct in the corresponding plots. 
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Figure 8.4. Wide-field QME of a freshly excised mastectomy specimen containing DCIS (See Visualization 8.3). (a) 
Photograph and (b) histology of specimen; black square indicates the scanned area. (c) Magnified histology. (d) Wide-field 
en face OCT image. (e) Wide-field en face qualitative micro-elastogram. (f) Wide-field en face quantitative micro-elastogram. (g) 
Magnified en face OCT. (h) Magnified en face qualitative micro-elastogram. (i) Magnified en face quantitative micro-elastogram. 
A, adipose; FC, DCIS with focal calcification; N, DCIS with necrosis; S, stroma. 

https://doi.org/10.6084/m9.figshare.5687596
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Figure 8.5. Wide-field QME of freshly excised mastectomy specimen containing IDC and DCIS (See Visualization 8.4). (a) 
Photograph of preloaded specimen. (b) Histology. (c) Magnified histology. (d) Wide-field en face OCT. (e) Wide-field en face 
qualitative micro-elastogram. (f) Wide-field en face quantitative micro-elastogram. (g) Magnified en face OCT. (h) Plot of OCT 
signal-to-noise ratio. (i) Magnified en face qualitative micro-elastogram. (j) Plot of strain. (k) Magnified en face quantitative 
micro-elastogram. (l) Plot of elasticity. A, Adipose; D, DCIS; P, Paucicellular desmoplastic stroma; T, Invasive ductal 
carcinoma; S, Uninvolved stroma. Plot location indicated by dashed lines in (g), (i) and (k). The upper and lower boundaries 
of the duct are indicated by the dashed black horizontal lines across (g)-(l) 

8.2.4 Discussion 

We demonstrate improved visualization of malignant tissue by providing additional contrast, 

based on tissue elasticity, that complements the contrast provided by OCT and strain, and 

additionally, removes many of the artifacts present in OCME. We have shown the ability of 

the technique to generate OCT images, qualitative micro-elastograms and quantitative micro-

elastograms from a wide-field dataset, acquired in 10 minutes. We have shown that analysis 

of these three images can increase the ability of this technique to detect a wider range of 

tumors than can be achieved using any one of the individual images, as demonstrated in detail 

in Figure 8.5. 

https://doi.org/10.6084/m9.figshare.5687602
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Our results demonstrate that QME may be used to distinguish highly cellular tumors 

from surrounding tissue due to the tumor’s elevated elasticity, despite such tumors tending 

to exhibit homogeneous strain. However, it is unknown how accurate elasticity is in 

identifying tumor. To establish this accuracy, a larger clinical study is required to generate a 

more extensive library of quantitative micro-elastograms across a range of tumors of differing 

grades. In generating a library of tumor elasticity ex vivo, it is important to note the reported 

mechanical properties may differ from those generated in vivo [1]. Another consideration is 

the non-linear mechanical properties of soft tissue [211, 274]. To increase the inter-specimen 

repeatability, the preload applied to the specimen should remain constant across specimens, 

which was achieved in this study by monitoring the force applied prior to testing. 

Since the introduction of our wide-field OCME technique [74], we have refined our 

acquisition protocol to allow wide-field scans to be acquired in 10 minutes. However, 

incorporation of the compliant layer requires additional time for positioning the specimen 

before scanning. The specimen is positioned on a compression plate, and the layer is then 

placed on the specimen. The layers used in the study can be difficult to handle due to their 

low tear strength and layer thickness of 550-650 µm. Positioning the layer can add up to two 

minutes to each scan. A proposed solution is to bond the layer directly to the imaging 

window. Initial testing proved promising, however, additional development is required 

before this approach can be implemented in our clinical scanning protocol. Currently, the 

imaging window-layer interface is lubricated to provide low friction. High friction at the 

imaging window-layer interface restricts the lateral expansion of the layer and causes the 

stress in the specimen to be underestimated [260, 308]. This results in an underestimation in 

the specimen elasticity reported by QME. A computational method has been proposed to 

more accurately estimate the stress at the surface of the layer using a finite element analysis 

approach [308]. Further work will be required to investigate the ability of computational 

methods to compensate for very high friction caused by bonding the layer to the imaging 

window. Computational methods have also been proposed to more accurately characterize 

the stress field in mechanical heterogeneous tissue using an iterative solution of the inverse 

elasticity problem [261]. This method would remove the assumption that stress at the layer-

tissue interface acts uniformly with depth. However, the computation time may render this 

solution unfeasible for intraoperative margin assessment. 

Wide-field QME can currently be performed on two margins within a clinically relevant 

time frame of ~30 minutes, including time to position and load the specimen. Further 

increases in speed may be required to compete with techniques such as intraoperative 

specimen radiography. A recent study demonstrated the capability to simultaneously acquire 

two 3D OCME datasets from opposite sides of a specimen [289]. The system uses two 
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interferometers with path-length differences that allow depth-ranging from each 

interferometer to be performed simultaneously on a single spectrometer. Implementing this 

depth-encoding technique in wide-field QME would effectively double the imaging speed, 

allowing us to scan two opposite margins of a specimen in 10 minutes. It would further save 

time by removing the need to reposition to specimen to scan the second margin. 

The maximum A-scan frequency for the Telesto II OCT system used in this study is 

76 kHz. Upgrading the OCT system would allow for further increases in acquisition speed. 

Phase-sensitive OCE has been performed with A-scan frequencies in the MHz range using 

a Fourier-domain mode-locked swept-source laser [236]. As the A-scan frequency increases, 

for a set sampling density, so will the B-scan frequency and the actuator loading frequency. 

To ensure tissue loading remains quasi-static at higher imaging speeds, it may be necessary 

to calculate phase difference between volumes, as described in a previous study [237]. 

In addition to reducing the acquisition time, processing time must be reduced to generate 

micro-elastograms for rapid interpretation in a clinical setting. In this current feasibility study, 

data was processed in the days following surgery. A graphics processing unit-accelerated 

OCME system capable of generating qualitative micro-elastograms of soft tissue at near 

video-rates has previously been described [272]. Future work will investigate the suitability 

of this approach to generate en face wide-field OCT images and wide-field quantitative micro-

elastograms to allow for rapid clinical interpretation. 

In Figure 8.2g, we identified a region in which the edge detection algorithm failed to 

correctly detect the layer specimen interface. This was caused by a specular reflection from 

the layer interface. A method to overcome this artifact is to introduce a small amount of 

scatterers to the layer to reduce specular reflection. However, any increased scattering in the 

layer may reduce imaging depth in tissue. A more suitable option is to refine the algorithm 

used to detect the interface. A large number of edge detection methods have been developed 

for use in ophthalmology [314]. Future work will assess the suitability of these in detecting 

the layer-specimen interface in wide-field QME. 

To translate wide-field QME to a clinical setting, the interpretation of images needs to 

be simplified. Wide-field QME generates three images (OCT, qualitative micro-elastograms, 

and quantitative micro-elastograms), which could prove difficult for rapid interpretation in a 

surgical setting. Here, and in previous studies, we have presented micro-elastograms as 

overlays on OCT images, but further work on visualization must be performed to simplify 

images. Previously, we have identified regions of tumor by mapping a heterogeneity index of 

qualitative micro-elastograms [286]. In ongoing work, we will further investigate image fusion 

to aid with clinical interpretation. 
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8.2.5 Conclusion 

In conclusion, we have demonstrated that wide-field QME can be performed over fields-of-

view of ~46 × 46 mm. We have demonstrated the ability of wide-field QME to provide 

improved mechanical contrast across a range of both invasive and in situ tumors in freshly 

excised human breast tissue. We have presented a comparison of OCME and QME images 

and have demonstrated preservation of OCT contrast. An advantage of QME over OCME 

is an apparent reduction in artifact caused from surface roughness, whilst maintaining 

contrast between tissue types. We have presented scans of mastectomy specimens 

demonstrating that OCT images, qualitative micro-elastograms, and quantitative micro-

elastograms acquired from QME provide complementary contrast of malignant tissue, 

improving the visualization of both in situ and invasive tumors. Together, these are important 

advances toward clinical implementation of OCT-based elastography techniques for 

guidance of breast-conserving surgery. In future work, the diagnostic accuracy of wide-field 

QME to detect tumor in the surgical margin will be determined by performing a study on a 

large number of breast-conserving surgery specimens. 
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9.1 Quantitative micro-elastography for tumour margin 
assessment1 

In the previous chapter, the ability of QME to visualise a wide range of tumours was 

demonstrated. The representative results highlighted the value in assessing qualitative and 

quantitative micro-elastograms alongside OCT images. Despite the promise, a limitation of 

the study presented in Section 8.2 is that only mastectomy specimens were presented to 

provide direct validation of contrast by enabling digital micrographs to be generated in the 

same plane as en face images. However, the OCME study performed in Section 6.2 highlighted 

that there are significant differences between mastectomy specimens and breast-conserving 

specimens. For example, mastectomy specimens often contained dense, macro-scale regions 

of advanced tumour, typically extending through the specimen. Conversely, in the more 

clinically relevant scenario of imaging WLE specimens, only the leading edge of the tumour 

mass, often comprising small tendrils of the tumour surrounded by adipose tissue, are 

expected to be present at the surgical margin. Therefore, it is an open question whether the 

elasticity contrast observed in mastectomy specimens will translate to WLE specimens. 

This chapter begins to address this by investigating the potential of QME for imaging 

tumour margins of intact WLE specimens. In addition, the chapter serves to provide a 

summary of the three mechanical contrast mechanisms investigated in this thesis. This is 

achieved by presenting qualitative micro-elastograms, optical palpograms and quantitative 

micro-elastograms alongside OCT images, all acquired from a single QME dataset. 

Over the course of this study, QME was performed on 21 margins from 15 WLE 

specimens. The QME system in the study was configured as outlined in Section 8.2.2.1 and 

the scanning parameters described in Section 8.2.2.2 were used. Post-processing was 

performed according to the steps outlined in Section 8.2.2.2. Fused en face qualitative micro-

                                                 
1 Aspects of the work presented in this section were selected for publication in Optics and Photonics News's “Year in Optics” in 
December 2018, a special issue highlighting the most exciting peer-reviewed optics research to have emerged over the past 12 months. 
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elastogram are generated using the automated segmentation algorithm described in 

Section 6.2.2.3. En face optical palpograms are generated by overlaying stress onto the OCT 

image, as described in Section 7.2.2.2. Fused en face quantitative micro-elastograms are 

generated using the methods described in Section 8.2.2.2. Magnified en face images (measuring 

10 × 10 mm) were selected from the wide-field scans for presentation in this chapter. The 

magnified en face images presented here demonstrate contrast in three distinctive tissue types 

imaged during the study, uninvolved stroma, IDC and mucinous carcinoma. 

Specimens were obtained from patients undergoing breast-conserving surgery at Fiona 

Stanley Hospital, Western Australia (Project No: FSH-2015-032). Informed consent was 

obtained from patients, and the ethics for this research project has been approved by the Sir 

Charles Gairdner and Osborne Park Health Care Group Human Research Ethics Committee 

(HREC No: 2007-152). WLE specimens were imaged within 1−2 hours of excision with no 

further dissection to mimic the clinical scenario for tumour margin assessment. Histology, 

which is in the plane orthogonal to en face images, is co-registered using the methods 

described in Section 6.2.2.5. 

QME measurements of a specimen excised from a 69-year-old patient undergoing breast-

conserving surgery for treatment of invasive lobular carcinoma are presented in Figure 9.1. 

This specimen demonstrates that, for uninvolved stroma, the contrast observed in 

mastectomy specimens is retained in more clinically relevant WLE specimens. A photograph 

of the lateral margin, which measured ~60 × 70 mm, is shown in Figure 9.1a. The digital 

micrograph, Figure 9.1b, reveals that the margin comprised mostly adipose tissue (A) with 

small regions of uninvolved stroma (S). The location of the digital micrograph, which is 

generated in the plane orthogonal to en face images, is indicated by the white dashed lines in 

Figure 9.1c-f. A preload of approximately 20% of the total specimen thickness was applied 

prior to QME measurements to ensure sufficient contact between the specimen, compliant 

layer and imaging window. 

The magnified OCT image, Figure 9.1c, shows the specimen contains a mix of adipose 

tissue and stroma. The stroma forms thin connective strands and transitions to adipose tissue 

further from the edge of the tissue. The qualitative micro-elastogram, Figure 9.1d, shows the 

local axial strain in the uninvolved stroma is homogeneous, consistent with the findings for 

benign stroma presented in Section 6.2.3. The optical palpogram, Figure 9.1e, shows low 

stress both in the adipose tissue and uninvolved stroma, as expected from the analysis 

performed in Section 7.2.3. There are a number of regions in the optical palpogram were 

stress is not overlayed, indicated by arrows in Figure 9.1e, resulting from positive, i.e., tensile, 

stress being recorded. Tensile stress in the layer can occur due to the incompressible silicone 

expanding into regions of non-contact, e.g., caused by air bubbles, or into tissues that are 
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relatively soft; both of which occur in this region of tissue. The quantitative micro-

elastogram, Figure 9.1f, shows the stroma exhibits low elasticity, consistent with the findings 

presented in Section 8.2.3. 

 

Figure 9.1. QME measurements of an uninvolved margin. Specimen (a) photograph and (b) magnified histology. En face (c) 
OCT, (d) qualitative micro-elastogram, (e) optical palpogram and (e) quantitative micro-elastogram. The white line indicates 
the location of the histology slide, which is orthogonal to en face images. A, adipose tissue; S, stroma. 

QME measurements of a specimen excised from a 64-year-old patient undergoing breast-

conserving surgery for treatment of IDC are presented in Figure 9.22. This specimen 

demonstrates that the elasticity contrast observed in mastectomy specimens presented in 

Section 8.2 is retained for IDC. A photograph of the superior margin, which measured 

~70 × 70 mm, is shown in Figure 9.2a. The specimen histology, Figure 9.2b, shows the 

specimen contains IDC (T) within 300 µm of the edge of the tissue. The digital micrograph 

shows the specimen also comprises regions of uninvolved stroma (S). The location of the 

digital micrograph in en face images is indicated by the white dashed lines in Figure 9.2c-f. A 

preload of approximately 25% ensured sufficient contact for QME measurements for this 

specimen. 

The OCT image, Figure 9.2c, shows heterogeneous intensity, indicative of invasive 

tumour [167]. Heterogeneous strain, also indicative on invasive tumour, is visible in the 

qualitative micro-elastogram, Figure 9.2d. However, the contrast provided by the optical 

palpogram and quantitative micro-elastogram more readily delineate the tumour compared 

to the OCT image and qualitative micro-elastogram. The tumour manifests as high stress in 

the optical palpogram, clearly delineating the tumour from the surrounding uninvolved 

                                                 
2 Measurements acquired from this specimen also featured in Figure 7.3 of this thesis. 
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stroma (S). Similarly, the tumour can be identified in the quantitative micro-elastogram by 

regions of high elasticity, consistent with the mastectomy specimens presented in Section 8.2. 

 
Figure 9.2. QME measurements of a margin involved with IDC. Specimen (a) photograph and (b) magnified histology. En 
face (c) OCT, (d) qualitative micro-elastogram, (e) optical palpogram and (e) quantitative micro-elastogram. The white line 
indicates the location of the histology slide, which is orthogonal to en face images. S, stroma; T, invasive tumour. Adapted 
from [315]. 

QME measurements of a specimen excised from a 61-year-old patient undergoing breast-

conserving surgery for treatment of mucinous carcinoma are presented in Figure 9.3. The 

results demonstrate increased contrast available for delineating mucinous carcinoma by 

performing QME compared to the OCME measurements presented in Figure 6.5. A 

photograph of the deep margin, which measured ~60 × 60 mm, is shown in Figure 9.3a. The 

specimen histology, Figure 9.3b, shows the specimen contains mucinous carcinoma (MC) at 

the edge of the edge of the specimen. The digital micrograph shows regions of adipose tissue 

(A) in the specimen. The location of the digital micrograph in en face images is indicated by 

the white dashed lines in Figure 9.3c-f. For this specimen, a preload of ~17% ensured 

sufficient contact. 

The OCT image, Figure 9.3c, shows the mucinous carcinoma manifesting as more 

uniformly scattering than the surrounding adipose tissue. The strain in the qualitative micro-

elastogram, Figure 9.3d, in this case, appears homogeneous. In the optical palpogram, 

Figure 9.3e, the mucinous carcinoma appears as a region of elevated stress. Regions of the 

optical palpogram do not have stress overlayed on the OCT image, similar to Figure 9.1e. 

This is likely a result of tensile stress in the layer caused by the layer expanding into the soft 

adipose tissue surrounding the tumour. The quantitative micro-elastogram, Figure 9.3f, 

shows that the mucinous carcinoma also manifests as high elasticity, also increasing contrast 

compared to OCT intensity. Figure 9.3 demonstrates that the optical palpogram and 
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quantitative micro-elastogram provide greater contrast than OCT in delineating the 

mucinous tumour, highlighting the added value of QME compared to OCME. 

 
Figure 9.3. QME measurements of a margin involved with mucinous carcinoma. Specimen (a) photograph and (b) 
magnified histology. En face (c) OCT, (d) qualitative micro-elastogram, (e) optical palpogram and (e) quantitative micro-
elastogram. The white line indicates the location of the histology slide, which is orthogonal to en face images. A, adipose 
tissue; MC, mucinous tumour 

The results presented in this chapter demonstrate the clinical feasibility of QME for 

tumour margin assessment. The quadruple-contrast, OCT intensity, local axial strain, layer 

stress and tissue elasticity, available by performing QME measurements provide 

comprehensive contrast for delineating a range of features human breast tissue. Qualitative 

analysis of the results presented indicate that a common attribute of tumour is high stress 

and elasticity. Quantitative analysis of elasticity, similar to that performed in Section 7.2 

where it was demonstrated that the stress was significantly for tumour than for stroma or 

adipose tissue, would enable better characterisation of tumour in quantitative micro-

elastograms. 

Ideally, such analysis would exclusively be performed on WLE specimens, unlike the 

analysis performed in Section 7.2.3, which included mastectomy specimens. Furthermore, to 

reduce the effects of non-linear mechanical properties, specimens with similar levels of 

preload, for example, between 15 and 25%, should only be included in the analysis. In this 

current study, QME measurements were performed on 21 margins from 15 specimens. 

However, only 9 of the 21 margins scanned were preloaded between 15 and 25%. Therefore, 

the number of scans is insufficient to perform statistical analysis comparing the elasticity of 

tumour to uninvolved stroma. Future studies are required to generate a sufficiently large 

database of QME measurements for such analysis. 
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9.2 Perspectives 

The research undertaken in Part III of this thesis has advanced OCE significantly closer to 

clinical translation by incorporating QME methods into the wide-field imaging system. 

Part III first investigated optical palpation for tumour margin assessment in Chapter 7. 

Optical palpation has the potential to be performed using a less-complex imaging system 

than QME which may prove more suited to clinical translation. However, optical palpation 

does not provided depth-resolved mechanical contrast, and the resolution of optical 

palpograms is lower than that of quantitative micro-elastograms, as described in 

Section 7.2.6. As such, QME may prove best suited for future clinical translation and the 

results presented in Chapter 8 and 9 demonstrate that QME has the ability to visualise a wide 

range of tumour morphologies, which would likely translate to a more effective tool for 

tumour margin assessment. While the studies presented in Part III have provided a strong 

foundation for OCE as a tumour margin assessment tool, a significant amount of work 

remains to successful translation this technology into clinical practice. 
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While the feasibility of OCE to visualise tumour in breast cancer has previously been 

demonstrated, before the research presented in this thesis, OCE did not meet the demands 

for imaging tumour margins of WLE specimens. The work presented here has adapted OCE 

to address many of the specific needs for tumour margin assessment. The first step in 

achieving this was to develop an imaging system which enabled OCME to be performed 

across wide-fields-of-view in timeframes approaching that required for intraoperative use. In 

this thesis, clinical feasibility studies were performed investigating three OCE techniques, 

OCME, optical palpation and QME. Results presented for each technique demonstrated the 

potential to visualise tumour in the margin of clinically relevant WLE specimens. The work 

presented here has advanced OCE closer to a tool suitable for clinical use. However, there 

is still a significant amount of work required OCE to realise its potential in tumour margin 

assessment. In this final chapter, the contribution and significance of this thesis are outlined, 

along with the limitations of the studies and future work required to progress OCE in breast-

conserving surgery. 

10.1 Significance of  research outcomes 

In Chapter 2, an overview of breast cancer and common tumour morphologies was 

presented. Additionally, the two surgical treatment options, mastectomy and breast-

conserving surgery were described. 

In Chapter 3, a review of proposed tumour margin assessment techniques was 

performed. The strengths and weaknesses of each technique were also described, and the 

diagnostic accuracy was given where available. The review presented in this chapter 

demonstrated that despite the range of techniques proposed there is still a clinical need for 

effective margin assessment techniques to reduce re-excision rates. 

In Chapter 4, the technical background to OCE was provided, beginning with an 

overview of tissue biomechanics and outlining the motivation for using OCE for visualising 

tumour. An overview of the field of OCE was then provided before OCT, OCME, optical 

palpation and QME were described in detail. 
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In Chapter 5, the development of a wide-field OCME imaging system capable of 

scanning margins of an intact WLE specimen was described. The system acquired wide-field 

(~50 × 50 mm) images in <30 minutes. This was achieved by first acquiring a fast wide-field 

OCT scan then selecting up to four 10 × 10 mm regions containing dense tissue to perform 

OCME. The study presented OCME measurements from mastectomy specimens, 

demonstrating that the characteristic heterogeneous strain pattern observed in early proof-

of-principle studies was maintained in larger specimens. This chapter also presented the first 

instance of OCME visualising an involved margin in a clinically relevant WLE specimen. 

In Chapter 6, OCME was moved significantly closer to clinical translation by enabling 

scanning of specimens, generation of micro-elastograms and co-registration of histology to 

be performed more efficiently. A clinical feasibility study was performed on 17 WLE 

specimens. The study used a newly developed wide-field imaging system and associated 

protocols which enabled two margins of a specimen to be imaged in <30 minutes. The 

chapter presented representative en face qualitative micro-elastograms of tumour margins 

involved with a range of invasive tumour sub-types. The results demonstrated that the 

morphology of tumour found within the surgical margin of WLE specimens differs from 

that typically found in mastectomy specimens. For example, typically only the leading edge 

of the tumour was imaged in the surgical margin. 

In Chapter 7, the use of optical palpation for tumour margin assessment was investigated. 

Optical palpation requires a less-complex imaging system than OCME, therefore may prove 

more suited to a clinical setting. In the chapter, the first wide-field optical palpation 

measurements performed on mastectomy and WLE specimens were presented. The optical 

palpograms demonstrated that regions of high stress could identify tumour in an extensive 

range of specimens. Furthermore, if the preload stress is controlled to reduce inter-specimen 

variability, the value of stress for tumour is significantly higher than that for uninvolved 

stroma and adipose tissue. The ability of optical palpation to visualise an involved margin in 

a WLE specimen was presented in this chapter.  

In Chapter 8, the development of wide-field QME and results from a range of 

mastectomy specimens were presented. By generating images of elasticity, QME showed 

promise in visualising highly-cellular tumour, not readily visualised by OCME. The study also 

demonstrated how incorporating the compliant layer reduces imaging artefacts and allows a 

larger proportion of the tissue to be assessed compared to OCME. By presenting OCT 

images alongside qualitative and quantitative micro-elastograms alongside, all generated from 

a single dataset, QME demonstrated great promise in visualising a broad range of in situ and 

invasive tumour in mastectomy specimens. 
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In Chapter 9, QME measurements were presented from a study performed on 21 

margins from 15 on WLE specimens. The quadruple-contrast (OCT intensity, local axial 

strain, layer stress, and tissue elasticity) available by performing QME measurements 

provides comprehensive contrast for delineating a range of features human breast tissue. The 

results demonstrated the clinical feasibility of QME for tumour margin assessment and 

provide the foundation for ongoing studies to determine the diagnostic accuracy of QME 

for tumour margin assessment. 

10.2 Study limitations and future work 

The feasibility studies presented in this thesis were performed using an imaging system that 

was capable of acquiring wide-field datasets measuring 50 × 50 × 3.5 mm in ~10 minutes 

with the imaging parameters outlined in Sections 6.2, 7.2 and 8.2. The imaging system enables 

two margins of a specimen to be imaged in an intraoperative time frame of ~30 minutes. 

However, in an ideal case, all four radial margins would be assessed. This target intraoperative 

time frame of ~30 minutes aimed for in this thesis matches the time required for frozen 

section analysis, which is currently the most commonly used intraoperative technique [29, 

135]. However, further reductions to scanning times are beneficial as slower scanning 

increases the time patients are under anaesthetic and hospital costs and delay theatre 

workflow, all considered undesirable outcomes. 

Reducing the scanning time for OCE could be achieved in several ways. One solution 

would be to incorporate a new OCT system, such as one based on a Fourier-domain mode 

locking laser capable of MHz A-scan imaging speeds, into the OCE system [236]. However, 

the associated costs may render this solution unsuitable for clinical translation. A potential 

solution that would not significantly increase costs is to reduce the sampling density of OCT 

A-Scans. Reducing the sampling has the potential to reduce the scanning time, however, at 

the cost of image quality. A more suitable solution may be to incorporate depth-encoded 

OCE techniques [289]. Depth-encoded OCE uses two interferometers with path-length 

differences that allow depth-ranging from each interferometer to be performed 

simultaneously on a single spectrometer. Implementing this depth-encoding technique in 

wide-field OCE would effectively double the imaging speed, allowing opposite margins of a 

specimen to be scanned simultaneously. Such an improvement is speed would enable all four 

radial margins to be scanned in ~30 min without the need to upgrade the imaging system to 

a costly OCT system or to change the scanning parameters from those outlined in 

Sections 6.2, 7.2, and 8.2. To further progress towards clinical realisation, depth-encoded 
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OCE could be combined with motorised multi-axis stages to scan all four radial margins of 

the specimen without the need to rotate the specimen manually, further saving time. 

A comparison of the acquisition times for OCT and the three OCE techniques developed 

in this thesis is presented in Table 10.1, normalised to the time required to acquire an 

equivalent OCT dataset. Optical palpation has the potential to reduce acquisition time by at 

least a factor of two compared to OCME and QME, as these techniques require at least two 

B-scans to be acquired in each location. Furthermore, due to the nanoscale displacement 

sensitivity of phase-sensitive OCT, oversampling is performed in the studies presented in 

this thesis to increase the quality of micro-elastograms; further adding to the acquisition time. 

The combination of acquiring B-scans in place and oversampling can increase the acquisition 

time for OCME and QME by up to a factor of 10 compared to optical palpation or OCT 

scans [69, 72, 76, 77].  

In addition to acquisition time, the time required to process datasets should also be 

minimised for clinical translation. A comparison of the processing times for the three 

techniques developed in this thesis is provided in Table 10.1. Of the three OCE techniques 

presented here, optical palpation post-processing is the most rapid, after OCT, requiring only 

one step to measure layer stress in addition to OCT post-processing. In all the feasibility 

studies presented in this thesis, post-processing was performed in the days following the 

acquisition, which is not compatible with eventual intraoperative deployment. A previous 

study demonstrated qualitative micro-elastogram processing at a near-video rate of 21 B-scan 

elastograms per second [272]. While further work would be required to extend this to optical 

palpation or QME, it is feasible for optical palpograms and quantitative micro-elastograms 

to be processed at near-video rates by implementing similar grade graphics processing unit 

and desktop computer to that used in this previous study [272].  

The three OCE techniques presented in this thesis each provide unique combinations of 

mechanical contrast. In Table 10.1 a comparison of the contrast generated by each technique 

is provided. While QME requires the longest acquisition and processing time, it provides the 

most comprehensive mechanical contrast as it maps local axial strain, surface stress and tissue 

elasticity, in addition to OCT intensity. All acquired from a single phase-sensitive OCT 

dataset. Of the three techniques presented in this thesis, QME has demonstrated the greatest 

contrast across a broad range of tumour types. Therefore, it is the most promising for clinical 

translation as it will likely provide a higher diagnostic accuracy across a range of tumour 

types. 
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Table 10.1. Comparison of OCT, OCME, optical palpation and QME 

 OCT OCME Optical palpation QME 

3D OCT intensity    

3D Local axial strain    

2D Surface stress    

3D tissue elasticity    

Acquisition time* ×1 ×2–×10 ×1 ×2–×10 
Processing time* ×1 ×4–×8 ×2 ×6–×12 

* normalised to the time required to acquire/process OCT volume 

Another limitation of OCE for tumour margin assessment is the achievable imaging 

depth, which was ~1 mm for most examples of dense breast tissue for the imaging system 

presented in Sections 6.2, 7.2 and 8.2. In Fiona Stanley Hospital, where this research was 

performed, the minimum radial margin clearance is 2 mm and 5 mm for invasive cancers and 

in situ lesions, respectively. While a margin clearance of 2 mm is beyond the ability of the 

OCT system used in this thesis for dense tissue, OCE has the potential to detect a significant 

proportion of involved margins intraoperatively. It also has the advantage that there is no 

interruption to the post-operative histopathological analysis. Therefore, if the tumour was 

not detected intraoperatively, it could still be detected during routine post-operative analysis. 

There is a trend towards reducing the defined thickness of surgical margins in recent 

years [47, 48]. For example, in contrast to Australia, in the USA (which is the largest market 

for tumour margin assessment devices) the guidelines for invasive cancers is “no ink on 

tumour”, i.e., a margin of 0 mm [48]. As there is no global consensus for appropriate margin 

thickness, the penetration depth of OCE is well suited for tumour margin assessment in a 

large portion of health care institutions with varying guidelines for adequate surgical margin 

thickness. 

A further consideration to the imaging system developed here is the limitation to 

scanning ex vivo tissue. The ultimate goal of assessing the margin of the excised specimen is 

to determine if there is a risk of residual tumour in the patient. Therefore, scanning the 

excised specimen, while mimicking the current gold-standard histopathological analysis, is a 

surrogate for directly detecting tumour in the breast cavity. Furthermore, a challenge with 

any margin assessment technique, including gold-standard histopathology, is the ability to 

accurately relate the location of the tumour in the excised specimen to the correct location 

in the breast cavity. Currently, the placement of sutures and clips on the specimen, which 

indicate the orientation of the specimen, are used as a reference points to determine the 

location in the breast cavity where the surgeon should remove additional tissue. To maximise 

the clinical potential of OCE in breast-conserving surgery and to overcome the reliance of 

using sutures to guiding re-excision, future studies could investigate developing the OCE 

techniques presented in this thesis into a handheld probe. Such a form factor would enable 
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surgeons to assess the tumour margin of the excised tissue but also scan the breast cavity for 

residual tumour. 

The QME imaging system and scanning protocols primarily developed in this thesis have 

provided the foundation for an ongoing study at Fiona Stanley Hospital which aims to 

determine the diagnostic accuracy of QME for tumour margin assessment. Over the course 

of one year, more than 70 patients undergoing breast-conserving surgery were recruited for 

the study. For each specimen, at least two margins were scanned using the protocols 

developed in Section 8.2. Gold-standard histology was co-registered with en face images, using 

the methods described in Section 6.2, and a 10 × 10 × 1 mm region of interest was selected 

for each margin representative of the tissue type, building on the work presented in 

Chapter 9. 

In future work, readers will be recruited and trained to interpret the images and determine 

if cancer is present. The results of the study will provide the diagnostic accuracy of QME for 

tumour margin assessment; a critical step for clinical translation of OCE and OCT for 

tumour margin assessment. The data acquired during the QME diagnostic accuracy study 

could also be used to determine the diagnostic accuracy of optical palpation for tumour 

margin assessment. Finally, the ultimate measure for any tumour margin assessment 

technique is demonstrating a reduction in re-excision rates. Such a study would need to 

incorporate a large-scale clinical trial, which typically recruits hundreds of patients in multiple 

centres. 

10.3 Final remarks 

This research has demonstrated the potential of OCE for tumour margin assessment and 

provides a strong foundation for future clinical translation. Using the wide-field imaging 

system and associated scanning and clinical protocols developed in this research, OCE can 

now be performed on the margin of an intact WLE specimen in approximately 10 minutes. 

The clinical feasibility of OCME, optical palpation and QME were investigated, and the 

ability of each technique to detect involved margins in WLE specimens was demonstrated. 

The techniques developed here have provided the foundation for future work to determine 

the diagnostic accuracy of optical palpation and QME for tumour margin assessment. With 

further developments, OCE has the potential to be translated into an effect tumour margin 

assessment tool and, ultimately, reduce the number of patients undergoing re-excision for 

residual tumour following breast-conserving surgery. 
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