9
This electronic thesis or dissertation has been ING S

downloaded from the King’s Research Portal at CO/ / eg €
https://kclpure.kcl.ac.uk/portal/ LONDON

Novel imaging techniques for intraoperative assessment of tumour resection margins
in breast-conserving surgery

Grootendorst, Maarten Ruben

Awarding institution:
King's College London

The copyright of this thesis rests with the author and no quotation from it or information derived from it
may be published without proper acknowledgement.

END USER LICENCE AGREEMENT ‘@ @ @ @ \

Unless another licence is stated on the immediately following page this work is licensed

under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
licence. https://creativecommons.org/licenses/by-nc-nd/4.0/

You are free to copy, distribute and transmit the work

Under the following conditions:

o Attribution: You must attribute the work in the manner specified by the author (but not in any
way that suggests that they endorse you or your use of the work).

° Non Commercial: You may not use this work for commercial purposes.

o No Derivative Works - You may not alter, transform, or build upon this work.

Any of these conditions can be waived if you receive permission from the author. Your fair dealings and
other rights are in no way affected by the above.

Take down policy

If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing

details, and we will remove access to the work immediately and investigate your claim.

Download date: 08. Oct. 2023



Novel imaging techniques for intraoperative assessment of

tumour resection margins in breast-conserving surgery

Maarten Ruben Grootendorst

A thesis submitted to King’s College London for the degree of Doctor of Philosophy

Division of Cancer Studies, King’s College London

2016



DEDICATION

[ dedicate this PhD thesis to my mother and Martha Sixma, two exceptional women
in my life who passed away at a very young age due to the consequences of cancer,
and whom I miss every day. You will always be an incredible source of inspiration
and motivation, and your love and support have been unforgettable and

irreplaceable.



Abstract

There is a clear need for more accurate techniques to assess tumour resection
margins intraoperatively in breast-conserving surgery (BCS), as to date an average
10 - 30% of patients undergoing BCS require a re-operation to achieve clear
margins. This thesis evaluates two novel imaging techniques for intraoperative
tumour margin assessment, Terahertz Pulsed Imaging (TPI) and Cerenkov
Luminescence Imaging (CLI), that have been developed with a view to reducing re-
operation rates in BCS.

Both techniques were evaluated in a first-in-human, single centre study to
demonstrate proof-of-principle and feasibility. A TPI handheld probe system
(Teraview Ltd., UK) was used to scan breast samples ex vivo, and the TPI data was
correlated with histopathology to assess diagnostic accuracy. CLI was evaluated
intraoperatively by scanning excised BCS specimens from patients that received 2-
deoxy-2-(18F)fluoro-D-glucose (18F-FDG) preoperatively using an investigational
CLI imaging system (Lightpoint Medical Ltd., UK). An increased Technetium-99m
(°mTc) nanocolloid activity of 150 MBq was used to facilitate sentinel node
detection. Radiation doses to theatre staff were measured. CLI images were
analysed postoperatively, and margin status correlated with histopathology
results.

The TPI handheld probe discriminated invasive breast cancer from benign
breast tissue with a high sensitivity (86%) and an encouraging degree of accuracy
(75%). Accurate discrimination of cancer from tissue containing a high percentage
of fibrous cells proved challenging due to the similarities in the THz pulse between
these two types of tissue. Intraoperative 18F-FDG CLI showed to be a feasible and
low-risk procedure. Good agreement was found between CLI and histopathology

for clear margins of excision. Sentinel nodes could be successfully detected using
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the gamma probe and blue dye, and radiation dose to staff was low. Elimination of
image artefacts from tissue dissection with the monopolar diathermy device is
needed to further refine CLL

In conclusion, both TPI and !8F-FDG CLI are promising techniques for
intraoperative assessment of tumour resection margins in BCS, warranting larger
studies to assess the diagnostic accuracy of each technique on different cancer

types including DCIS, and the impact on re-operation rates.
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1. Introduction to breast cancer and tumour resection margins in

breast-conserving surgery

This chapter provides an overview on the clinical management of breast cancer
including breast cancer surgery, the importance of tumour resection margins in
breast-conserving surgery (BCS), and the armamentarium of techniques available
to assess tumour margins intraoperatively. This thesis evaluates two novel
imaging techniques for intraoperative tumour margin assessment, and the scope

and aims of each project are outlined at the end of this chapter.

1.1 Breast cancer key facts

Breast cancer is by far the most common cancer among women worldwide, and in
2012 an estimated 1.67 million women were diagnosed with the disease,
accounting for 25% of all female cancers (1). In Europe approximately 460,000
women are diagnosed annually, making it the most frequently diagnosed cancer
(2). Among men, breast cancer is far less common, accounting for <1% of breast
cancer cases.

With the introduction of breast cancer screening in the 1980’s, and a
greater life expectancy among the world’s population, there has been a gradual
increase in breast cancer incidence. Currently the estimated lifetime risk to
develop breast cancer is 1 in 8 for women in the United Kingdom and the United
States (3,4). Despite the fact that early diagnosis and more effective treatment
have lowered the mortality rate, with approximately 131,000 deaths per annum,
breast cancer remains the most frequent cause of cancer death in women in

Europe (2).
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1.2 Classification of breast cancer

Breast cancer comprises a heterogeneous disease consisting of several subtypes,
each associated with a distinct variability in biological and clinical characteristics.
Breast cancer prognosis depends on a variety of factors, including patient age,
tumour type, tumour size and grade, lymph node status, lymphovascular invasion
and receptor status, and these factors are of key importance when determining the
most suitable form of treatment (5). Advances in molecular and genetic profiling
have added additional prognosticators, and a brief overview of the latest

developments in this field will also be provided in this section.

1.2.1 Types of breast cancer

All breast cancers derive from the terminal ductal lobular unit, and can be roughly
classified into non-invasive and invasive cancer. Classification of breast cancer
involves histological assessment of morphological based features and
immunohistochemical (IHC) analyses. Non-invasive breast cancers, also known as
carcinoma in situ, are cancers that have not yet broken through the basement
membrane, and are thus confined within the ductal lobular units without invading
the breast stroma. Ductal carcinoma in situ (DCIS) is the most common form of in
situ breast cancer, comprising approximately 90% of non-invasive breast cancers,
and starts within the duct system (6). DCIS generally is asymptomatic, although
some patients may present with a small palpable lump. DCIS is classified into three
categories, i.e. low-grade, intermediate-grade and high-grade, the latter being the
most aggressive with the highest potential to progress to invasive cancer. If DCIS
cells die and pile up, tiny specks of calcium form within the broken cells (called
microcalcifications). These calcifications are usually very small and sometimes

difficult to identify on imaging, and in combination with its impalpable nature,
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DCIS causes additional challenges for accurate preoperative and intraoperative
identification.

Over time cancer cells can penetrate through the wall of the ducts and
lobules, thereby infiltrating the breast stroma. Invasive carcinomas, in contrast to
in situ carcinomas, tend to form firm/hard palpable lesions. The most common
form of invasive breast cancer, and breast cancer in general, is invasive ductal
carcinoma/no special type (NST). NST is found in 40 - 75% of all breast cancer
patients (7). Its descriptive is based on the lack of sufficient morphological
characteristics to be classified into a specific histological subtype. Invasive lobular
carcinoma (ILC) comprises 5 - 15% of invasive breast tumours, and in contrast to
NST this type of cancer is well characterised by a proliferation of small cells with a
diffuse growth pattern (7). Far less common types of invasive breast cancer
include medullary carcinoma (1 - 7%), tubular carcinoma (<2%), mucinous
carcinoma (~2%), inflammatory breast cancer (~1%), Paget’s disease (<1%), and

phylloides tumour (<1%) (7).

1.2.2 Receptor status

Breast cancer cells may express a variety of receptors. Characterisation of receptor
status is performed by IHC analyses, and is of importance in selecting appropriate
systemic therapies (Section 1.3.4). The three most important receptors in breast
cancer are oestrogen (ER), progesterone (PR) and human epidermal growth factor
receptor 2 (HER2). ER and PR are hormone receptors, and pathology reporting of
ER status is required as per UK national guidelines (8). ER is reported semi-
quantitatively with recording of both the proportion and intensity of nuclear cell
reactivity. Most histopathology laboratories categorise ER according to Allred

score; a score of 3 or more is defined as ER positive (9). The same scoring system
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and cut-off is often used to define PR positivity. The Survival, Epidemiology and
End Results (SEER) programme which included a total of 155,175 breast cancer
patients, found that 63% of women have ER-positive and PR-positive (ER+/PR+)
tumours, 13% had ER+/PR- tumours, 3% had ER-/PR+ tumours and 21% had ER-
/PR- tumours (10). ER+/PR+ tumours were associated with a lower breast-cancer
mortality risk than ER+/ER-, ER-/PR+ and ER-/PR- tumours across the majority of
clinical characteristics examined including age, tumour size, stage and grade, and
axillary lymph node status. Another study found that patients with ER+ tumours
have an improved disease-free survival (DFS) and overall survival (OS) compared
to patients with ER- tumours, while PR+ tumours only showed an increase in 0S
compared to PR- tumours (11).

HER2 is a member of the human epidermal growth factor receptor (EGFR)
family, and according to UK guidelines HER2 status should be assessed in invasive
breast cancers using IHC as first line and in situ hybridisation as second line
technique (12). Scores of 0 or 1+ are defined as HER2 negative, and 3+ scores as
HER2 positive. Borderline cases with 2+ scores on IHC are generally categorised
based on the number of HerZ gene copies on in situ hybridisation; a ratio of 2.00 or
more is regarded HER2 positive (13). Approximately 13 - 20% of breast cancer
patients are HER2 positive (8). A large retrospective analysis performed by Ross et
al. based on over 15,000 patients from 47 studies found that in a majority of
patients and studies, HER2 positive (HER2+) tumours were associated with poorer
prognosis (14).

Triple-negative breast cancers (TNBCs) are defined as tumours lacking
expression of ER, PR and HER2. These tumours are found and in approximately 12
- 17% of breast cancer patients (15). Although described as one group, TNBC is a

heterogeneous class consisting of different subtypes (16). Several studies have
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shown that TNBCs are associated with adverse prognosis in terms of DFS and OS
up to 5 years from diagnosis compared to non-TNBCs (16-18). Other
characteristics of TNBCs include diagnosis at younger age, higher histological

grade, higher rate of nodal positivity, and larger tumour size (18).

1.2.3 Molecular classifications

Although traditional histopathological methods enable classification of breast
cancer into different subtypes, identical histological forms may respond differently
to therapy. This has led to further investigation into the complex biology and
molecular pathways underlying the phenotypic diversity amongst breast
carcinomas. The first comprehensive gene expression study using DNA
microarrays was performed by Perou et al. (19). They identified four intrinsic
molecular subtypes: ER+/luminal, HER2+, basal-like, and normal breast-like. A
subsequent study revealed that the luminal epithelial group could be further
divided into at least two subtypes based on differences in expression of luminal-
specific genes: Luminal A and Luminal B (20). A significant variation in clinical
outcome was seen between patients belonging to the various groups, including
poor prognosis for the basal-like subtype. Prat et al. identified another intrinsic
subtype known as Claudin-low or mesenchymal-like (21).

Recent work involving gene expression has provided more insight into the
mechanisms and genes that drive tumourigenesis, and the complex biology
underlying breast cancer heterogeneity (22). A landmark study by Curtis et al
revealed that inherited variants and acquired somatic copy number aberrations
(CNAs) were associated with altered gene expression in approximately 40% of

genes; cis- and trans-acting CNAs were particularly dominant (23). Based on the
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CNAs they identified a total of 10 novel molecular subgroups, each associated with
distinct clinical outcomes.

Gene expression profiling also enabled identification of distinct prognostic
signatures (24). This has led to the development of diagnostic tests including the
MammaPrint and Oncotype DX that aid in predicting clinical outcomes for patients,
and help determining which patients may benefit from chemotherapy (25).

Although comprehensive molecular and genetic profiling of breast cancer is
still in its infancy, rapid progress is being made and molecular information is
already included in the classification of breast cancer in addition to traditional
clinical and histopathological information. A true prognostic or predictive value
may be a combination of all the above, and future gains in further understanding
the biological complexities of breast cancer will hopefully allow developing new

targeted therapies that enable more personalised breast cancer treatment.

1.3 Breast cancer management

The management of breast cancer is a multidisciplinary effort involving, amongst
others, breast care nurses, surgeons, radiologists, pathologists, medical
oncologists, radiotherapists and geneticists. Strategies for breast cancer
management are ever evolving, and evidence-based guidelines are continuously
being improved. In all centres in the UK, patient management is discussed at
multidisciplinary meetings (MDMs) where a multitude of variables including
clinical findings, imaging and histopathological results are reviewed. By integrating
the clinical management decision from the MDM with the patient’s preference,

tailored treatments are formulated for each individual patient.
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1.3.1 Diagnosis

Methods used by clinicians to diagnose breast cancer are based on ‘triple’
assessment, consisting of clinical examination, imaging and histopathological
assessment. Clinical assessment is performed by obtaining a detailed medical
history in combination with physical examination. Symptoms (pain, lump, skin
changes, and nipple discharge), duration of complaints, parity, age, drug history
(hormonal supplements), and family history are of importance in adequate
assessment of the patient’s medical history. Physical examination involves
systematically feeling for any abnormal lumps in the breast, axilla, and
supraclavicular regions.

Mammography and ultrasound (US) imaging are the primary imaging
techniques used to diagnose breast cancer. Mammography uses low energy x-rays
(usually around 30kVp) to identify changes in the density of breast tissue,
architectural distortion and microcalcifications. Besides serving as a diagnostic
tool in symptomatic cases, mammography is the mainstay imaging technology for
breast cancer screening. The sensitivity and specificity of mammography range
from 69 - 90% (26). However, diagnostic accuracy is diminished in women with
denser breast tissue, lobular cancer, DCIS without associated microcalcifications
and multifocal cancer, thus limiting the usefulness of mammographic imaging in
these patients.

US imaging is mostly used in addition to mammography, and has been
shown to improve the diagnostic performance compared to mammography alone
(27). US examination is particularly useful in aiding the identification of tumours in
patients with dense breast tissue on screening mammography (28). The typical
sensitivity and specificity of a trained ultrasound operator is around 96% and

65%, respectively (29). However, US imaging of the breast is limited by substantial
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inter-operator variability (30), and has a tendency to underestimate the extend of
DCIS (31).

Magnetic resonance imaging (MRI) is another important imaging technique
for diagnosing breast cancer in a subgroup of patients. By administering an
intravenous bolus injection of Gadolinium, areas of increased vascularity are
enhanced, thus revealing detailed information about anatomical abnormalities.
Studies have shown that MRI is more sensitive in detecting multifocal and
multicentric cancers than mammography and US (32-35), especially in invasive
lobular carcinoma (36). The reported specificity of MRI, however, is low to
moderate ranging between 72 - 75% (37,38). It was initially thought that
preoperative MRI might improve surgical care by helping to plan the extent of local
resection of the tumour, and potentially reduce re-excision rates in patients
undergoing breast-conserving surgery (BCS). Houssami et al. showed that MRI
encourages more extensive surgery by converting BCS patients to undergo a
mastectomy or wider resection of the preserved breast (39). However, due to
false-positive findings 1.1% of patients underwent an unnecessary mastectomy,
and in 4.4% additional tissue excision could have been averted. Two randomised
controlled trials and two large cohort studies found that overall preoperative MRI
was not associated with improved margin status or reduction in re-operation rate,
although Pengel et al. found that MRI resulted in a more complete tumour excision
in patients with NST cancers (40-43). In patients with pure DCIS preoperative MRI
also does not improve surgical management. A recent meta-analysis by Fancellu et
al. showed no reduction in positive margins or re-operations in DCIS patients who
had preoperative MRI and those who did not (44). The suboptimal specificity and
potential for inappropriate surgical management, amongst other factors, resulted

in a recommendation by the European Society of Breast Cancer Specialists
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(EUSOMA) to only use preoperative MRI in a subgroup of patients with a diagnosis
of invasive lobular cancer, high risk patients, patients eligible for partial breast
irradiation, and patients with >1 cm discrepancy in tumour size between
mammography and US that is expected to impact on treatment decision (45).

Overall the preoperative imaging techniques outlined above provide
information on the location and size of the tumour preoperatively, but these
techniques have limited intraoperative capabilities. The correlation between
tumour size and location on preoperative imaging and histopathological analysis
remains suboptimal, thereby creating an element of uncertainty when deciding
how much tissue is to be excised intraoperatively. Hence, surgeons can only use
this information as a rough guide to define the margins of the tumour.

After imaging techniques have identified a suspicious breast lesion, the cells
within that lesion are sampled to confirm the diagnosis. This is done by obtaining a
core needle biopsy or fine-needle aspiration biopsy (FNAB), which is usually

performed under X-ray or US guidance.

1.3.2 Breast cancer surgery

Most women with breast cancer undergo some type of surgery to remove the
primary tumour and lymph nodes in the axilla. The goal of surgical treatment is to
achieve locoregional control and to stage the disease to plan adjuvant treatment.
Over the last century breast cancer surgery has significantly changed by moving
from radical to a more conservative intervention. The main types of surgery to the

breast and axilla are described below.
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1.3.2.1 Surgery to the breast

During most of the 19t and 20t century breast cancer patients were treated by
complete removal of the breast, a procedure known as mastectomy. In the time of
Halsted and colleagues, around the start of the 20% century, the radical
mastectomy was the gold standard of treatment (46,47). This procedure involved
removal of the breast, pectoralis muscles and axillary and supraclavicular lymph
nodes, and had severe mutilating effects on patients in terms of functional outcome
and cosmesis. Due to an improved understanding of the lymphatic anatomy and its
role in the dissemination of tumour cells, and advancements in the development of
radiotherapy, less extensive forms of breast surgery were developed (48). This
included the modified radical mastectomy (MRM), a procedure similar to the
radical mastectomy, but without removal of the pectoralis major muscle. An early
study found similar OS rates for MRM compared to radical mastectomy, indicating
that less extensive surgery could be equally effective (49). This finding was
confirmed in the prospective randomised National Surgical Adjuvant Breast and
Bowel Project trial (NSABP B-04) (50). In this study patients were randomised to
radical mastectomy or total mastectomy (removal of the breast and pectoral fascia
without removal of the pectoral muscles) plus radiotherapy. DFS and OS between
both groups were found to be similar; this was true for node-negative patients as
well as node-positive patients.

The observation that less radical surgery could provide similar oncological
outcomes lead to the revolutionising development of BCS combined with whole-
breast radiotherapy for patients with early stage breast cancer, which is now the
treatment of choice in this group of patients. The aim of BCS, also called wide local
excision (WLE) or lumpectomy, is to remove the primary tumour while conserving

as much healthy breast tissue as possible to provide a good cosmetic outcome,
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minimise physical trauma and expedite recovery. A randomised controlled trial
performed by Fisher et al. showed that stage I and II breast cancer patients treated
with BCS and postoperative radiotherapy after 5-years had no worse, or in fact
even better DFS and OS, compared to patients undergoing total mastectomy (51).
The oncological safety of BCS in combination with radiotherapy for both early
invasive cancer and DCIS has been confirmed in large randomised controlled
studies with follow-up periods of up to 20 years (52-62). The early breast cancer
trialists’ collaborative group (EBCTCG) performed a meta-analysis using data from
17 randomised controlled trials that started before the year 2000 to assess the
recurrence rate and breast cancer death rate from BCS and adjuvant radiotherapy
(63). They found a pooled 5-year recurrence rate (locoregional or distant) of
10.6% and 31.1% for node-negative and node-positive patients respectively; the 5-
year breast cancer death rate was 4.6% and 19.8%, respectively.

Some of these studies provided preliminary evidence that involved tumour
resection margins on postoperative histopathological analysis, i.e. tumour cells
close or at the margin of excision, is associated with an increased local recurrence
(LR) rate if re-excision of additional tissue is not performed (53,55,61). An in
depth description of tumour resection margins and its relation to LR is provided in
Section 1.4.

The choice between BCS with radiotherapy or mastectomy depends on
several factors, including size and extent of the tumour (relative to the size of the
breast), multifocality, multicentricity, the presence of diffuse carcinoma in situ,
patient preference and the male breast (64). A combination of an increased use of
screening mammography, and neoadjuvant chemotherapy and endocrine therapy
to downstage the size of the tumour, has significantly increased the number of

patients suitable for BCS. Currently approximately two-thirds of newly diagnosed
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breast cancer patients in the United Kingdom and the United States undergo BCS
as initial treatment (65,66). The current standard management for impalpable
breast cancer in patients undergoing BCS is preoperative imaging and tumour
localized surgical excision using wire-guided localisation (WGL), radioguided
occult-lesion localisation (ROLL) or radioactive-seed localisation (RSL) (67).
Palpable breast tumours are excised based on the surgeon’s tactile and visible
assessment of the breast tissue during surgery. The excised WLE specimen is
oriented intraoperatively by placing sutures and/or metal clips and/or ink as per
NHSBSP guidelines (8). However, the protocol for specimen orientation varies
between different centres (68). In Guy’s Hospital the following protocol is used: 1
suture + clip = anterior, 2 sutures + clips = superior, 3 sutures + clips =
inferior/nipple. Intraoperative imaging or histopathology may be performed to
assess tumour resection margins as discussed in more detail in Section 1.5.

The tumour specimen is then sent for postoperative histopathological
analysis to obtain decisive information on tumour size and grade, receptor status,
presence of lymphovascular invasion, and tumour margin status (8). An in-depth
description of the histopathological procedure for assessing tumour margin status
postoperatively is provided in Section 1.4.

Patients with positive histological margins, defined as tumour cells at the
inked resection edge on postoperative analysis, have approximately a two-fold
greater risk of developing a LR than patients with negative margins (Section 1.4).
These patients are recommended to undergo re-excision surgery in order to
reduce the risk for LR by obtaining clear resection margins. This involves a second
operation in the form of a re-excision (a procedure where a further slice of tissue is
excised) or in some cases a mastectomy where there is extensive margin

involvement. The re-excised tissue undergoes a similar postoperative histological
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examination procedure as the WLE specimen to determine if all the cancer has
been excised, and further surgery is required if the initial re-excision fails to obtain
clear margins. What constitutes an adequate negative tumour resection margin is
currently the subject of intense debate as discussed in more detail in Section 1.4.1
and Section 1.4.2, and therefore the treatment strategy of patients with close
margins (i.e. tumour cells within a certain distance from the inked resection edge)
varies per country and treatment centre.

Mastectomies are generally performed in patients that are not suitable for
BCS, including patients with a large tumour (particularly in women with small
breasts), a centrally located tumour, multifocal disease or associated extensive
DCIS, or in patients where initial BCS along with one or more re-excisions has not
completely removed the cancer. Breast reconstruction can be carried out if
clinically indicated and as per patient’s preference. The options include immediate
versus delayed, and prosthetic versus autologous reconstruction. Each type of
mastectomy encompasses the removal of virtually all breast tissue, and therefore
positive tumour margins resulting from incomplete removal of the tumour rarely

ocCcur.

1.3.2.2 Surgery to the axilla

The lymphatic system of the breast predominantly drains to lymph nodes in the
axilla (69), making the axilla one of the main routes for breast cancer metastasis.
Axillary lymph node status (positive or negative) and the number of involved
lymph nodes are, together with the characteristics of the primary tumour, the most
important prognostic indicators in breast cancer, and determine what type of

adjuvant treatment is warranted (70). There are two main types of axillary
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surgery: axillary lymph node dissection (ALND) and sentinel lymph node biopsy
(SLNB).

ALND has been the standard approach for axillary nodal staging, and
depending on the anatomic relationship of the nodes to the pectoralis minor
muscle, involves dissection of all lymph nodes in axillary level 1, 2 or 3 (64). ALND
causes both early and late morbidities for the patient, with complications that
include pain, numbness, limited shoulder movement, and breast-cancer related
lymphedema (71,72). The latter can affect manual dexterity and cause significant
morbidity. Moreover, only 25 - 30% of women with early breast cancer are lymph
node positive (71,73), so most women who previously routinely underwent ALND
were exposed to the complications of this procedure, with no associated clinical
benefit.

In light of this, and the finding that lymphatic spread of breast cancer cells
to the axilla appears to follow a regular pattern (74,75), a more conservative
approach to stage the axilla in the form of a SLNB was developed (76,77). The
sentinel lymph node (SLN) is defined as the node receiving direct lymphatic
drainage from the tumour, and therefore is most likely to harbour cancer cells if
the primary breast tumour has metastasised. To identify SLNs, a radioactive tracer,
blue dye or both are injected locally in the breast, and after accumulation of the
tracers, the surgeon uses a gamma probe (a handheld scintillation counter
detecting gamma photons) and/or the blue discolouration to locate the SLN. By
removing only a limited number of lymph nodes, SLNB significantly reduces the
morbidity associated with ALND, while DFS and OS have been shown to be
equivalent (78,79). SLNB is now the standard method for staging the axilla in
clinically and radiologically node negative breast cancer patients. McMasters et al.

performed a large clinical study to identify the optimal technique for SLNB, and
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found that the combined technique of radioisotope and blue dye was superior to
each standalone technique in terms of false-negative rates, with a non-significant
difference in detection rate (80). In the United Kingdom the combined technique is
recommended as per National Institute for Health and Care Excellence (NICE)
guidelines (81).

The excised SLNs (together with the primary tumour) are sent for
postoperative histopathological analysis to determine if the SLN is involved, and
results are obtained several days after the procedure. In addition to the analysis
performed postoperatively, some centres use intraoperative histological,
cytological or molecular techniques to assess if the removed SLNs contain tumour
cells (82). Based on the postoperative histopathological results, lymph node
involvement is staged according to the American Joint Committee on Cancer (AJCC)
TNM system (83). Isolated tumour cells (ITCs) are defined as single tumour cells or
a cluster of cells <0.2 mm, micrometastases as tumour deposits >0.2 mm and <2.0
mm, and macrometastases as tumour deposits >2.0 mm. Patients with ITCs are
considered lymph node negative, while those with micrometastases and
macrometastases lymph node positive. Previous guidelines would have
recommended patients with positive SLNs to undergo further axillary surgery in
the form of an ALND (81,84). However, the preferred treatment in SLN positive
patients is currently subject of intense debate based on evidence from the Z0011
trial (85) and the AMAROS trial (86). The Z0011 study showed that patients with
clinical T1 and T2 tumours and a positive SLN undergoing BCS with whole-breast
radiotherapy and systemic therapy do not benefit from additional ALND in terms
of DFS and OS. The AMAROS trial demonstrated similar DFS and OS in T1 - T2
invasive breast cancer patients with SLN metastases treated with ALND or axillary

radiotherapy without ALND, respectively. Although both studies have some
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important limitations which fall outside the scope of this thesis, its results have
changed clinical practice, and the option to avoid ALND in a selective group of
patients with low to moderate axillary tumour burden should now form part of the
discussion between clinician and patient to decide on the optimal treatment

strategy (87).

1.3.3 Radiotherapy

Radiotherapy can be administered to the breast and/or lymph nodes in the axilla
and supraclavicular fossa. In this section the value of radiotherapy in treating BCS
patients will be discussed with a specific focus on its effects in respect to tumour
margin status. The clinical and oncological importance of radiotherapy in
mastectomy patients and patients with nodal disease will not be described as this
falls outside the scope of this thesis.

Several large randomised trials have demonstrated the importance of
whole-breast external beam radiotherapy (EBRT) in achieving acceptable
oncological outcomes in invasive and in situ breast cancer patients undergoing BCS
(52,54,59,62). The meta-analysis performed by the EBCTCG group found that the
10-year breast cancer recurrence (locoregional or distant) was roughly 50% lower
in invasive breast cancer patients treated with BCS and whole-breast EBRT
compared to BCS without radiotherapy, while 15-year breast cancer mortality was
reduced by a sixth (63). A recently conducted meta-analysis comparing BCS and
whole-breast EBRT to BCS alone in patients with DCIS also found a 50% reduction
in LR rate after 10-years (88). Breast cancer mortality did not significantly differ
between the two groups.

The EORTC trial investigated the impact of a complementary boost

radiation dose to the site of local excision on LR and OS in early stage breast cancer
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patients with microscopically negative tumour margins after BCS (89). Although
patients receiving a boost had an improved LR, there was no difference in OS while
a significantly higher number of patients had severe fibrosis. Boost irradiation is
therefore only recommended in invasive breast cancer patients with a high-risk of
LR, i.e. patients with high tumour grade, <50 years of age, extensive DCIS, vascular
invasion or positive or close margins (87).

A meta-analysis by Houssami et al. showed that patients with invasive
cancer and microscopically positive margins have a higher risk of LR compared to
patients with negative margins, regardless of whether whole-breast EBRT is given
(90). Besides, the use of a higher boost (18 - 26 Gy) instead of the standard 10 Gy
also does not seem to improve LR or OS (91,92). A recent meta-analysis by Nilsson
et al. showed that in DCIS patients with positive margins a boost dose could reduce
the risk of LR compared to no boost (93). However, the authors emphasise that the
level of evidence for this observation was very low due to a lack of randomised
controlled trial data. Thus, based on current evidence whole-breast EBRT with or
without a boost dose cannot replace the need for re-excision surgery to mitigate
the negative oncological outcome of positive margins.

Since early 2000 a more localised type of breast radiotherapy has been
developed in the form of accelerated partial breast irradiation (APBI), a technique
in which only the original tumour site is targeted. APBI can be delivered using
several modalities, including intraoperative radiotherapy (IORT), multicatheter
interstitial brachytherapy, intracavitary brachytherapy and EBRT (94). IORT is
administered in a single session at the time of surgery, and is designed to provide a
large radiation dose to a target tissue, while avoiding irradiation to intrathoracic
structures such heart, lung and oesophagus (95). Since the definitive treatment is

completed at the time of surgery or shortly afterwards, IORT has the potential to
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significantly reduce the number of treatment visits, thereby reducing the
substantial burden on women from approximately 6 weeks of conventional
postoperative radiotherapy.

To date only two randomised controlled trials have compared whole-breast
EBRT with IORT in patients undergoing BCS: the TARGIT-A trial (96) and the
ELIOT trial (97). The TARGIT-A trial recruited a total of 3451 early-stage breast
cancer patients aged 45 years and older with a diagnosis of invasive ductal
carcinoma. Patients in the TARGIT group received a single treatment of
radiotherapy at the time of surgery (pre-pathology) or after surgery by re-opening
the wound (post-pathology); whole-breast EBRT was given if the postoperative
histopathology report showed adverse features (tumour margin <1 mm, extensive
in situ disease, or unexpected ILC). The 5-year risk for LR was significantly higher
in the TARGIT group compared to the EBRT group (3.3% versus 1.3%, p = 0.042).
Breast cancer mortality was much the same between groups (2.6% versus 1.9, p =
0.56), while non-breast cancer mortality was significantly lower (1.4% versus
3.5%, p = 0.0086). The latter was mainly attributed to fewer deaths from
cardiovascular causes and other cancers. An individual comparison of the pre-
pathology TARGIT arm and post-pathology TARGIT arm with the EBRT group still
showed a higher LR rate for both forms of IORT treatment, although the difference
in the prepathotology arm became non-significant and within the prespecified
2.5% inferiority margin. This highlights the potential importance of delivering
IORT at the time of initial surgery to maximise treatment efficacy. The ELIOT trial
recruited a total of 1305 patients aged between 48 and 75 years with early-stage
breast cancer of <2.5 cm in size. [IORT was administered intraoperatively as a

single dose of radiotherapy with electrons. A significantly higher 5-year LR rate
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was found in the IORT arm compared to the EBRT arm (p<0.001); OR did not differ
between groups.

The results of the TARGIT-A trial and ELIOT trial outlined above were
considered suboptimal in terms of oncological safety. Long-term results from
prospective randomised studies of other APBI techniques are yet to be published.
The ASTRO and GEC-ESTRO guidelines therefore currently only accept the use of
APBI outside of a clinical trial in a specific group of patients with a low risk for LR

(98,99)

1.3.4 Systemic therapy

Systematic therapy in the form of chemotherapy, endocrine therapy and
biologically targeted therapy has contributed significantly to the reduction in
recurrence rate and breast cancer mortality observed over the last two decades
(100). Systemic therapies can be a combination of different approaches and can be
administered in conjunction to surgery and/or radiotherapy in an adjuvant or
neoadjuvant setting. The decision to recommend adjuvant systemic therapy
depends on tumour size and grade, number of involved axillary lymph nodes,
hormone-receptor status and HER2 expression (64). In the adjuvant setting the
main aim of systemic treatment is to control any occult disease, reduce the
recurrence rate, and improve long-term survival (101). Neoadjuvant systemic
therapy is used in early-stage breast cancer patients to increase the potential for
BCS by downstaging the tumour, thus avoiding a mastectomy. It is also used as first
line of treatment in patients with unresectable, locally advanced breast cancer to
reduce the size of the tumour in order to enable surgery. However, this section
focuses only on the established systematic treatments used in early breast cancer

patients.
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1.3.4.1 Chemotherapy

Adjuvant chemotherapy prolongs DFS and OS in patients with early breast cancer.
A meta-analysis by the EBCTCG found that standard CMF (6 cycles of
cyclophosphamide, methotrexate and 5-fluorouracil given 4 weekly) and standard
4AC (4 cycles of doxorubicin and cyclophosphamide given intravenous 3-weekly)
were equally effective, providing a relative reduction in breast cancer mortality
rate of 20 - 25% (102). Regimens with a significantly lower dose per cycle were
found to be somewhat less effective, while by adding a taxane to 4AC or by giving a
substantially greater dose of non-taxane chemotherapy (CAF and CEF), a further
proportional reduction in breast cancer mortality of 15 - 20% could be obtained.
The EBCTCG concluded that, on average, the use of polychemotherapy reduces
breast cancer mortality by about a third. However, chemotherapeutic agents may
cause significant short and long-term side effects including nausea, alopecia,
myelosuppression, infertility and cardiotoxicity. Hence, the efficacy of using
polychemotherapy regimens needs to be balanced against the effects of the
associated toxicity on quality of life and survival (103).

Neoadjuvant chemotherapy (NAC) has been shown to be equally effective
as adjuvant chemotherapy for early breast cancer in terms of OS (104). The main
advantage of NAC over adjuvant chemotherapy is that it enables more patients to
be treated with BCS, avoiding a mastectomy in approximately 25% of patients. An
additional advantage is that it facilitates monitoring of tumour response, and in
tumours that are not chemosensitive the treatment regimen can be altered, which

could save patients from unnecessary toxic-side effects.
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1.3.4.2 Endocrine therapy

Endocrine therapy aims to prevent the growth-stimulatory effects of oestrogen
signalling in patients with ER+ breast cancer, either by blocking the ER or by
reducing the production of oestrogen (64). Tamoxifen acts as an ER antagonist,
thereby inhibiting the expression of many oestrogen-regulated genes required for
tumour growth (105). Tamoxifen has been the standard treatment in ER+ breast
cancer patients based on evidence from early-randomised controlled trials
showing a significant prolongation of DFS in ER+ patients treated with tamoxifen
(106,107). A meta-analysis performed by the EBCTCG in 2005 showed that 5 years
of adjuvant tamoxifen compared to no tamoxifen in ER+ early stage breast cancer
decreases breast cancer recurrence and breast cancer mortality by approximately
25% (101). This finding was largely irrespective of the use of chemotherapy, age
or tumour characteristics. Although rare, severe toxicities from tamoxifen include
an increased risk of endometrial cancer and thromboembolism; more common
side effects include hot flushes and gynaecological complications (108).

Aromatase inhibitors (Als) have emerged as the treatment of choice in
postmenopausal ER+ breast cancer patients. Als reduce the concentration of
oestrogen by binding to the aromatase enzyme, thereby preventing the conversion
of androgens to oestrogen. This hinders stimulation of ER+ tumour cells, especially
in postmenopausal women where oestrogen is predominantly produced by the
peripheral tissues. A recent meta-analysis comparing Al-based treatments with
tamoxifen in postmenopausal women with ER+ early breast cancer showed that
Als significantly reduce recurrence rate, either as 5-year monotherapy, 2-year
treatment followed by 3-years of tamoxifen, or after 2-3 years of tamoxifen (109).
The pooled data from the three treatment regimens combined showed that Al-

based treatments significantly reduced recurrence rates (30% proportional
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reduction) and breast cancer mortality (15% proportional reduction) compared to
tamoxifen alone. The use of Als was associated with fewer endometrial cancers,
but more bone fractures. Based on these findings current clinical guidelines
recommend that Al-based therapy should be offered to postmenopausal women,

especially those at high risk for breast cancer recurrence (110).

1.3.4.3 Biologically targeted therapy

HER2 is overexpressed in approximately 20 - 30% of patients and its
overexpression is associated with a worse prognosis (64). Trastuzumab is a
humanized monoclonal antibody targeting the extracellular subdomain IV of HER2,
thereby reducing tumour growth through several molecular mechanisms (111).
Studies have shown that 1-year of adjuvant trastuzumab and chemotherapy
significantly improves DFS and OS compared to patients not receiving trastuzumab
(112-114). Following these results, 1-year of trastuzumab in addition to adjuvant
chemotherapy has become the standard of care for patients with HER2+ early-
stage breast cancer. Although clinically beneficial, use of trastuzumab is associated
with an increased risk of congestive heart failure (115), and close monitoring of
cardiac function before and during the treatment period is therefore necessary
(81,87).

In the neoadjuvant setting, studies have evaluated dual anti-HER2+
blockage therapies using trastuzumab in combination with lapatinib. Lapatinib is a
small tyrosine kinase inhibitor that binds to the kinase region of EGFR and HERZ2.
Dual blockage with lapatinib showed improved pathologic complete response
(pCR) compared to one HER2+ agent (116); early results from the UK EPHOS-B
trial even showed pCR in a quarter of patients within 11 days of therapy (117).

However, the neoALTTO trial did not find a significant improvement in OS (118).
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Dual blockage therapy with lapatinib and trastuzumab in the neoadjuvant setting

is therefore based on the currently available evidence is not recommended (110).

1.4 Tumour resection margins

For over 20 years BCS has been the standard of care for treatment of early stage
breast cancer patients, and several prospective randomised controlled trials have
demonstrated that BCS and whole-breast EBRT is equivalent to mastectomy in
terms of survival (Section 1.3.2.1). Obtaining clear resection margins is important
in BCS as incomplete resection of the tumour is associated with an increased risk
for LR, which could potentially impact on OS as approximately 1 in 4 breast cancer
patients that develop a LR die from their disease (63). However, the definition of a
clear tumour margin is still subject of debate. Defining the optimal margin width
requires a balance between local control and acceptable cosmetic outcome, while
minimizing re-excision rates, patient discomfort and treatment costs.

There is global consensus that patients with a positive histological margin
after BCS, defined as tumour cells at the inked resection margin on postoperative
analysis, should undergo further surgery (re-excision or mastectomy) to reduce
the risk for LR associated with positive margins. Houssami et al. showed in a
recent meta-analysis that for patients with early-stage invasive breast cancer
treated with BCS and whole-breast EBRT the odds ratio for LR was 2.44 (95%
confidence interval CI 1.97 - 3.03) for a positive margin compared with a negative
margin of tumour cells >0 mm from the inked resection edge (90). The increased
risk was not mitigated by favourable biology, delivery of systemic therapy
(endocrine therapy, chemotherapy, biologic therapy) or radiation boost. A positive
resection margin in patients with DCIS who had BCS and radiotherapy is also

associated with an increased risk for LR. A meta-analysis by Wang et al. and Dunne
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et al. found an odds ratio of 2.17 (95% CI 1.69 - 2.86) and 2.78 (95% CI 2.12 - 3.7)
compared with negative margins, respectively (119,120).

To date there is no consensus on what constitutes an adequate negative
margin, neither for invasive cancer nor for DCIS. The lack of consensus is reflected
in the differences observed in the current (inter)national guidelines on tumour
resection margins in BCS (Table 1). This controversy arises from a variety of
factors. Firstly, the effect of margin width (e.g. 1 mm, 2 mm and 5 mm) on LR has
never been studied in a single prospective randomised controlled trial. The
available evidence to decide on the optimal margin width instead comes from
meta-analyses, retrospective studies or expert opinions. This evidence is often
based on data from patients treated before the year 2000, an era when surgical
and radiotherapy treatments, and histopathological evaluation, were different
from current standards. Obtaining prospective data on the relation between
margin distance and LR is practically impossible as this study would require a very
large number of patients and stringent quality control in terms of monitoring
adjuvant treatment (extent/dose of radiotherapy and systemic therapy) in order

to identify the true effect of margin distance on LR rate.
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Table 1: Guidelines on negative margin width

Guideline DCIS5 Invasive cancer
NCCN, 2016 (121) >1 mm No tumour on ink
St. Gallen, 2015 (122)4 Not specified! No tumour on ink
ABS, 2015 (123)4 >1 mm >1 mm
SSO-ASTRO, 2014 (124) Not specified? No tumour on ink3
NICE, 2009 (81) >2 mm Not specified

NCCN: National Comprehensive Cancer Network, ABS: Association of Breast Surgery, SSO-ASTRO:

Society of Surgical Oncology - American Society for Radiation Oncology. NICE: National Institute for

Health and Care Excellence

1. 80% of panellists felt that margins should be greater for pure DCIS than for invasive cancer, but
no recommendation was made on the exact margin width

2. For patients with pure DCIS SSO-ASTRO recommends the guidelines set out by NCCN, i.e. 21
mm

3. This guideline does not apply to patients receiving neoadjuvant chemotherapy or APBI, or
patients not receiving whole-breast EBRT

4. No details are provided on the type of radiotherapy or systemic therapy to which the guideline
applies

5. There are no individual guidelines on margin width for pleomorphic LCIS due to lack of data.
The DCIS guidelines therefore also apply to pleomorphic LCIS.

Secondly, the dilemma of margin evaluation is also a result of a lack of
standardization in the histopathological assessment of tumour margins, and
technical issues related to WLE specimen handling (both surgical and
pathological). WLE specimens are generally serial sliced or sliced in a cruciate
fashion (a method known as radial block examination); for both methods
additional shave margins may be taken (Figure 1). The preferred technique
depends amongst other factors on the type of tumour, the tumour size and
location, the size of the WLE specimen and the pathologist’s preference (8). All
methods have in common that the margins assessed under the microscope only
represent a fraction of the surface of the WLE specimen, and a calculation by
Tucker et al. showed that the percentage of the WLE surface area available for
microscopic evaluation ranges between <1% and 12% depending on the method
used (125). Thus, a negative margin on one single slide is not representative for

the margin status of the entire specimen. Besides, studies have shown that the
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margin status and number of involved margins differ depending on the margin

evaluation method used (126-128).
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Figure 1: Histopathological techniques for assessing tumour margins of wide local
excision specimens. Serial slicing in (A) the medial-lateral plane and (B) the
superficial-deep plane. After serial slicing blocks are taken from suspicious areas,
and examined for nearest margins and tumour size. (C) Radial block examination.
The specimen is sampled as four blocks taken in the medial-lateral and superior-
inferior direction, and the margin distance is then measured for each block. TSR =
tumour superior radial; LR = lateral radial; TL = tumour lateral; TIR = tumour
inferior radial; TM = tumour medial; MR = medial radial (D) Shaved margin
examination. This technique is often performed in addition to serial slicing or
radial block examination. SS = superior shave; SLS = superolateral shave; LS =
lateral shave; ILS = inferolateral shave; IS = inferior shave; IMS = inferomedial
shave; MS = medial shave; SMS = superomedial shave. Image was reproduced from
(8) with kind permission from the Royal College of Pathologists.

Technical specimen handling issues include inaccuracies in microscopic margin
evaluation due to a lack of clarity between surgeons and pathologists regarding
WLE specimen orientation (129), deformation of the specimen post-excision which
decreases the tumour-free margin distance (130,131), and margin assessment
errors due to difficulties in correctly identifying the different ink colours used for
orientation (132). All of the above factors potentially influence the accuracy of

margin evaluation, and limit the ability to identify the optimal margin width from
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comparing data on the association between margin distance and LR rates. Lastly,
the lack of agreement in optimal margin width is due to differences in
interpretation of the available data from the studies published to date. This
obvious reason for disagreements in margin definitions is partially a consequence
of the aforementioned two points, and the next section provides a clear example of
how differences in data interpretation have affected current guidelines on tumour

resection margins.

1.4.1 Views on optimal margin width for invasive cancer

A survey amongst breast cancer clinicians in the United Kingdom (133) and the
United States (134) showed substantial variations in the definition of a negative
margin for invasive cancer, ranging from >0 mm (called ‘no tumour on ink’, i.e. no
tumour cells at the inked resection margin) to >5 mm. The pivotal study in the
discussion on the optimal margin width in patients with invasive cancer is the
meta-analysis by Houssami et al. (90). This study aimed to systematically examine
the effect of margin width on LR. A total of 32,263 subjects from 33 studies were
included; 31 of these studies were retrospective. Negative margins were grouped
as tumour cells at >0 mm, 1 mm, 2 mm and 5 mm respectively, and ORs were
calculated with the 1 mm group as referent. No statistical significant difference
was found between margin width and LR rate (p = 0.12 for >0 mm versus 1 mm
versus 2 mm versus 5 mm, and p = 0.90 for 1 mm, versus 2 mm versus 5 mm,
respectively). This finding in combination with the excellent 10-year LR in the
NSABP clinical trials that used narrow margin widths (135), and the difficulty for
pathologists to reproducibly distinguish margin widths of >0 mm from 1 mm,
formed the key arguments for the SSO-ASTRO panel to recommend ‘no tumour on

ink’ as an acceptable margin width (124,136) (Table 1). However, opponents of the
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SSO-ASTRO guideline argue that the meta-analysis shows that negative margins
have a statistically significant lower risk of LR than close margins (OR = 0.57, p <
0.001), and although not statistically significant there is a trend in reduced LR rate
with increased margin distance (OR 1 mm =1, OR 2 mm = 0.91, OR5 mm = 0.77, p
= 0.9). Instead of evidence to support ‘no tumour on ink’ they state that the optimal
margin width based on the results of the meta-analysis is 1 mm (137). This is in
line with a recent study which also supported an optimal margin width of 1 mm for
invasive disease (138).

The opponents of the ‘no tumour on ink’ margin definition also emphasise
the weaknesses of the meta-analysis in terms of study design. The main points of
critique include that instead of ‘no tumour on ink’ a margin of 1 mm was used as
the referent to assess the relation between margin width and LR, and that the
multivariate analysis did not correct for some important covariates associated
with an increased risk for LR such as tumour stage and grade, HER2 receptor
status, radiation dose and lymphovascular invasion (139). The former means that
the data does not support any claims on the oncological safety of ‘no tumour on
ink’. To adequately investigate the safety of ‘no tumour on ink’ this would have
required choosing a hazard ratio of 1 as the standard for ‘no tumour on ink’, but
Houssami and colleagues state that this was not possible due to the small number
of studies employing the ‘no tumour on ink’ definition and because the statistical
modelling was constrained by the variability in negative margin definitions (140).
The same paper also notes that whether a margin of ‘no ink on tumour’ is adequate
for ILCs, TNBCs, patients of young age or with an extensive intraductal component
could not be examined as this information was not provided in the majority of
studies included in the analysis (140). Thus, no recommendations can be made on

the optimum margin for patients with these characteristics. Another limitation of
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the meta-analysis is that none of the 33 studies included for analysis had central
pathology review of margin status. A central pathologist review in the NSABP-06
study only confirmed ‘tumour on ink’ in 31% of the WLE specimens that were
assessed as such by the local histopathologist, indicating that inter-rater variability
between pathologists can introduce inaccuracies in assessing the relation between
margin width and LR (141).

In the last few years there have not been any papers published advocating
the need for margins wider than 1 mm in patients with invasive disease, neither
are wider margins recommended by the national, European or American
guidelines used to date (Table 1). Thus, although the debate about the adequacy of
‘no tumour on ink’ and =1 mm in terms of oncological outcome is far from over, for
now there seems to be agreement that surgical treatment in the form of a re-
excision can safely be avoided for margins >1 mm in patients with invasive cancer

treated with BCS and radiotherapy.

1.4.2 Views on optimal margin width for DCIS

To date there is also no consensus about what constitutes a negative resection
margin in patients with DCIS, and the definition of a negative margin ranges from
‘no tumour on ink’ to more than a 10 mm free margin. A survey amongst 388
American surgeons with an interest in breast cancer performed in 2009 showed
that 22% would accept a margin of 1 mm for DCIS; 52% a margin of 2 mm; 10% a
margin of 5mm; and only 4% would accept a margin of 10 mm (142). ‘No tumour
on ink’ was not included in the questionnaire. A recent survey amongst breast
units in the United Kingdom found that 5 of the 76 units (6.6%) considered ‘no
tumour on ink’ as an acceptable margin; 17 units (22.6%) accepted a 1 mm

margin; 28 units (36.8%) used 2 mm; and in only 1 unit (1.3%) 5 mm was the
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acceptable margin (143). Note that in both surveys the majority choose 2 mm as
adequate margin; this is different from the 21 mm margin width recommended by
the most recent NCCN and ABS guidelines (Table 1).

There are some major differences between DCIS and invasive cancer that
play an important role in the discussion about an adequate margin of excision,
including the clinical features, extent and spatial distribution of DCIS, and the fact
that not all patients receive systemic adjuvant therapy and radiotherapy in routine
practice. The majority of DCIS presents as clinically impalpable lesions, often with
microcalcifications, which may be more extensive than determined preoperatively
or intraoperatively (Section 1.3.1). An early study by Holland et al. reported that in
approximately 30% of patients the mammographic size of DCIS was more than 2
cm smaller than the histological tumour size (144). The same group demonstrated
that in approximately 27% of patients occult foci of DCIS can be found more than 2
cm away from the supposed margin (145). A negative margin for DCIS therefore
does not mean the absence of residual unresected tumour in the breast; it is rather
a surrogate marker for the likelihood and extensiveness of further residual
disease. In contrast to patients with invasive cancer, DCIS patients generally do not
receive systemic therapy after BCS and not all receive radiotherapy. Data from the
National Cancer Data Base showed that in the United States approximately 30% of
patients do not receive radiotherapy after BCS (146), while in the United Kingdom
this is approximately 50% (147). Since studies have shown that systemic therapy
and radiotherapy significantly reduce recurrence rates in breast cancer patients
(Section 1.3.3), a wider margin of excision in patients not receiving systemic
and/or radiotherapy may be required to reduce the risk for LR from residual
unresected DCIS. The aforementioned differences make the definition of an

adequate margin for DCIS even more complicated than for invasive disease.
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The arguments and scientific evidence for the current guidelines on margin
width for DCIS as shown in Table 1 is not well documented. As for invasive cancer
there are no prospective studies conducted to assess the relation between margin
width and LR. In order to get a better understanding of what could constitute an
adequate margin of excision for DCIS patients treated with BCS and radiotherapy,
the retrospective studies published data on the relation between LR and margin
width are summarised in Table 2. All these studies show a statistically significantly
higher LR for positive margins (tumour on ink) compared with margins >0 mm.
Moreover, wider margins are associated with a lower number of recurrences.
However, there is inconsistency between studies in terms of the optimal margin
width. Solin et al. showed that margins >2 mm significantly improve local control
compared with margins <2 mm (148) (Table 2). This is in line with the results from
a more recent study (149). A meta-analysis by Dunne et al. showed that a 2 mm
margin was superior to a margin <2 mm, and although the risk for LR further
decreased for margins more than 5 mm, this improvement was not statistically
significant (OR = 1.51, p > 0.05) (120). These studies thus seem to favour a margin
width of 2 mm or more. However, this is contradicted by a recent study from Van
Zee et al. (150), indicating that margins >0 mm are as good as larger margins in

patients receiving radiotherapy.
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Table 2: relation between margin width and recurrence rate in DCIS patients treated with BCS and radiotherapy
Study Study design Treatment Total no. of Median follow- up Total recurrence Margin width Recurrence rate P-value for recurrence
period patients period ratein % categories in%’ rate per margin width
(months) (N) (mm) (N)
(148) Multi centre 1973 - 1995 1003 60 10 (100/1003) Tumour on ink 10.8 (9/83) A
<2 7.0 (11/158)
>2 4.0 (24/599)
(151) Single centre 1986 — 2000 103 63 13 (13/103) Tumour on ink 31.3 (5/16) 2
<1 8.6 (3/35)
1-5 10.5 (2/19)
>5 4.3 (1/23)
(150) Single centre 1978 — 2010 1483 75 8.4 (124/1483) Tumour on ink 10.3 (6/58) 2
<2 10.1 (27/268)
2-10 7.1 (35/492)
>10 8.4 (56/665)
(152) Multi centre 1972 — 1998 213 72 17.4 (37/213) <1 28.8 (21/73) A
1-10 15.0 (15/100)
>10 2.5 (1/40)

1. Margins 22 mm were associated with a statistically significantly lower local recurrence rate compared to <2 mm margins (p = 0.027) and no tumour on ink (p < 0.001)

N

A non-significant difference was found between no tumour on ink/<1 mm versus 1 - 5 mm margin and >5 mm margin (p = 0.28)

3. A non-significant difference was found between tumour on ink versus no tumour on ink (p = 0.67), <2 mm versus >2 mm (p = 0.96), and <10 mm versus > 10 mm (p =

0.70)

4. P-values for comparing the three margin width groups was not provided. However, the probability of recurrence within 8 year for <1 mm, 1 - 10 mm, and 210 mm
was 0.30 £ 0.06, 0.12 # 0.04, and 0.04 + 0.04, respectively.
5. Recurrence rate for patients with an unknown margin status are not included in this column
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Table 3: relation between margin width and recurrence rate in DCIS patients treated with BCS alone

Study Study design Treatment Total no. of Median follow- up Total recurrence Margin width Recurrence rate in % P-value for
period patients period rate in % categories (N) recurrence rate
(months) (N) (mm) per margin width
(153)" Single centre 1999 — 2009 107 58 4 (4/107) <10 23.1 (6/24) <0.01
>10 1.5 (1/83)
(154) Single centre 1972 - 2004 445 57 18 (79/445) Tumour on ink 46.9 (15/32) -
0.1-0.9 34.0 (18/53)
1.0-1.9 35.0 (7/20)
2.0-2.0 24.4 (20/82)
3.0-5.9 20.5 (8/39)
6.0-9.9 9.1(2/22)
>10 4.6 (9/197)
(150)2 Single centre 1978 — 2010 1225 75 16 (201/1225) Tumour on ink 25.0 (10/40) -
<2 25.1(42/167)
2-10 16.8 (62/369)
>10 13.4 (87/649)
(152) Multi centre 1972 — 1998 256 72 14.8 (38/256) <1 33.3 (13/39) 2
1-10 18.5 (23/124)
>10 2.2 (2/93)
(155) Multi centre 1987 — 2004 222 55 8.6 (19/222) <1 16.1 (5/31) A
1-9.9 7.7 (5/65)
>10 7.1(9/126)

1. Only patients with DCIS tumour size <1 mm were included.

No significant correlation between margin width and local recurrence was found for patients receiving radiotherapy (Table 2)

3. P-values for comparing the three margin width groups was not provided. However, the probability of recurrence within 8 year for <1 mm, 1 - 10 mm, and 210 mm
was 0.58 £ 0.13, 0.20 £ 0.04, and 0.03 + 0.02, respectively.

N

4. Atrend towards an increased risk of local recurrence in cases <1 mm compared to 210 mm was found.
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Table 3 shows the results from retrospective studies published on the relation
between margin width and recurrence rate in DCIS patients treated with BCS
alone. All studies included in the table show a decrease in LR when margin width
increases. This finding is in line with the results from a network meta-analysis by
Wang et al. using data from 7564 patients (119). They showed that margins = 10
mm were associated with a reduced risk of LR compared to a 2 mm margin (OR =
0.43,95% CI 0.27 to 0.67).

The data in Table 2 and Table 3, and the results from the meta-analysis by
Wang et al. (119) and Dunne et al. (120), indicate that a 21 mm margin width for
DCIS as recommended by ABS and NCCN may not be adequate for achieving
optimal local control, especially for patients not receiving radiotherapy. However,
there are multiple factors associated with recurrence in DCIS, including age,
tumour size, type and grade, and possible multifocality, and these are important to
consider when defining the optimal margin width (156). More importantly, data
from clinical studies on the long-term efficacy of specific margin distances,
obtained from DCIS patients treated with modern surgery and adjuvant therapy, is
of utmost importance for making well-informed recommendations on the margin
width required. This will help decide which patients may benefit from a re-
operation to obtain wider margins, and in which patients a re-excision can safely
be avoided. Regardless of the relation to margin width, the benefits of reduced LR
should always be balanced against potential patient benefits and costs benefits

associated with re-excision surgery.

1.4.3 Re-operation rates for invasive cancer and DCIS
To date a significant number of patients undergo a re-operation because tumour

margins after the initial BCS procedure are deemed inadequate. Table 4 provides
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an overview of the re-operation rates obtained from national population-based
studies performed in the United States, United Kingdom, Canada and The
Netherlands. This table shows that mean re-operation rates for invasive cancer
with or without in situ disease range between 9.3 - 32.0%. For patients with pure
DCIS Van der Heijden et al. found a mean re-excision rate of 28.5% (157); this
corresponds with the findings from the UK Sloane Project showing a mean re-
operation rate of 29% (158). Sole DCIS or DCIS in the presence of invasive disease
is generally associated with a higher re-excision rate than invasive disease alone,
which is partially due to the clinical and histopathological differences between
DCIS and invasive cancer as described in Section 1.4.2. Some studies found a
significantly higher rate of re-excision for lobular cancers compared to ductal
cancers (157,159), which may be attributed to the diffuse growth pattern of
lobular disease, although this difference was not demonstrated in the study by
McCahill et al. (160).

Among patients that require a re-operation to the affected breast,
approximately 40 - 50% in the United Kingdom and The Netherlands choose for a
mastectomy (159,161). These patients thus initially opted for breast conservation
as the preferred treatment option, but ended up having their breast completely
removed. Of the patients that choose re-excision surgery, 7.4 - 12.5% required a
second surgical intervention in the form of a re-reexcision or final mastectomy to

completely clear their cancer (160-162).
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Table 4: Multi centre studies performed after the year 2000 on re-operation rates in BCS

Study No. of centres Period Total no. Mean re-operation rate in %
of patients DCIS Invasive Invasive + DCIS!?
(157) 96 2008 - 2009 6250 28.5 9.32
(161) 156 2005 -2008 45793 18.0 29.5
(160) 4 2003 - 2008 2006 22.93
(162) - 2003 -2013 87449 30.94
(163) 26 2000 - 2002 489 26.2
(159) 16 2006 - 2007 1923 32.05
1. Invasive cancers with or without ductal carcinoma in situ (DCIS). This group also includes patients with invasive lobular cancer
2. This is not the actual re-operation rate but the percentage of patients with an inadequate surgical margin that would have required re-excision surgery as per
national protocol. Invasive lobular cancers had a statistically significant higher number of ‘inadequate’ margins than invasive ducal carcinomas (p<0.001)
3. No statistically significant difference was found in re-operation rate between patients with invasive ductal carcinoma and invasive lobular carcinoma (p = 0.17)
4. Re-operation rate decreased significantly from 39.5% in 2003 and 2004 to 23.1% in 2011 to 2013 (p < 0.001). Diagnosis of carcinoma in situ was associated with
an increased risk of re-excision on multivariate analysis (odds ratio 1.57,95% CI 1.49 - 1.65)
5. Re-operation rate was 36.4% for lobular cancers and 27.9% for ductal cancers. This difference was statistically significant (p = 0.01). Patients with lobular cancers

were 54% more likely to undergo re-excision
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Re-operations have a significant impact on patients and healthcare systems. They
can potentially result in an increased rate of surgical complications (164),
compromise cosmetic outcome (165), and increase anxiety and stress for patients
and their families. Re-excision surgery also presents a high cost burden on the
healthcare system. A recent study in the United States showed that the costs for a
re-excision were $4721 (£3654) per patient (166). These costs are likely to be
even higher if the patient ends up having a mastectomy, and need to be multiplied
for patients that require two or more re-operations to obtain clear margins.

The studies in Table 4 showed a large variation in re-excision percentages
between centres (157,159,160), and individual surgeons (160,162,163). McCahill
et al. demonstrated that one institution performed a second operation in only 1.7%
of patients with negative margins (defined as ‘no tumour on ink’), while this was
20.9% at another institution (p<0.001) (160). More importantly, 47.9% of patients
had a re-operation for cancer found at 0 - 0.9 mm from the margin, 20.2% had
margins 1.0 - 1.9 mm, and in 6.3% of cases margins were 2.0 - 2.9 mm. Another
study found that approximately 40.0% of repeat operations was performed for
margins <0.1 - 2.0 mm (167). These findings show that a significant number of re-
excisions are performed for close but negative margins. This highlights the
importance for obtaining consensus on the definition of an adequate excision
margin as the current differences cause significant variations in clinical
management, thus impacting on patient wellbeing and health economics.

In an attempt to decrease the re-operation rate several methods to facilitate
more complete tumour excision at the time of the initial BCS procedure have been
proposed. These include the use of routine cavity shavings, oncoplastic BCS
techniques and techniques to intraoperatively assess tumour resection margins.

Routine shavings and oncoplastic BCS will be briefly discussed in the next two
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sections, while an extensive overview of the intraoperative margin assessment
techniques and their potential for reducing re-operation rates is provided in

Section 1.5

1.4.4 Routine cavity shavings

The main aim of performing routine cavity shavings (RCS) in addition to
conventional BCS is to sample extra tissue from the four radial margins, with or
without the anterior and posterior margin, to decrease the positive margin and re-
operation rate. Routine shavings are different from selective shavings; the latter is
standard practice in BCS as surgeons excise margins where the tumour is deemed
to be close based on intraoperative imaging or gross evaluation. RCS has been
introduced in the 1990s, but so far no meta-analysis or systematic review has been
published on the oncological and/or cosmetic outcomes of this technique.

Table 5 shows the results from 2 important randomised controlled studies
performed after 2000 comparing the positive margin rate of conventional BCS with
RCS. These studies show that RCS can significantly reduce positive margin rates.
Single centre, retrospective studies have reported similar findings (168-170).
These results show the potential benefit of RCS in centres with a high rate of
incomplete tumour excision with standard BCS. However, RCS is likely to be of
limited value to institutions with a positive margin rate and/or re-excision rate of
20% or less with conventional BCS.

An important potential limitation of RCS is a reduced cosmetic outcome due
to excision of a higher volume of breast tissue. Several studies have compared
excision volumes between standard BCS and RCS, with contradictory results.
Guidroz et al. (171) and Jones et al. (172) showed no significant difference in

excision volume, while Chagpar et al. (173) and Huston et al. (170) found that the
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total volume of tissue excised was significantly larger in the RCS group. The
excised tissue volumes between these studies differed markedly for both the BCS
and RCS group, highlighting the variation amongst surgeons and centres in surgical
practice, and the need for randomised controlled multi centre studies and meta-
analyses to robustly assess the impact of RCS on excision volume and cosmetic
outcome.

Chagpar et al. recently performed a cost-analysis to assess the potential cost
benefits of RCS compared to standard BCS (174). They found that although RCS
significantly reduced re-excision rates (27.6% for BCS versus 10.9% for RCS, p <
0.01), direct hospital costs were higher due to increased operating room time
($1137 versus $1315, p = 0.03) and pathology costs from processing and analysing
additional tissue slides ($795 versus $1195, p<0.01). Overall there was no
significant difference in total costs between BCS and RCS ($11,219 versus $10,476,
p = 0.40). This finding in combination with the limited improvement in re-
operation rate in centres with a rate of 20% or less, questions the real benefit of
RCS for patients and healthcare systems, especially now oncoplastic techniques are

being used more often as described in the next section.
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Table 5: Randomised controlled trials comparing positive margin rate of conventional BCS and BCS plus routine cavity shavings

Study Study design Period Definition of Total no. of No. of patients Positive margin Positive margin P-value
negative margin patients with DCISonly  rate BCSin % rate RCS in %!
(N/NroraL) (N/NroraL)
(173) Randomised 2011 -2013 Invasive: >0 mm 235 45 33.6 19.3 0.01
controlled trial, DCIS: 21 mm (39/116) (23/119)
single centre
(172) Randomised 2009 - 2012 Invasive: >1 mm 752 13 45.2 15.6 <0.01
controlled trial, DCIS: >2 mm (14/31) (7/45)

single centre

1. RCS =routine cavity shavings
2. One patient had bilateral cancer. For both breasts BCS was performed, so the total number of breast specimens was 76
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1.4.5 Oncoplastic breast-conserving surgery techniques

Oncoplastic BCS techniques have emerged over recent years as a further
refinement of standard BCS. This type of surgery enables surgeons to excise a
larger tissue volume with wider surgical margins, while minimizing potential
deformities and maximizing cosmetic outcome by immediate reconstruction of the
conserved breast at the time of initial surgery. Multiple oncoplastic BCS techniques
have been introduced; the most appropriate technique depends amongst other
factors on the volume of tissue to be excised and the location of the tumour (175).

De La Cruz et al. performed the largest comprehensive literature review to
date on the oncologic outcomes of oncoplastic BCS (176). They included 55 studies
and evaluated data from over 6000 patients. Studies with over 5-year follow-up
showed excellent mean LR, DFS and OS rates of 6.0% (range 0 - 14.6%), 85.4%
(range 59.6 - 100%) and 93.4% (range 82.9 - 100%), respectively. Although
results varied amongst the studies included in the review, the vast majority of
studies showed recurrence and survival rates comparable to patients undergoing
conventional BCS. Oncological safety has also been confirmed in another review on
oncoplastic BCS (177).

In the studies included by De La Cruz et al. mean positive margin rate and
re-excision rate was low; 10.8% (range 0 - 39.7%) and 6.0% (range 0 - 26.7%),
respectively (176). Positive margin rates were not significantly different for the
different margin definitions used in the included studies (p = 0.162). A meta-
analysis comparing standard BCS with oncoplastic BCS found significantly lower
positive margin rates (21% versus 12%, p<0.001) and re-excision rates (14.6%
versus 4%, p<0.001) for the oncoplastic technique (178). Importantly, cosmetic

outcome has shown to be as good or better than with standard BCS (178,179).
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Overall these studies indicate that oncoplastic breast conservation in
patients with early-stage invasive breast cancer is a safe treatment option that
potentially provides a low positive margin and re-excision rate, and good cosmetic
outcome without compromising recurrence or survival. Large randomised
controlled trials are needed to further evaluate the clinical and health-economical

benefits of oncoplastic BCS versus conventional BCS.

1.5 Techniques for intraoperative assessment of tumour margins
Despite the limitations described in Section 1.4, the ‘gold standard’ for assessing
tumour margin status to date is postoperative histopathological analysis. The
results from histopathology typically become available within 5-7 working days
after the initial BCS procedure, thus requiring patients with inadequate margin
clearance to undergo a delayed second operation to obtain clear margins.
Regardless of the type of surgical technique used, i.e. BCS alone, BCS plus routine
cavity shavings, or oncoplastic BCS, accurate assessment of tumour resection
margins intraoperatively would enable surgeons to excise additional breast tissue
in the scenario of close margins at the time of initial surgery, thus potentially
preventing the need for a re-operation.

There are several important criteria that should be considered when
developing or evaluating intraoperative margin assessment technologies. Firstly,
the time required to assess tumour resection margins should be within a time-
window that is acceptable for providing surgical guidance during the BCS
procedure. Ideally information on margin status is provided real-time, but in
general 20 - 30 minutes is considered to be within acceptable limits. An important
factor in determining the acceptable length of the procedure is the impact on re-

excision rates; longer examination times may be feasible but only if it does not
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affect quality of care and significantly reduces overall treatment costs. Secondly,
high diagnostic performance in terms of accuracy, sensitivity and specificity is
paramount. Of key importance in this is the ability to detect DCIS accurately, as this
is one of the main causes of inadequate surgical excision in BCS to date. There are
several factors that potentially affect diagnostic accuracy, including lateral
resolution (the ability to distinguish two individual points in a plane parallel to the
field of view), axial resolution (the ability to distinguish two individual points in a
plane perpendicular to the field of view), and tissue sampling area. Intraoperative
margin assessment techniques should have millimetric resolution to identify small
tumour foci in (focally) positive margins, and to accurately detect tumour cells
within a few millimetres of the tissue’s surface. The tissue sampling area, i.e. the
surface area of the tissue that can be assessed in one single measurement, is
preferably large to prevent potential user errors and to facilitate rapid assessment
of WLE specimens and/or surgical cavities. Thirdly, the technique needs to be safe
for patients and clinical staff. This requirement is of special concern for techniques
employing radioactivity including Cerenkov Luminescence imaging (CLI) (Chapter
3). Fourthly, the overall costs of the technology need to be relatively low to provide
potential cost savings for the health care provider and the payer. Again, this
ultimately depends on the impact of the technique on re-operation rate and quality
of care. Lastly, wide clinical adoption requires the intraoperative margin
assessment technique to be pragmatic and implementable in existing clinical
workflows. Effort should be made to minimize the labour intensiveness of the
technology, while avoiding complex logistics to maximize ease-of-use. Criteria that
are of secondary importance are the applicability of the technology to other solid
cancers that would benefit from intraoperative tumour margin assessment (e.g.

prostate, colorectal and head and neck cancer), the ability to intraoperatively
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assess lymph node status, and the dimensions of the equipment. Small sized
equipment that can be used inside an operating theatre or in an adjacent room is
preferred to enable short lines of communication between the surgical team and
the operator of the equipment.

To date there are a number of techniques available to assess tumour
resection margins intraoperatively, either in current clinical use, or in the research
phase, and all these techniques aim to reduce re-operation rates. The next two
sections provide a thorough overview of each individual technique and its pro