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Introduction

Sir Astley Cooper, a 19th century English anatomist and 
surgeon, provided one of the earliest insights into the 
anatomy of the breast (1). In his cadaveric studies, nipple 
orifices of mammary glands were injected with coloured 
wax, which demonstrated the lobar distribution of the ductal 
system (2). It appears that this knowledge of the delicate 
arrangement of ducts and lobules lay dormant with the 
progress of surgical therapeutics for breast cancer, for at the 
turn of the twentieth century, William Halsted promulgated 
the use of the radical mastectomy for this purpose (3). 
Due to the rudimentary understanding of the pathology 
and biology of breast cancer in the last century, coupled 
with the absence of screening to allow its early detection, 
mastectomy remained the mainstay of the treatment of 
breast cancer for at least seven decades. Then, in the last 

quarter of the twentieth century, Veronesi et al. and Fisher 
et al. ushered in a new epoch in the surgical treatment of 
breast cancer when they introduced the concept of breast 
conservation treatment (BCT) (4,5). However, surgical 
diminution and pathology advancement moved in divergent 
trajectories, until more recently, when the work of Cooper 
is revisited and recaptured in our understanding of 
tumourigenesis.

Concurrent with the introduction of BCT, several 
pathology teams detected the presence of non-clinically 
evident malignant foci separate from the index cancer, and 
concluded that this posed a potential barrier to the efficacy 
of BCT (6,7). It was noteworthy that this work failed to 
take into account Cooper’s seminal work on breast anatomy. 
While certain facts were not immediately obvious when 
BCT was first introduced, accumulation of knowledge over 
time has made us cognisant that pathology of the breast 
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needs to be studied in conjunction with anatomy for an 
improved understanding of carcinogenesis, and integrated 
with therapeutic strategies. 

Prospective randomised controlled trials (RCTs) have 
demonstrated that breast conserving surgery (BCS) with 
radiotherapy confers non-inferior outcomes to mastectomy 
(4,5). Some contemporary retrospective studies suggest that 
BCT may be superior to mastectomy in terms of survival 
and local control (8-15). Although there is potential for 
confounding, the evidence is substantial enough to question 
the basis for these outcomes. Part of the answer lies in the 
combination of the centuries-old knowledge of anatomy 
and modern understanding of mutagenesis.

Embryology of the mammary gland & the sick 
lobe hypothesis

Mammary development commences in the 5th week of 
intrauterine life identifiable by an ectodermal thickening 
from the axilla to the groin. This then condenses, during 
the 6th to 7th week, to a single pair of mammary crests on 
the thorax between the 4th & 5th intercostal space (16,17) 
Primary mammary bud development ensues, with epithelial 
outgrowths penetrating downwards into the deepest of three 
layers of mesenchyme, then burgeoning into secondary 
buds between the 12th and 21st weeks. Thereafter,  
15–20 radial outgrowths permeate the developing breast. 
These epithelial growths acquire a lumen lined by two 
layers of cuboidal cells, with epithelial and myoepithelial/
basal layers. The forming lactiferous ducts converge to 
open into a shallow mammary pit, which transform into a 
nipple during infancy. At birth, the gland may consist of a 
series of blind-ended tubes with bulbous tips (16), to well 
defined lobules and terminal duct lobular units, arranged 
radially in 15–20 lobes, draining through lactiferous ducts 
into ampullae (16), Further branching and terminal lobule 
development continues for the first 2 years of life (17), and 
is relatively quiescent until thelarche. At puberty, under 
the influence of ovarian oestrogens, the mammary ductal 
epithelium and surrounding stroma proliferate. This leads to 
the concomitant proliferation of collecting ducts, terminal 
duct lobular units, breast buds, vascular and connective 
tissue elements. Further maturation occurs during 
pregnancy where functional differentiation of the glandular 
parenchyma takes place to prepare the lobule-alveolar 
structure for lactation. Throughout the development and 
maturation process, the radial organisation of the mammary 
lobes is retained (18,19).

It has been recognised for some time that duct anatomy 
is relevant to the neoplastic process (20). Ductal carcinoma 
in situ (DCIS) and lobular carcinoma in situ (LCIS) were 
found to occupy volumes of breast tissue which broadly 
conform to the catchment patterns of breast ductal 
territories. This is also consistent with the finding of 
the multifocal, multicentric and diffuse nature of breast 
carcinomas in a significant proportion of cases (21). Large 
section, or subgross histology studies has provided insight 
into the distribution of breast carcinoma. The sick lobe 
theory propounded by Tot postulates that fundamentally, 
breast carcinoma is a lobar disease (21). It is speculated 
that genetic instability is acquired through mutation 
during embryonic development, and the progenitor cells 
transmit this characteristic to their progeny along the 
ductal-lobular system occupying the entire lobe through 
pubertal development and maturation (22). Further 
noxious cellular or stromal events contribute to more 
mutations, with the sum of these factors leading to eventual 
malignant transformation. Since the cells with vulnerable 
genetic alterations are found within the same ductal 
tree, simultaneous or asynchronous multiple tumour foci 
originate from within a single lobe of the breast (23). 

Anatomic studies using a software modelling programme 
on subgross pathology sections have demonstrated that 
the branching skeleton of a complete duct system takes on 
a pyramidal configuration with the summit at the nipple, 
consistent with the reported structure of a single sick lobe 
(24,25). The duct systems within one breast appear to be 
independent of the others, and anastomoses between each 
ductal unit have not been consistently identified (24). The 
radial lobes associated with the individual duct systems 
vary significantly in size and may overlie one another. 
Malignant transformation within the ‘sick lobe’ generally 
occurs in three patterns. Involvement of a single terminal 
ductal-lobular unit (TDLU) or a segmental duct together 
with its branches and terminal units, is termed ‘unifocal’ or 
‘segmental’. The growth pattern referred to as ‘multifocal’ 
or ‘peripheral’ occurs when several distant TDLUs within 
the same lobe are affected, with uninvolved breast tissue 
in between. The third configuration is ‘diffuse’ where 
larger ducts are involved, forming the lobar pattern (25). 
Multicentric disease involves more than one lobe with 
variations of segmental, peripheral or diffuse patterns. 
These growth patterns are best evidenced in the in situ 
and early invasive phases of malignancy. The invasive 
components, if any, are small at this tumour stage, but 
the involved volume of the breast tissue (the extent of 
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the disease) varies, as multiple tumour foci may develop 
simultaneously or the process may diffusely involve large 
parts of the sick lobe from the beginning (25,26). The 
molecular evolution of breast cancers supports this theory, 
where similar genetic alterations are demonstrated in both 
precursor lesions and subsequent malignant tumours (27). 
This phenomenon is also demonstrated in the progression 
from papilloma to DCIS and at any one time, a spectrum 
of disease involving the ductal tree of one or more lobes 
is seen. Ultimately, these findings return us to the original 
concept of an ‘at-risk’ cell population distributed along 
the arborisation of the ductal system of a single lobe, likely 
to be acquired during formation of the breast in utero, 
which continue to exist through further quiescent and 
developmental stages. 

With respect to multiple synchronous unilateral lesions 
of invasive breast cancer, Desmedt et al. analysed genetic 
mutations in homogenous phenotypic ductal multifocal 
lesions in terms of grade, oestrogen receptor (ER) and 
human epidermal growth factor receptor 2 (HER2) (28). 
Three ‘genomic’ groups were identified. Thirty-one percent 
of tumours were referred to as the ‘homogeneous’ group 
where all multifocal lesions carried the same mutations. The 
second or ‘intermediate group’, comprising 36% of patients, 
had both common and private mutations. The third group 
of patients had no single mutation in common among 
all samples from the investigated lesions. This last group 
was categorised as ‘heterogeneous’. The only association 
of significance between inter-lesion heterogeneity and 
clinico-pathological characteristics was that of inter-lesion 
distance. It was noted that the lesions from patients of the 
heterogeneous group were further apart from each other 
than those from patients of the homogeneous group. This 
observation supports the concept of the sick lobe(s), where 
a greater degree of homogeneity of mutations in lesions in 
closer proximity is indicative of similar embryologic origin, 
while molecular heterogeneity in more distant tumour foci 
suggests that they are derived from separate ductal-lobular 
trees with different genetic ancestry. The logical implication 
of these findings is that surgical resection should take 
into account both the anatomic architecture and genetic 
distribution of the affected lobes.

The sick lobe hypothesis proposes the most probable 
basis of mammary carcinogenesis. However, another 
plausible explanation for tumorigenesis is the expansion 
of preneoplastic cell populations along defined anatomical 
spaces as genetic mutations are acquired, developing 
survival advantage through resistance to apoptosis and other 

cellular characteristics necessary for clonal expansion and 
replacement of normal adjacent cells.

Field cancerisation and surgical resection 
volumes

The understanding of carcinogenesis has advanced 
considerably with the dawn of the genomic era. Based 
on the study of genomic alterations, the concept of 
field cancerization on the basis of a genetic model has  
emerged (29). This proposed sequential, multi-step genetic 
model of carcinogenesis begins with a cell acquiring one 
or more genetic or epigenetic aberrations which allow it a 
proliferative advantage. It then proceeds to form a clonal 
field of similar cells without altering tissue architecture. 
The cells within this precursor field then amass more 
alterations, now creating phenotypic differences among 
clonal populations. With increasing genetic alterations 
favouring greater proliferative potential, one or more cells 
acquire sufficient traits for malignant conversion. The 
model implies that cells which have undergone early genetic 
events but have not acquired all the changes necessary for 
tumorigenesis constitute the field cancerised tissue and is 
entirely consistent with the sick lobe hypothesis. Leyba et al. 
have provided data suggesting that phenotypically normal 
epithelial tissue bearing ‘hallmarks of cancer’ are detected 
adjacent to breast tumours (29). These abnormalities, 
comprising certain molecular characteristics associated with 
cancer cells, are found in tissues 1 cm from tumour, but 
not in tissues 5 cm from tumour. This could imply that the 
histologically normal tissue 1 cm from the tumour could 
fall within the same segment, while parenchyma more than 
5 cm belong to a different lobe. If so, these factors could be 
used as markers for adequacy of tissue resection.

The molecular characterist ics  of  neighbouring 
histologically similar tissue and the microenvironment of 
the surrounding stroma may have implications for volume 
of surgical resection. Genomic instability, telomerase 
expression, epithelial to mesenchymal transition in epithelial 
cells, coupled with dense disorganised extracellular matrix 
and myofibroblasts are thought to be drivers of tumour 
initiation and progression (29). Hence, the amount of 
genetically affected tissue which remains in the breast could 
have bearings for tumour recurrence. If so, excision of such 
morphologically normal but molecularly ‘primed’ tissue 
is essential for local control. The combined extent of the 
affected ductal-lobular tree (sick lobe) and surrounding 
stroma can be considered to be the involved ‘segment’, 
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which logically leads to the method of determining an 
adequate resection volume. Edgerton et al. demonstrated 
that tumour morphology and characteristics, viewed 
as histological surrogates for mechanistic parameters, 
allow the derivation of a mathematical model to predict 
tumour volumes and therefore inform extent of surgical  
resection (30). The anatomy of the mammary gland is 
derived from a common embryology and framework, 
although each individual has a unique architecture of 
duct arborisation. As such, the actual geometry and 
local extension of intraductal tumour cells may vary 
from patient to patient. Using a composite of pathologic 
characteristics and imaging, a formula is used to calculate 
the distribution of disease for surgical planning. Ultrasound 
has been shown to be useful in this respect (31), while 
it is postulated that magnetic resonance imaging (MRI) 
may also have some applicability. It is thought that 
mammography which identifies calcifications may not be 
as reliable (30). The proposed model by Edgerton et al. 
assumes a resection volume in the shape of an ellipsoid, 
which can be viewed to be concordant with the sick lobe 
theory. This is in contradistinction to other recommended 
surgical approaches, which prescribe a circular, or 
spherical resection volume around the tumour (32). From 
a surgical perspective, two flaws can be identified with 
these ‘rounded’ surgical techniques. The first, being that 
it fails to conform to the patterns of tumour progression 
and dissemination which has been independently validated 
by work in different settings and geographical locations. 
Secondly, a spherical configuration of resection acts as a 
strut preventing direct parenchymal closure, requiring more 
complicated procedures to fill the defect created by tumour 
resection (32). An elliptical resection not only optimises 
resection of the ‘sick lobe’, it leaves a resection defect which 
can be closed by the simpler manoeuvre of full thickness 
parenchymal flap mobilisation and direct closure (33). The 
latter procedure, which may be viewed as ‘standard breast 
conservation surgery’(sBCS) optimises cosmetic outcomes 
without increasing risk of surgical complications (34,35). 

Implications for BCT

The seminal work by Veronesi et al. and Fisher et al. (4,5) 
ushered in the era of BCT, the archetypal form of surgical 
de-escalation. The advent of screening mammography 
resulted in a greater proportion of women being diagnosed 
with early breast cancer, who are suitable candidates for 
BCT. While the early RCTs reported equivalent survival 

outcomes, there is, more recently, contemporary evidence 
that BCT may be associated with higher survival compared 
with mastectomy (8-12). It is therefore now crucial to 
optimise BCT rates in any population of patients diagnosed 
with breast cancer. However, local control does have an 
impact on overall survival and it is appropriate that ongoing 
research identifies correct selection criteria for best local 
control. This calls for a balance between adequate margins 
and overtreatment. The embryology, anatomy of the breast, 
the concepts of tumour progression and field cancerisation 
appear to merge in complete congruity with the sick lobe 
hypothesis, converging on a predicted resection volume 
conforming to an elliptical shape. Current data implies 
that small volumes of sick lobe retained in breast can be 
effectively treated by radiotherapy (RT) and/or systemic 
treatment. Still, further refinements may be possible 
through precision pathology, surgery and adjuvant therapy. 
Molecular profiling has enabled patient selection for de-
escalation of medical treatment and may play a role in RT 
too, as a genome-based model for adjusting radiotherapy 
dose is in its preliminary stages of evaluation (36). 

The sick lobe hypothesis applies to the early phases 
of breast cancer development, especially in relation to 
the in situ phase when the malignant cells are able to 
maintain the ductal-lobular architecture and the basement 
membrane retains its integrity separating the tumour from 
the surrounding stroma. This configuration continues 
to exist in early invasive cancer but may be disrupted in 
more advanced invasive disease. There is yet no consensus 
for the definition of ‘early breast cancer’, but it has been 
suggested that pure in situ cancer, microinvasive carcinoma 
(<1 mm) and invasive cancers smaller than 15 mm may 
be considered in this category (26). It is essential that 
preoperative assessment takes the combined distribution, 
or aggregate growth pattern, of both invasive and in situ 
parts of the tumour for appropriate case selection and 
operative approach. This involves treatment planning based 
on consolidated clinical information from pathology and 
imaging, primarily using mammography and sonography. 
Such surgical resection mapping may be viewed as the 
forerunner of precision surgery. Although there is potential 
for MRI in preoperative mapping, the low specificity and 
changes in breast parenchymal shape in the prone position 
during imaging and supine position during surgery needs to 
be accounted for prior to its application for this purpose. 

Precision surgery, where resection volume is based on the 
integration of imaging, tumour pathology and molecular 
characteristics of the microenvironment, is not yet a widely 
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embraced concept. The current state of the art offers the 
promise of its realisation for individualised treatment in the 
very near future. As it stands, contemporary knowledge of 
pathology and tumour biology offers adequate information 
to allow the classification of breast cancer distribution 
into four categories for optimal selection of surgical 
approach (Table 1) Unifocal cancer may be treated with 
sBCS, adhering to the elliptical resection format. These 
cancers are usually smaller, with better prognostic features. 
Molecular profiling allows further individualised systemic 
therapy. Multifocal tumours, defined as malignancies 
originating from multiple TDLUs distant from each 
other but within a single lobe can be surgically resected 

with a larger volume to excise as much of the ‘sick lobe’ 
as possible. However, a total extent of 4 cm may be a 
limiting factor for BCT, as this has implications for local 
control (23,25). Multicentric breast malignancies, or those 
affecting different lobes simultaneously can be approached 
using a multisegment tissue resection pattern to excise 
the affected sick lobes (37). Finally, diffuse cancers, may 
be treated with mastectomy if they are in excess of 4 cm 
in size (23), or undergo primary systemic treatment for 
downstaging (38). Complete pathological response to 
neoadjuvant chemotherapy is a good prognostic indicator, 
and may allow for BCT in women with locally advanced 
breast cancers at presentation. The latter tumour categories 

Table 1 Treatment options by aggregate (in situ & invasive) tumour distribution categories, according to the sick lobe theory

Treatment phase
Classification

Unifocal Multifocal Multicentric Diffuse

Pattern of tumour 
presentation

Well-circumscribed single 
focus of in situ cancer only, 
invasive cancer only or both 
in situ and invasive cancer 
within the same focus

Well-circumscribed multiple 
foci of in situ and/or invasive 
cancer or both

Well-circumscribed 
multiple foci of in situ or 
invasive cancer distributed 
in more than one lobe

Non-circumscribed growth 
of in situ and/or invasive 
cancer or both

Preoperative 
planning

 

Single lobe, limited extent

 

Single lobe, greater of 
resection

 

Multiple lobes, 
multisegment resection

 

Significant extent of tissue 
involvement

Surgical resection Single segment/standard 
BCS with negative margins

Single segment/more 
extensive resection, possibly 
with oncoplastic techniques 
to achieve negative margins 
and acceptable cosmesis 
with BCS

Multisegment resection 
with negative margins 
for each individual 
foci to achieve BCS or 
mastectomy

Consider primary systemic 
therapy for downstaging for 
BCS, or mastectomy

Current adjuvant 
medical therapy

Guided by molecular 
subtyping & genomic 
profiling

Guided by size, molecular 
subtyping & nodal 
involvement

Guided by size, molecular 
subtyping & nodal 
involvement

Guided by size, molecular 
subtyping & nodal 
involvement

Current 
radiotherapy

Recommended for majority 
of cases if BCT performed

Recommended if BCT 
performed

Recommended if BCT 
performed

Usually aggressive and later 
stage, RT recommended for 
both BCT & mastectomy

Present molecular 
knowledge

Similar genetic alterations 
in precursor lesions and 
malignant disease

Greater proportion of tumour 
foci with homogenous 
mutations

Heterogenous tumour 
mutations associated with 
greater inter-foci tumour 
distance

–

Future possibilities Molecular characteristics of epithelial cells in sick lobe or cancerized field may inform surgical margins, provide 
prognostic and predictive information for medical therapy & radiotherapy

BCS, breast conservation surgery; BCT,  breast conservation treatment.
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(multifocal, multicentric and diffuse) may benefit from 
the biomarkers associated with field cancerisation more 
than unifocal tumours as they are known to be associated 
with more aggressive features (39,40). and possibly higher 
risk of local recurrence. Molecular characteristics may be 
used to direct extent of surgical resection but it is essential 
to bear in mind that intratumoral and intertumoral 
heterogeneity exists in about 10–12% of patients with breast  
cancer (41). Clonal evolution leads to intratumoral 
biological variation in unifocal or diffuse lesions which in 
turn drives tumour behaviour and dissemination to lymph 
nodes (42). For multifocal/multicentric disease, intertumoral 
heterogeneity may have implications for survival. Hence, 
careful pathologic assessment is critical in therapeutic 
decision-making. Further research is needed to elucidate 
the optimum surgical approach and tailor treatment based 
on these characteristics. Until then, there may be value to 
attempting BCT even in these challenging circumstances at 
present, for it is speculated that a depressed immune system 
after more extensive surgery, combined with the absence of 
RT, could contribute to poorer survival outcomes (43,44).

In summary, the knowledge of anatomy which was made 
available two centuries ago has provided, and continues to 
offer, clues to tumour distribution and pathology, which 
in turn may be used to inform surgical resection. The 
objective of surgery is the adequate resection of unstable 
‘sick lobe’, preferably through BCT, as minimising stress 
to immune system with less extensive surgery appears to be 
associated with improved survival outcomes. The optimal 
operative approach currently involves an integration 
of disciplines of pathology, radiology, surgery and  
oncology (45), but genomics may play an increasing 
important role in the future.

Future directions

Independent pathologic and genetic studies performed 
in various geographic locations have provided evidence 
of a common thread between anatomy of the breast, the 
notion of field cancerisation and the sick lobe theory. 
There is evidence to support the following: that TDLUs 
arise from a single stem cell (27), an inverse relationship 
was demonstrated between similarities in tumour genetics 
and inter-foci distance (28), and tumour related mutations 
were independently detected in greater frequency closer 
to the tumour than tissue further away (29). These three 
phenomena are consistent with the concept of unstable cells 

distributed in the arborisation of ducts belonging to a single 
mammary lobe. Stromal changes in the proximity of the 
ductal-lobular tree may be drivers of tumour progression, or 
signifiers of prognosis. The presence of tumour infiltrating 
lymphocytes is associated with higher rates of complete 
pathologic response with neoadjuvant chemotherapy, 
which in turn indicates better survival outcomes (46). The 
postulated synergistic effect of immune response may not 
be limited to primary medical therapy, but may be extended 
to surgery as well. It has been suggested that less extensive 
procedures result in a lower degree of immune disruption 
and hence better survival outcomes (43,44). All these 
concepts segue into a unifying hypothesis of carcinogenesis 
manifesting as a series of dynamic molecular aberrations 
occurring within a segment of breast parenchyma, which 
needs to be surgically excised adequately, rather than 
extensively, for optimal control. Pathologic and genomic 
examination of the resected tissue then informs adjuvant 
therapy. This sets the stage for further research to identify 
the appropriate imaging modalities for preoperative surgical 
planning, the optimum volume of tissue excision, and the 
significance of tumour related molecular abnormalities 
within histologically normal tissue in the margins of the 
resected specimen.

It is envisaged that the ideal future therapeutic approach 
is a multidisciplinary one. The pathologist takes a leading 
role by providing phenotypic and genomic details of tissue 
after the initial biopsy. This allows understanding of tumour 
characteristics as well as an estimation of proliferative 
pressure. This data, coupled with preoperative imaging 
assesses tumour volume, and is then entered into a software 
system, taking into account patient mammary volume and 
habitus. Using a mathematical model, optimum surgical 
resection volume can be calculated and a road map provided 
preoperatively for oncological resection adequacy and 
cosmetic outcome. A three-dimensional matrix may be 
generated and images superimposed on the patient to assist 
the surgeon during surgery. The tissue that is excised can 
then be further analysed for targeted adjuvant medical and 
radiation therapy (36,47). This completes the full cycle for 
using pathology and genomics to tailor treatment based on 
the unique characteristics of both tumour and patient.

The insights offered by the sick lobe hypothesis, which 
has been hitherto under-recognised, may prove to be 
invaluable if future research is able to exploit its potential 
to identify selection criteria for precision surgery, medical 
treatment and RT in the treatment of breast cancer. 
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