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Speaking on the topic of the sick lobe theory on many occasions, I always watch the 
reaction of the audience. A new theory awakes three types of reaction: a (very) small 
minority will accept it as being new and revolutionary; the skeptics will argue against 
it and will do everything to prove that it is incorrect. But the vast majority will tell you 
that the theory is correct but not a new one, they have been aware of it for decades.

And the majority is always right. “The theory of the sick lobe and the theory of 
biological timing are new concepts but have their roots in previous observations and 
studies.” But “The theory of the sick lobe and the theory of biological timing connect 
the process of carcinogenesis to an existing and well defined anatomic structure, a 
breast lobe, and provide a possible explanation for the progressive character and mor-
phological heterogeneity of breast carcinoma. These theories are more than a descrip-
tion of morphological patterns. They put these patterns into a unifying concept with 
genetic, developmental, and morphological perspectives of understanding breast car-
cinoma as a process that develops over time under endogenous and exogenous influ-
ences, not like a photo, but like a life-long movie” (Tot, Chap. 1). “The ‘sick lobe’ 
hypothesis asks questions about the development of breast cancer in time and space, 
and observes that concentrating on events in a few cubic millimetres of tissue is not 
enough” (Going, Chap. 2). And the originality of the concept can be easily proved 
with a simple PubMed search.

I presented the sick lobe theory for the first time in Winnipeg Canada, on The First 
Workshop on Alternatives to Mammography 2004. The body of evidence, pro and 
contra, generated during the last years will be presented in this book in ten chapters 
on different subjects. Epidemiological evidence supports the facts that “…the genetic 
mutations or epigenetic abnormalities involved in breast cancer development are 
more likely to be perpetuated by cells undergoing continuous branching and ramifica-
tion while the lobe is being formed, rather than originating within the terminal ductal-
lobular units, the majority of which are not developed before birth” (Xue and Michels, 
Chap. 3). Genetic analysis aiming at “...topographical mapping revealed that the 
genetic changes were clustered in a segmental distribution in some of the breast sam-
ples. The study provided further evidence that a field of genetic instability can exist 
around a tumour and that this size was greater than one terminal duct-lobular unit” 
(Smart et al., Chap. 4).

Modern radiology, especially in multimodality approach, gives evidence for the 
complex and variable morphology of breast carcinoma which will be richly illus-
trated in this book. “Detecting breast cancer at an earlier phase in its development and 
at a smaller tumor size is, however, no guarantee that the disease will be localized to 
a small, confined volume in every case. In fact, multifocal and/or diffuse breast 
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cancers comprise the majority of breast cancers in every size range” (Tabar et al., 
Chap. 7). Morphological evidence exists that the components of the cancer and pre-
cancerous changes occupy a lobe-like space in the breast and “a more widespread use 
of large sections in routine pathology will give more accurate knowledge on extent 
and growth patterns of breast in situ neoplasms” (Foschini and Eusebi, Chap. 6). 
Ductal endoscopy also showed that “Whether unifocal or multifocal, breast cancers 
seem to arise within only a single ductal tree” (Dooley, Chap. 9), supporting the mor-
phological data. A special ultrasound approach, ductal echography, provides further 
evidence for the lobar nature of breast carcinoma, not only scientific but based on 
everyday diagnostic routine, motivating Dr Dominique Amy to state: “It seems to us 
that the ‘sick lobe theory’ …reflects the reality we daily observe ‘in vivo’” (Amy, 
Chap. 8).

These theories have practical diagnostic and therapeutic implications. “The cen-
tury old magic bullet approach to cancer has not served us well. It became part of the 
hegemony of biochemistry and later molecular biology, genomics and a massive 
pharmaceuticals industry with an attitude that there is a drug for every malady. In 
parallel, over the past century, x-ray and other forms of imaging developed and 
improved. These are now ready to overtake magic bullets precisely because they are 
nonspecific, i.e., potentially capable of detecting all tumors” (Gordon, Chap. 10). In 
addition to radiological imaging, “basic knowledge of the ductal/lobar systems intra-
ductal approach to breast cancer would appear to be essential if the treatment and 
prevention of breast cancer is to evolve and to be applied in a more logical and less 
invasive way” (Love and Mills, Chap. 5). On the other hand, data also “suggest that 
sufficient tissue must be removed at surgery to avoid local recurrence and raises ques-
tions about whether such alterations could account for some cases of local recurrence 
after apparent ‘complete excision’ of the tumor” (Smart et al., Chap. 4).

Speaking about reactions of the audience, a leading breast surgeon told me after 
one of my presentations that there is no such thing as correct theory, but some of the 
theories may be useful. I hope that this book will be useful and stimulate the readers 
to rethink the established views and to develop new and more efficient approaches in 
diagnosing and treating breast carcinoma.

 Tibor Tot
 Falun, Sweden
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1.1  Introduction

1.1.1  The Dimensions of the Problem

Breast carcinoma is among the most frequent malig-
nant diseases in the world and is the leading cause of 
premature death among younger women in developed 
countries. Currently, every tenth to every seventh 
woman in these countries will have the disease in their 
lifetime (Boyle and Ferlay 2005). Since 1940, the inci-
dence of breast carcinoma has gradually increased at a 
rate of approximately 1% per year in Western coun-
tries (Harris et al. 1992). On the other hand, mortality 
from breast cancer has declined in countries with  
organized population-based mammography screening 
(Smith et al. 2004; The Swedish Organized Service 
Screening Evaluation Group 2006), and new efficient 
therapeutic regimes have led to prolonged survival  
of patients with improved quality of life (Hortobagyi 
2005). These interventions have considerably increased 
the number of breast cancer survivors, and a further 
increase of 31% is expected in the decennium from 
2005 to 2015 (De Angelis et al. 2009). Although a 
decreased incidence has been observed in some indus-
trial countries over the last few years, other countries, 
among them China and India with their very large pop-
ulations, experience a continuous and constant increase 
in incidence (Kawamura and Sobue 2005). An increase 
of 30% in the number of detected cases between 2010 
and 2030 was estimated in the US based on current 

epidemiological trends, with a 57% increase for women 
older than 65 years (Smith et al. 2009). This increase 
may result in every fourth or every third woman in 
these countries carrying a risk of breast carcinoma  
in their lifetime (Fig. 1.1). Screening, diagnosis, and 
treatment will place an ever growing burden on the 
health care system, in addition to the psycho-social 
consequences for the women of coming generations. 
Obviously, a paradigm shift in understanding the natu-
ral history of breast carcinoma is needed to develop 
new and more efficient preventive, diagnostic, and 
therapeutic alternatives and break the negative trend.

1.1.2  Endogenous and Exogenous  
Risk Factors

The etiology of breast carcinoma remains unknown, 
though a number of risk factors have been identified. 
The female sex is the most powerful risk factor, 
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resulting in a roughly 100-fold higher incidence rate 
than in men. The risk of getting breast carcinoma 
increases with increasing age. Geographical influ-
ences are also evident as the disease is far more fre-
quent in North America, Western Europe, Scandinavia, 
Australia, and New Zealand than in Asian and African 
countries (Kawamura and Sobue 2005). Daughters of 
women who migrate from low-incidence to high- 
incidence countries acquire the breast cancer risk of 
the new country (Buell 1973), indicating that local 
environmental factors and lifestyle also influence 
risk. Higher socioeconomic status and a higher level 
of education are also recognized risk factors (Clarke 
et al. 2002). In addition, race and ethnicity seem to 
play a role in breast cancer development (Harper et al. 
2009). Exposure to ionizing radiation and some envi-
ronmental synthetic chemicals may also represent 
major risk factors (Wolff et al. 1996). Prenatal and 
perinatal factors, including birth weight, birth length, 
and parental age at delivery, may also predispose 
women to breast cancer in adulthood (Xue and 
Michels 2007). Reproductive factors related to hor-
monal regulation of the ovaries in females are also 
important and may manifest in well-known risk fac-
tors, such as null parity, late first full-time pregnancy, 
early menarche, and late menopause. Restricted use 
of hormone replacement therapy was considered to be 
a major cause of the recently observed decreased inci-
dence in the US and some other countries, indicating 
that exogenous estrogens may promote and antiestro-
gen therapy may counteract breast cancer develop-
ment (Fisher et al. 1998).

A family history of breast and/or ovarian cancer is 
also an important risk factor, indicating that the inher-
ited genetic background of the individual plays a cru-
cial role in breast cancer development in up to 27% of 
patients (Hill et al. 1997). Carriers of mutated BRCA1 
and BRCA2 genes are at a very high risk of getting 
breast carcinoma, but they represent only a small pro-
portion of women with this disease (Ford et al. 1994; 
Easton et al. 1997).

Breast tissue composition affects the radiological 
density of the breast tissue on the mammogram (Tot 
et al. 2000). Increased mammographic breast density 
is associated with an increased risk of breast carci-
noma. On the other hand, breast density is related to 
genetic, hormonal, constitutional (weight, height), and 
environmental factors; hormone replacement therapy 
also influences breast density (Tabár et al. 2007).

Being a woman, living in a high-incidence country, 
carrying a mutated gene, and all of the other risk fac-
tors listed above have a common feature: they affect 
the entire organism, all of the individual cells of the 
organism, and all of the cells in both breasts. On the 
other hand, breast cancer develops most often in a sin-
gle quadrant of one of the breasts, indicating the pres-
ence of risk tissue there, a structure that is more 
sensitive to the effects of the endogenous or exogenous 
oncogenic stimuli than the other structures in the 
human body. Our hypothesis is that this risk tissue cor-
responds to a sick breast lobe that was malconstructed 
during its embryonic development.

Many of the listed risk factors are present from the 
very beginning of the life of the individual who devel-
ops breast carcinoma as an adult or in old age. If the 
sick lobe is present with its potentially malignant cells 
from embryonic life, a period of several decades is 
required for complete malignant transformation. We 
hypothesize that the necessary steps leading to malig-
nant transformation are genetically determined in the 
potentially malignant cells and their clones. Potentially 
malignant cells at different points of the sick lobe may 
go through these steps synchronously, as well as asyn-
chronously. The time needed for malignant transforma-
tion is also influenced by exogenous and endogenous 
factors. For example, women exposed to radiation for 
extended periods show an increased incidence of breast 
carcinoma, often occurring 30 years or more after expo-
sure (Little and Boice 1999). Carriers of BRCA1 and 
BRCA2 gene mutations, on the other hand, get breast 
carcinoma at a much younger age than noncarriers.

These data are fundamental for the concept we 
termed the theory of biological timing.

1.2  Theoretical Background

1.2.1  Anatomy and Embryology

Breast is a glandular organ with lobar organization.  
A typical breast lobe is comprised of a single lactiferous 
duct opening at the nipple, branching into several seg-
mental and subsegmental ducts, and ending in hundreds 
and thousands of terminal ducts and lobules, the last 
two comprising terminal ductal-lobular units (TDLUs). 
The epithelial structures of a lobe are tree-like with a 
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trunk and branches, and the TDLUs correspond to 
leaves. Together with the stromal structures, the epithe-
lial structures occupy a pyramid-like tissue space with 
a tip in the nipple and a wide base toward the pectoralis 
fascia. With the exception of a single study that demon-
strated rare interlobar connections (Ohtake et al. 1995), 
the lobes are considered to be individual units with no 
connections between them. The number of lobes seems 
to be constant during a woman’s lifetime, but their size 
and form varies considerably as a result of progressive 
and regressive morphological processes that depend on 
age and hormonal status, resulting in changes in the 
number and size of the lobules and smaller ducts.

The normal human breast arises from a primary 
ectodermal outgrowth (primary bud) in the second tri-
mester of embryonic life. The primary bud is consid-
ered the primordium nipple, and the remaining breast 
tissue develops from the primary bud via the formation 
of secondary buds projecting into the underlying mes-
enchyme during the 21st––25th week of gestation 
(Howard and Gustersson 2000; Jolicoeur et al. 2003). 
Other investigators have determined week 8 to be the 
gestational age of the budding stage (Russo and Russo 
2004). Thus, the lobes are initiated early during intra-
uterine life as secondary projections of the primary bud. 
All of the secondary projections from the primary 
bud represent the initiation of a potential breast lobe, 
but some are probably abortive and may disappear dur-
ing intrauterine life.

Ductal morphogenesis continues during fetal life 
with the formation of new projections ending with the 
so-called end vesicle. The developing breast exhibits 
dual-cell architecture from a very early stage; the cen-
tral cells in the projections coexpress cytokeratins 
(CKs) 19 and 14, whereas the peripheral (basal) cells 
gradually loose CK19 expression. Lobules may be 
present at the time of birth, but they are usually few or 
absent.

In addition to the changes in the parenchymal com-
partment of the breast tissue, the embryonic mesen-
chyme surrounding the mammary buds and projections 
exhibit important changes in the developing breast. For 
example, overexpression of tenascin C is considered to 
be a sensitive indicator of mesenchyme remodeling 
into a more specific periductal stroma (Sakakura et al. 
1991). Thus, tenascin C overexpression may represent 
an indicator of active budding and branching during 
embryonic and fetal life, a sign of active arborization 
within a breast lobe. Tenascin C overexpression in the 

stroma of some in situ carcinomas indicates that new 
duct formation may also appear in adults as part of can-
cer progression (Tabár et al. 2004).

The infant breast undergoes involution after being 
removed from the influences of maternal hormones. 
The prepubertal breast consists almost exclusively of 
ducts. During puberty, the breast enlarges, mainly 
due to the growth of stromal elements, but also due to 
further ramification of the ductal tree and lobule for-
mation (Wellings et al. 1975). Lateral budding from 
existing ducts has also been described (Rudland 
1991).

During the reproductive period, the female breast 
undergoes cyclical changes related to the menstrual 
cycle. Increased proliferation of the cells in the ducts 
and lobules, which appears mainly in the luteal phase, 
leads to increased epithelial cell number and an 
increased number of acini per lobule; new bud forma-
tion from the terminal ducts increases the number of 
lobules. At the end of the menstrual cycle, genetically 
programmed cell death (apoptosis) appears in the epi-
thelial and myoepithelial cells, and the process reverts 
to a status similar to the status at the beginning of the 
previous menstrual cycle (Ramakrishnan et al. 2002).

The mammary gland attains its full development in 
pregnancy when a substantial increase in the lobule 
number, lobule size, and number of acini per lobules is 
observed. These increases are a result of lateral bud-
ding from existing ducts, branching of the subsegmen-
tal ducts, and branching of the terminal ducts into 
numerous acini. After lactation, the mammary gland 
regresses via collapse of the acini and small ducts, 
apoptosis of their epithelium and myoepithelium, and 
regeneration of the elements of the interlobular stroma. 
However, the postlactational parous breast never 
returns to prepregnancy status and the breasts of parous 
women differ from those of nulliparous in morphology 
(more glandular tissue) and at the molecular and 
genetic levels (Russo and Russo 2004).

During and after menopause, the mammary gland 
undergoes involution, a process similar to regression 
after lactation or the end of a menstrual cycle, but more 
pronounced. Involution of the parenchyma results in a 
diminished number of lobules, acini per remaining 
lobules, and terminal and segmental-subsegmental 
ducts. Importantly, the number of lactiferous ducts 
and, consequently, the number of lobes remains con-
stant during the woman’s lifetime. Parallel with paren-
chymal involution, stromal involution occurs, resulting 
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in the replacement of the specialized intralobular  
and periductal stroma with fatty tissue, so-called fatty 
involution, or with collagen-rich fibrous tissue, so-called 
fibrous involution. The interlobular stroma is also 
affected by this process (Tot et al. 2002).

We consider the processes of initialization, arboriza-
tion, and lobularization to be distinct phases of mam-
mary gland development. Initialization is a process that 
occurs early during intrauterine life and leads to the 
appearance of a number of initial lobes. Arborization, 
the branching of the initial projection into duct-like 
structures of decreasing caliber, characterizes the fetal 
as well as prepubertal mammary gland, but may also 
happen during the entire life of the woman depending 
on adequate hormonal stimuli. Lobularization appears 
in the fetal breast, but mainly characterizes the pubertal 
and mature (especially the lactating) breast. Similarly, 
malignant transformation may also target these pro-
cesses; low-grade in situ carcinomas tend to alter the 
normal process of lobularization, whereas a high-grade 
in situ tumor may also affect the process of arboriza-
tion. Aberrations at the level of lobe initialization may 
lead to the development of a sick lobe (Tot 2005b).

1.2.2  The Progenitor Cell Concept

The actual morphology of a tissue is the result of a bal-
ance between renewal and loss of cellular and noncel-
lular elements. Tissue-specific stem cells are defined 
by their ability to self-renew and produce differenti-
ated cells. There are three basic types of stem cells: 
embryonic, from the blastocyst, representing the origin 
of all cells in the organism; germinal, the origin of the 
male and female reproductive cells; and somatic, for 
the renewal of normal tissue (Gudjonsson and 
Magnusson 2005). Differentiated cells tend to have a 
short life, whereas stem cells persist and reproduce 
themselves throughout the entire life of the organism. 
The division of a stem cell may result in two similar 
stem cells, in two more differentiated so-called pro-
genitor cells, or more often in one stem cell and one 
progenitor cell. Stem cells and progenitor cells are 
capable of differentiating and are often pluripotent, 
giving rise to the different mature cells of an organ. 
The microenvironment of the actual stem cell plays a 
crucial role in determining the direction of this differ-
entiation. Cells with stem cell properties correspond to 

a small proportion of the cells in most mature organs 
(Liu et al. 2008).

Regarding normal breast tissue, the existence of 
self-renewing multipotent stem cells was first sug-
gested several decades ago by Deome et al. (1959), 
who demonstrated that an entire mammary gland can 
be generated from serially transplanted random frag-
ments of breast epithelium. The luminal and myoepi-
thelial cells of mature breast tissue seem to originate 
from a common stem or progenitor cell (Boecker and 
Burger 2003). There is growing evidence for the 
 existence of three distinct epithelial progenitor cell 
 populations in the breast: one capable of producing all 
epithelial cells in the breast and two others capable 
of producing either secretory lobules or branching 
ducts (Smith and Boulanger 2003). During the embry-
onic development of the mammary gland, the stem 
cells undergo stepwise differentiation (commitment) 
(Villadsen 2005); the final steps of differentiation lead 
to the appearance of the two mature cell populations, 
the luminal population expressing CK18 and the myo-
epithelial (“basal”) cells expressing CK14. Villadsen 
et al. (2007) demonstrated that stem cells in the breast 
reside in ducts and those with a capacity for clonal 
growth and self-renewal are derived only from ducts. 
Lobules may contain progenitor cells. Liu et al. (2008) 
reported evidence that the breast of BRCA1 mutation 
carriers is altered and show similar changes to those in 
the subsequent carcinoma. Stem cells/progenitor cells 
in the normal tissue were specifically stained and 
shown to be much more frequent in the lobules of 
BRCA1 mutation carriers than healthy controls. Clarke 
(2005) suggested the existence of two subtypes of 
mammary epithelial stem cells: one expressing estro-
gen receptor alpha and progesterone receptor, renew-
ing the cells during the menstrual cycle, and the other 
not expressing these receptors, renewing the breast 
stem cell pool. Thus, the development and mainte-
nance of the structures of the breast lobes seem to be a 
complex process with several types of stem cells/ 
progenitor cells involved. The processes of arboriza-
tion and lobularization may be, to a certain level, 
independent of one another.

For a cell to become neoplastic, a series of changes 
are needed to overcome the stringent controls of cell 
division. A malignant tumor represents a heteroge-
neous population of mutant cells that share some muta-
tions but also vary in their genotype and phenotype. 
The original cancer cell(s) and its progeny exhibit stem 
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cell properties (Reya et al. 2001; Al-Hajj et al. 2003). 
The cancer cells share their immortal character with 
tissue-specific stem cells; they are also slow-dividing, 
long-lived cells with a capacity for self-renewal and 
differentiation (Agelopoulos et al. 2008). Only a small 
proportion of the malignant cells has this unlimited 
proliferation potential and possesses the ability to lead 
to tumor formation, as in normal tissue. These cells are 
called cancer stem cells. The more differentiated can-
cer cells that account for the majority of the tumor cell 
population may have high, but not unlimited, prolifera-
tion potential.

The presence of cancer stem cells has been demon-
strated in many types of tumors. During experiments 
with xenotransplantation of mammary carcinoma cells, 
cells expressing CD44 that did not express CD24 were 
isolated. The isolated cells did not express epithelial 
markers, but were more prone to develop breast cancer 
compared to other cell types (Al-Hajj et al. 2003). 
These CD44+/CD24− cells have been proposed to be 
breast cancer stem cells; however, they seem to be the 
origin of only a minority of breast cancer types, includ-
ing the basal-like breast carcinomas and those associ-
ated with BRCA1 mutation (Honeth et al. 2008). In the 
model of stem cell hierarchy, cancer cells in the same 
tumor may originate from several stem cells, with 
some of these clones being more successful in the 
given microenvironment (Clarke et al. 2006b; Villadsen 
et al. 2007).

The origin of cancer stem cells is an area of ongo-
ing research and probably varies in different tumors. 
Cancer stem cells may originate from either normal 
tissue stem cells or progenitor cells that have acquired 
the ability of self-renewal due to mutation (Al-Hajj 
et al. 2003). Stem cells and progenitor cells, as well as 
cancer stem cells, are slow-dividing, long-lived cells 
and, therefore, are exposed to the influences of damag-
ing factors from their internal and/or external environ-
ment. The longevity of the cells makes them far more 
sensitive to mutagenic stimuli compared to mature 
cells. The accumulation of mutations may transform 
stems cells or progenitor cells into cancer cells accord-
ing to the “multi-hit concept” of carcinogenesis. The 
first initiating genetic alteration determining the path-
way to cancer development may occur as early as fetal 
life or the fertilized egg, but the accumulation of fur-
ther genetic aberrations are needed, which may occur 
several decades later (Baik et al. 2004). This concept 
has been proposed for different malignant tumors 

(Wang et al. 2009) and is also fundamental to the sick 
lobe theory.

A mutated stem cell passes on its mutations to its 
daughter cells; thus, these mutations can be detected 
throughout the ducts and lobules of a lobe, in epithelial 
as well as myoepithelial cells, which are microscopi-
cally normal (Lakhani et al. 1999). If a mutation 
appears in a committed progenitor cell, it may result in 
a chimeric network of normal and mutated cells (Tsai 
et al. 1996), creating a field of genetic alterations in 
which malignant transformation may take place. 
Although the mutant cells in the genetic field share the 
same alteration(s), the next mutations are not necessar-
ily identical in all committed progenitor cells within 
this field. Thus, these additional genetic hits may lead 
to development of independent and genetically differ-
ent tumor foci within the same field (Agelopoulos 
et al. 2008). In our view, this field of genetic alterations 
corresponds to a sick breast lobe and is a result of 
mutation(s) in the stem cells at the phase of initializa-
tion of the fetal lobe. This concept, together with the 
well documented resistance of cancer stem cells to 
 different therapeutic modalities (Donnenberg and 
Donnenberg 2005), defines the ideal target of thera-
peutic intervention at early stages of breast cancer 
development.

1.3  The Hypotheses

1.3.1  The Theory of the Sick Lobe

We hypothesize that breast carcinoma is a lobar dis-
ease in that the simultaneously or asynchronously 
appearing tumor foci develop within a single sick lobe. 
The sick lobe is characterized by the presence of a 
large number of potentially malignant cells corre-
sponding to mutant stem cells/progenitor cells dis-
persed within the lobe and present in multiple sites, 
making the sick lobe more sensitive to the endogenous 
or exogenous oncogenic stimuli compared to other 
lobes of the same breast with no, much less, or less 
sensitive, potentially malignant cells. We termed this 
hypothesis the theory of the sick lobe (Tot 2005a, b, 
2007a).

Taking into account the above-reviewed epidemio-
logical data that roughly one in ten women in developed 
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countries will get breast carcinoma during their life and 
the anatomical data that the median number of the larg-
est ducts in one breast is 27 (Going and Moffat 2004; 
Going and Mohun 2006), we can conclude that only one 

of approximately 500 lobes are malconstructed the way 
we described (Fig. 1.2). Having a single sick lobe is a 
rule but not without exceptions. More than one sick lobe 
may also be present in the same woman on the rare 
occasion of multicentric or bilateral carcinomas. Several 
lobes of the same breast may be sensitive enough to 
develop carcinoma after a very long exposure to onco-
genic stimuli, but the lifetime of most women is shorter. 
The prolonged average lifetime of women during the 
last century facilitated the appearance of breast carci-
noma, even in sick lobes with relatively low sensitivity 
and with a very long period of biological timing 
(Fig. 1.3).

1.3.2  The Theory of Biological Timing

Potentially malignant cells may undergo malignant 
transformation under the influence of exogenous and 
endogenous oncogenic stimuli. The time of this trans-
formation is determined by the number of required 
additional genetic alterations, which are mostly acquired 
during the division of these cells. If the oncogenic fac-
tors are of constant intensity, the time of malignant 
transformation is defined by the required number of 
replications of the mutant stem/progenitor cells in the 

Fig. 1.2 Schematic 
illustration of the occurrence 
of a sick breast lobe. The 
lobes are pyramid-like 
structures with a summit 
within the nipple and base 
resting on the pectoralis 
fascia. Theoretically, one of 
approximately every 500 
lobes is malconstructed

0 50 80 300y

Fig. 1.3 Schematic illustration of the time needed for malignant 
transformation of the potentially malignant stem/progenitor 
cells within different lobes. The accumulation of genetic abnor-
malities would probably lead to malignant transformation of any 
of the lobes, but the time needed for it is substantially longer 
than the lifetime of the woman. The sick lobe is the exception 
because it is characterized by a greater number and/or increased 
sensitivity of these cells, and a much shorter time is needed for 
complete malignant transformation
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sick lobe and is dependent on the genetic construction 
of these cells and their progeny. Otherwise, the time of 
malignant transformation is also influenced by the 
changing intensity of exogenous or endogenous onco-
genic stimuli. Malignant transformation may appear in 
a single locus within the sick lobe, more than one locus 
at the same time or with considerable time difference, 
or at a large number of loci. Thus, malignant transfor-
mation of the potentially malignant cells within the sick 
lobe is biologically timed, though this timing is not nec-
essarily identical regarding all mutant stem/progenitor 
cell progeny. This hypothesis was termed the theory of 
biological timing.

As reviewed above, the lobes develop very early 
during embryonic life. The theory of the sick lobe 
implies that the sick lobe is already malconstructed 
from its initialization when the stem cells or progenitor 
cells acquire their first mutation(s), whereas the carci-
noma within this lobe develops after the several decades 
of postnatal life necessary for the accumulation of addi-
tional genetic alterations. Thus, the biological timing 
may be valid for a very long period of time. Consequently, 
breast carcinoma is a lifelong disease that can be inter-
rupted only by the elimination or destruction of the 
entire sick lobe.

1.3.3  Similar Concepts

The theory of the sick lobe and the theory of biological 
timing are new concepts, but have their roots in previous 
observations and studies. Similar formulations can be 
found in a 1921 article by Cheatle (1921). Dawson 
(1933), and later Wellings (Wellings et al. 1975; Cardiff 
and Wellings 1999), postulated that most breast carcino-
mas develop in the TDLUs within the breast. This partly 
incorrect concept has become a kind of dogma and influ-
enced generations of breast specialists. Evidence that 
the ductal tree can also be the site of origin of carcinoma 
has been repeatedly reported, but these observations 
were overshadowed by the dogmatic approach. James 
Ewing stated in 1940, “DCIS grow in distended ducts 
over considerable segments of the breast” (Ewing 1940). 
Gallagher and Martin (1969) concluded, “Human mam-
mary carcinoma is not a focal process but a disease 
which affects breast epithelia diffusely.” Early observa-
tions of mammographically detected microcalcifications 
in cases of carcinoma in situ also indicated the localiza-
tion of the process in a triangular area (Lanyi’s triangle 

principle, Lányi 1977). Teboul, using large-field ultra-
sound, also recognized breast carcinoma as a malignant 
diffuse disease involving the whole epithelium of the 
affected lobe (Teboul and Halliwell 1995). Some sur-
geons advocated the “pyramidectomy concept,” sector 
resection or segmental resection in other terminology, 
during the last few decades based on clinical experience 
that the excision of a pyramid (a lobe-like part) of the 
breast tissue provides better surgical results than a sim-
ple lumpectomy. The latest edition of the WHO book  
on breast tumors (Tavassoli and Devili 2003) states, 
“Segmentally distributed, ductal carcinoma in situ 
(DCIS) progression within the duct system is from its 
origin in the TDLU towards the nipple and into adjacent 
branches of the given segment of the duct system.” Thus, 
an attempt, a compromise, was made to resolve the 
 contradiction between the dogmatic approach and the 
radiological or clinical observations in that the cancer 
originates in the TDLU and spreads into the ducts of a 
segment. We shall critically address these points later in 
this chapter.

The influence of the intrauterine environment on 
the risk of getting breast carcinoma in adulthood was 
also hypothesized decades ago (Trichopoulos 1990).

1.4  Supporting Evidence

Cases in everyday routine diagnostic work with radio-
logically detected microcalcifications occupying a 
lobe-like space within the breast, a similar area on 
ultrasound (ductal echography), or similar enhance-
ment on magnetic resonance imaging (Fig. 1.4a and b) 
are highly suggestive observations favoring the lobar 
location of the malignant process. Describing this pat-
tern as “segmental distribution of the lesions,” as it 
appears in the radiological literature, is confusing, 
however, as it does not reflect the underlying anatomy. 
The segment in this approach represents nothing else 
but a geometric term (part of a circle) and does not cor-
respond to an anatomical segment (segmental branch 
of the lactiferous duct with lobules) but to an anatomi-
cal lobe (all of the structures belonging to a lactiferous 
duct). Interesting experience has been generated using 
ductal endoscopy, a relatively new method of endo-
scopic examination of the ductal system. As shown 
with this method, most of the malignant processes 
seem to belong to a single ductal tree, even if the 
lesions are distant from each other (Dooley 2003).
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In addition to these observations, there is scientific 
evidence of the lobar nature of breast carcinoma from 
both morphological and genetic studies. On the other 
hand, supporting evidence for the theory of biologi-
cal timing originates mainly from epidemiological 
investigations of the effects of prenatal and perinatal 
factors on the risk of developing breast cancer during 
adulthood. Furthermore, recent molecular genetic 
studies have also generated results concordant with 
our hypotheses.

1.4.1  Morphological Evidence

If an in situ carcinoma is present behind the nipple, it 
almost always involves only one of the lactiferous ducts. 
This observation is one of the most important pieces of 
supporting evidence for the sick lobe hypothesis. If the 

development of a cancer in the breast was not restricted 
to the structures of a single lobe, the involvement of 
more than one lactiferous duct could be expected. Going 
and his coworkers generated digitally reconstructed 
images of 1-mm-thick tissue slices proving the above 
described rule (James Going, 2007, personal communi-
cation). By paying attention to and regularly examining 
the nipple area, the involvement of a single lactiferous 
duct can be demonstrated in a large number of breast 
cancer cases exhibiting the lobar pattern of develop-
ment. Such a case is illustrated in Fig. 1.5.

These observations are congruent with the findings 
of Mai et al. (2000), who demonstrated that the pattern 
of intraductal carcinoma spread within the breast has a 
pyramid-like shape with a summit toward the nipple 
(similar to a lobe). In their three-dimensional study 
using coronal giant sections, Mai observed that the 
detected in situ and invasive carcinoma foci, as well as 
the hyperplastic foci, were confined to the area of a sin-
gle lactiferous duct in 27 of 30 mastectomy specimens.

a

b

Fig. 1.4 (a) Magnetic 
resonance imaging of a case 
of high-grade in situ 
carcinoma, showing a 
lobe-like area of enhance-
ment corresponding to a sick 
lobe (Tabár et al. 2008, 
Reprinted with permission).  
(b) Large-format histology 
section of a high-grade 
diffuse in situ carcinoma 
(with multiple invasive foci) 
occupying a lobe-like area
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Middleton et al. (2002) studied early stage synchro-
nous multicentric carcinomas and found that they rep-
resent clonal proliferation of the same tumor in the 
majority of cases. A drawing that illustrated very well 
a lobe with diffuse continuous in situ carcinoma and 
two invasive foci belonging to this single breast lobe 
was included in that publication. However, they have 
not recognized this pattern as lobar.

Page and coworkers postulated that “ductal carci-
noma in situ involves a single duct system,” and the 
multifocal or multicentric appearance of this disease is 
related to fragmentation of the tissue during sampling 

for histological evaluation (Page et al. 2002). Although 
this study represents further recognition of the lobar 
nature of breast carcinoma (a single duct system is a 
major part of a lobe), the different patterns of malig-
nant transformation within the duct system remained 
unrecognized.

1.4.2  Genetic Evidence

The theory of the sick lobe defines the risk tissue in the 
breast that has the potential of developing malignancy 
a long time before it happens in the other lobes. 
Simultaneous malignant transformation of all poten-
tially malignant cells within the lobe is relatively rare; 
more often, only part(s) of the sick lobe appears to be 
transformed at the time of detection. This observation 
also means that the already malignant part(s) of the 
sick lobe is expected to be surrounded by the remain-
ing nontransformed area of the risk tissue. At that 
point, the sick lobe theory is congruent with the ideas 
of several other research groups postulating the exis-
tence of a “genetic field” or “field of cancerization,” or 
more recently, the “cancer-prone field” within the 
breast. Similar ideas and observations were presented 
by Slaughter et al. as early as 1953 (Slaughter et al. 
1953) in relation to oral squamous cell carcinoma. As 
reviewed recently, a large series of publications indi-
cate the correctness of this hypothesis (Heaphy et al. 
2009).

The cells of in situ carcinomas exhibit similar or 
identical genetic changes as the invasive part of the 
tumor. This fact is not surprising because the invasive 
component develops from in situ lesions, which was 
already demonstrated in the middle 1990s regarding 
ductal carcinoma in situ (DCIS) using the method of 
demonstrating loss of heterozygosity (Stratton et al. 
1995) and later using comparative genomic hybridiza-
tion (Buerger et al. 1999), and regarding lobular carci-
noma in situ (LCIS) (Lakhani et al. 1995a). Lakhani 
et al. (1995b) also demonstrated loss of heterozygosity 
in atypical ductal hyperplasia (ADH). Simpson et al. 
(2005) found identical alterations in columnar cell 
change (CCC) and the associated invasive cancer. 
DCIS, LCIS, ADH, and CCC are considered precursor 
lesions of invasive carcinomas; thus, sharing some 
genetic alterations with the invasive component was 
expected.

Fig. 1.5 Collage of a histology image of the nipple area (upper) 
and a magnetic resonance image of the same case (Courtesy of 
DR Mats Ingvarsson, Mammography Department, Central 
Hospital, Falun, Sweden). The in situ carcinoma involves only 
one of the lactiferous ducts; the others are free. The tumor exhib-
its a lobar subgross pattern involving the branches of the single 
ductal tree
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However, loss of heterozygosity was demon-
strated by analyzing the cells of usual ductal epithe-
lial hyperplasia in specimens containing breast 
carcinoma (Lakhani et al. 1996) and similar results 
were generated with comparative genomic hybrid-
ization (Jones et al. 2003). These results were more 
unexpected, because ductal hyperplasia is consid-
ered to be associated with an increased risk of devel-
oping cancer but not as being a direct precursor 
lesion.

Deng et al. (1996) found loss of heterozygosity in 
morphologically normal breast tissue surrounding inva-
sive carcinoma; the results were later on confirmed by 
Meng et al. (2004). By cloning individual cells, Lakhani 
et al. (1999) demonstrated genetic changes in histologi-
cally normal breast tissue identical to those in invasive 
carcinoma, both close to and distant from the invasive 
tumor, and in breasts without morphological evidence 
of malignancy. Alterations were also shown to appear 
not only in the epithelial cells, but also in myoepithelial 
cells, indicating that the alterations occurred in a stem 
cell/progenitor cell lineage. These important observa-
tions were made by Clarke et al. (2006a), who demon-
strated that genetic alterations at the single cell level 
may be clustered and extend to an area that consists of 
more than one TDLU, and that such clustering suggests 
that a change may have occurred in a precursor cell that 
gave rise to that area of the breast. In other words, they 
found that a field of genetic instability can exist around 
a tumor in a morphologically normal tissue, and it may 
exist before the tumor develops. By mapping geo-
graphic zones of “normal” breast tissue adjacent to pri-
mary breast carcinoma by DNA methylation changes, a 
field of these changes extending as far as 4 cm from the 
primary lesion was demonstrated (Yan et al. 2006). 
These findings are congruent with the average size of a 
sick lobe.

Cancer seems to be a stem cell/progenitor cell dis-
ease. As mentioned above, if a progenitor cell acquires 
a mutation, it can be passed on to all of its progeny, 
resulting in a chimeric network of normal and mutant 
cells. The mutant cells may be dispersed in the struc-
tures derived from the progenitor cells, explaining the 
susceptibility of this structure to oncogenic stimuli 
(Tsai et al. 1996; Cariati and Purushotham 2008). This 
idea was the basis of the so-called committed progeni-
tor cell concept of Agelopoulos et al. (2008), a concept 
very close in its views to those of the sick lobe theory 
and the theory of biological timing.

1.4.3  Supporting Epidemiological Data

Additional evidence supporting the sick lobe theory 
was presented by recent epidemiological studies.  
A clear association between birth weight and other 
neonatal parameters and the risk of getting breast car-
cinoma as an adult was found by Xue and Michels 
(2007). The authors suggested that elevated levels of 
growth factors may increase the number of suscepti-
ble stem cells in the mammary gland during embry-
onic life and initiate tumors through DNA mutations. 
Birth weight was also found to be associated with 
mammographic breast density (Cerhan et al. 2005), 
which in turn is a strong risk factor for breast carci-
noma, as discussed earlier in this chapter. Thus, we 
can conclude that experimental and epidemiological 
evidence supports the concept that the in utero envi-
ronment influences the individuals’ risk of breast 
 carcinoma in adulthood.

As mentioned above, breast tissue is not fully dif-
ferentiated until after the first full-time pregnancy. 
Consequently, the tissue seems to be more susceptible 
to carcinogenic influences during early life and adoles-
cence. A positive relationship between breast cancer 
risk and birth weight, birth length, and adolescent 
height, and an inverse relationship with gestational age 
and childhood body mass index, has been suggested 
(Ruder et al. 2008), supporting the idea that breast 
 carcinoma is a lifelong process.

1.5  Breast Cancer at Its Earliest Phase

1.5.1  Conditions for Perceiving Breast 
Carcinoma as a Lobar Disease

Several conditions have to be fulfilled to realize the 
lobar nature of breast carcinoma. Difficulties in per-
ceiving breast cancer as a lobar disease are numerous 
and may prevent individuals, including those at the 
expert level, from seriously considering this possibil-
ity. Studying a fragment of an invasive carcinoma pro-
vides no opportunity for such a discovery. Nevertheless, 
the conventional fragmenting histopathology method 
is still a routine in most pathology laboratories diag-
nosing breast diseases and is advocated by most of  
the top experts in the field. Using this method, the 
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pathologists examine the intact and sliced specimens 
macroscopically, localize the “dominant” mass, take 
samples from the mass and the surgical margins, and 
carefully cut out and throw away the surrounding 
 tissue. This surrounding tissue corresponds, at least 
partly, to the risk tissue of the genetic field and often 
contains additional in situ and invasive tumor foci, foci 
of atypical hyperplasia, and minute monomorphic epi-
thelial cell proliferations considered to be the source of 
some invasive carcinomas (Goldstein et al. 2007). 
Proper assessment of the focality of the in situ and 
invasive tumor components and proper judgment of 
the pattern of tumor development is not possible with-
out thorough examination of the surrounding tissue. 
Nonfragmenting histology methods are necessary to 
facilitate the assessment of these important morpho-
logical features.
The routine use of large-format histology sections in 
diagnostic histopathology in connection with detailed 
and systematic radiological–pathological correlation 
in all cases provides the experience that facilitates the 
perception of the morphological growth pattern in 
breast cancer cases (Tot et al. 2002; Tabár et al. 2007). 
This approach also allows the careful observer to 
notice the tendency of the lesions to be concentrated in 
the area of a lobe-like space.

In addition, studying advanced cases provides no 
opportunity for realizing the lobar nature of breast car-
cinoma. Breast cancer is lobar at its origin, but propa-
gates to the nearby tissue beyond the borders of the 
sick lobe when advanced, large, and overtly invasive. 
Carcinomas tend to be detected at their earlier phase in 
a mammographically screened population. We define 
early breast cancer as purely in situ tumors and tumors 
with invasive component of less than 15 mm. These 
tumors have a 10 year disease-specific survival of over 
90%. This category of tumors comprised approxi-
mately 50% of all cases in a regularly screened popula-
tion and approximately 70% of screen-detected cases 
in our subject pool (Tot 2007b).

1.5.2  Morphology of Breast Cancer  
at Its Earliest Phase

The two hypotheses described in the present chapter 
are based on our experience with a series of more 
than 3,000 cancer cases documented in large-format 

histological sections and worked up with detailed 
and systematic radiological–pathological correlation. 
Studying early breast carcinomas using this approach 
allowed us to formulate the most probable patterns of 
breast cancer development at the earliest phase of its 
natural history.

Because the malignant transformation may appear 
at any locus of the sick lobe, its timing will determine 
the focality of the disease. Many combinations may 
exist, but three patterns seem to be seen most often 
(Fig. 1.6). If most of the potentially malignant cells 
within the sick lobe are transformed into malignant 
clones simultaneously, the entire lobe of the breast (the 
entire ductal tree together with the lobules) will become 
cancerous. From a theoretical point of view, this pattern 
may be a result of the accumulation of further muta-
tions in that subtype of mutant stem cells, which are 
capable of renewing an entire lobe. Because the size of 
the lobes vary from 2% to 23% of the breast volume 
(Going and Moffat 2004), this lobar scenario of cancer 
development may result in tumors that are several cen-
timeters in size from the very beginning of their devel-
opment. In this case, the tumor is large and extensive, 
involving a large volume of the breast tissue, and the 
tumor burden (the number of malignant cells present) 
is very high. A typical example is high-grade comedo-
type or micropapillary in situ carcinomas (Fig. 1.7a), 
which are the cases in which the lobar nature of breast 
carcinoma is easiest to perceive upon radiological 
examination. On the other hand, these tumors are dif-
ficult to treat and may have an unfavorable prognosis 
(Tabár et al. 2004).

The second scenario is the malignant transforma-
tion involving a segment of the lobe, a branch of the 
ductal tree together with the lobules belonging to this 
branch (Fig. 1.7b). As in the case of the lobar pattern 
of cancer development within the sick lobe, the trans-
formation is nearly continuous in this segmental pat-
tern and involves most of the structures of the segment 
at the same time, or with a time difference. Theoretically, 
this pattern may be a result of a disturbed arborization 
process due to an accumulation of mutations in that 
type of mutant stem/progenitor cells that are capable 
of producing branching ducts. The tumor burden and 
extent of the disease is relatively limited, usually inter-
mediate between that of the lobar and the peripheral 
pattern.

The peripheral pattern of malignant transformation 
within the sick lobe is characterized by the involvement 
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of the lobules, usually without involvement of segmen-
tal and lactiferous ducts (Fig. 1.7c). The lobules may be 
involved simultaneously or with a considerable time dif-
ference. This pattern may be a result of a disturbed lobu-
larization process due to an accumulation of mutations 
in that type of mutant stem/progenitor cells that are 

capable of producing secretory lobules. The tumor bur-
den is usually low, even if a large number of lobules are 
involved, but the disease may be extensive, because the 
involved lobules may be distant from each other in a 
large sick lobe. Consequently, this form of the disease is 
not easy to treat, but the prognosis is favorable. Typical 
examples of this pattern of cancer development within 
the breast are lobular carcinoma in situ and low-grade 
ductal carcinoma in situ.

The size of the sick lobe, the distribution of the 
mutant stem cells/committed progenitor cells within it, 
and the biological timing of their malignant transforma-
tion will determine the extent of the disease and the dis-
tribution of the tumor foci during the natural evolution 
of the breast carcinoma. In addition, the genetic con-
struction (high-grade versus low-grade pathway of 
genetic changes) will influence the morphology, molec-
ular characteristics, and speed of evolution; tumors with 
a high-grade genetic pathway will progress more rap-
idly than tumors with a low-grade pathway (Wiechmann 
and Kuerer 2008).

In the earliest phase of cancer development, the 
malignant cells are confined to the preexisting ducts 
and/or lobules, which may be distended and distorted 

a b
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Fig. 1.7 Large-format thick 
(1 mm) section images 
demonstrating lobar (a), 
segmental (b), and peripheral  
(c) subgross patterns of in 
situ breast carcinoma

Patterns of distribution of CIS within the sick lobe

LobarSegmentalPeripheral

Fig. 1.6 Schematic illustrations of the three subgross morpho-
logical patterns of in situ breast carcinoma
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by the accumulation of malignant cells and their prod-
ucts. Low-grade lesions tend to be localized within the 
terminal ducts and lobules, whereas high-grade lesions 
often involve the larger ducts (Tot and Tabár 2005). 
The neoplastic process itself may maintain the lobular 
architecture and/or lead to the formation of new lob-
ules and small ducts. Some high-grade in situ carcino-
mas are also able to form new larger ducts within the 
involved sick lobe, a pathological process termed neo-
ductgenesis. These tumors may histologically exhibit 
not only a substantially higher number of ducts than 
anatomically expected within the breast tissue, but also 
early signs of epithelial–stromal interaction in the form 
of periductal tenascin C accumulation and lympho-
cytic infiltration, and they are regarded as being at an 
intermediate step between conventional in situ and 
conventional invasive lesions (Tabár et al. 2007).

Breast cancer cells are epithelial in character, but 
the myoepithelial cell layer and tissue environment of 
the tumor also participate in tumor development. Most 
breast tumor suppressor genes are expressed in the 
myoepithelial cells, which act to restrict tumoral 
growth to its in situ phase (Sager 1997). Further muta-
tions in the malignant cells and the cells of the sur-
rounding stroma may, however, lead to deregulation of 
the epithelial–stromal balance; consequently, the can-
cer cells lose their ability to maintain the myoepithelial 
layer and the basal membrane around the ducts and 
lobules and the normal periductal, intralobular, and 
interlobular stroma undergoes remodeling. Individual 
cancer cells and their groups come into direct contact 
with stromal elements and become entrapped in the 
remodeled stroma. They may change their phenotype 
and undergo epithelial–mesenchymal transition. The 
cancer cells may also come into contact with prelym-
phatic spaces and lymphatic vessels, invade them, and 
become transported via the lymphatic system within 
the breast, resulting in intramammary tumor spread 
(Asioli et al. 2008) and development of multiple inva-
sive tumor foci. In this manner, the invasive tumor may 
spread beyond the area of the sick lobe. Thus, the inva-
sive component of the tumor may grow by prolifera-
tion of the malignant cells, not only around the 
preexistent in situ process but also in distant places. 
New tumor foci may coalesce to form a larger tumor 
mass with more complex morphology. New cell clones 
may appear in the invasive foci by further mutations 
and dedifferentiation, leading to intratumoral and 
intertumoral heterogeneity within the same breast. The 

cancer cells or the committed progenitor cells that 
spread from the breast to the lymph nodes and other 
organs may develop into a metastasis by cell prolifera-
tion and interaction with the components of the tar-
geted tissue. By these mechanisms, the tumor gradually 
enters its advanced phase.

Mutant stem cells and committed progenitor cells 
share many characteristics with malignant stem cells. 
These mobile cells may, in some cases, enter the circu-
lation and be transported to lymph nodes and other 
organs. Malignant transformation of the cell progeny 
may require several years or decades, like their coun-
terparts within the breast. Transformation of these 
relocated mutant progenitor cells prior to the transfor-
mation of the intramammary compartment of these 
cells may give rise to a metastasis of “unknown ori-
gin.” This concept may represent a possible explana-
tion for, at least some cases of, the so-called CUP 
(cancer with unknown primary) syndrome. Such a 
transformation may also take place decades later than 
the intramammary transformation.

1.5.3  Early Breast Cancer is Not 
Necessarily “Small”

Using large-format two- and three-dimensional histo-
logical sections and the approach of detailed and 
 systematic radiological–pathological correlation, we 
demonstrated that in situ carcinoma may be confined 
to lobules, ducts, or both and manifest as a unifocal, 
multifocal, or diffuse process as described above (Tot 
and Tabár 2005). We also analyzed a large number of 
early and more advanced invasive breast carcinomas 
and found that roughly one-third were unifocal, con-
sisting of a single invasive focus (containing or not 
containing an in situ component), one-third were mul-
tifocal due to the multifocality of the in situ compo-
nent, and one-third contained multiple invasive foci.  
A small proportion of advanced breast carcinomas 
grow diffusely, much like a spider web (Tot 2007c, 
2009; Tot et al. 2009). Figure 1.8 illustrates our results 
regarding lesion distribution and disease extent in a 
series of 907 consecutively diagnosed breast carcino-
mas at our department during the period of 2005–2009. 
Only a minority of the cases were unifocal, regardless 
of the phase of development (in situ or invasive) or the 
size of the invasive component; roughly 40–50% of the 
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cases were extensive and spread in a tissue volume of 
40 mm or more in the largest dimension. Breast cancer 
is not necessarily small at the earliest stages of its 
development; on the contrary, it is widespread and 
multifocal in the majority of cases. These results are 
fully concordant with the results of similar studies 
using large-format histology (Andersen et al. 1987; 
Holland et al. 1990; Faverly et al. 2001; Foschini et al. 
2007).

1.6  Practical Consequences,  
Future Perspectives

The theory of the sick lobe defines the risk tissue of 
malignant transformation that corresponds to a lobe 
with increased susceptibility to oncogenic effects com-
pared to other lobes. The risk tissue is not a single TDLU 
but a field of genetic instability, which may be several 
centimeters large. Regardless of the size of the tumor 
(size of the largest invasive tumor focus), multiple  
in situ and invasive foci are often present in this field 
and may be located several centimeters from each  
other. Some of these lesions may be radiologically or 

clinically undetectable. Early breast carcinomas are as 
often multifocal and extensive as are their more advanced 
counterparts.

An intervention that aims to remove only the detect-
able part of the already malignant component of the 
process and leaves the rest of the sick lobe in the breast 
is associated with a high risk of local recurrence. 
Nearly 40% of patients who undergo breast conserving 
surgery without additional irradiation and/or antihor-
monal therapy get ipsilateral local recurrences within 
20 years (Fisher et al. 2002). The vast majority of local 
recurrences appear in the area adjacent to the surgical 
scar, indicating that they have developed in the rest of 
the partially removed sick lobe. According to our con-
cept, an adequate surgical intervention has to remove 
not only the detected malignant tissue, but also the risk 
tissue, the entire sick lobe, around it. Although intravi-
tal marking of the sick lobe is not fully possible, the 
risk of local recurrence can be substantially lowered by 
sector resection (removing a lobe-like part of the 
breast) compared to lumpectomy (aiming to excise the 
malignant tissue). Cases resulting from extensive 
involvement of a large sick lobe, on the other hand, 
require mastectomy.

Removing or destructing the sick lobe prior to the 
development of malignant cells within it would elimi-
nate the risk of getting breast carcinoma in the vast 
majority of cases. Efficient methods for the detection 
and intravital indication of the sick lobe are required to 
allow the wide application of the method in treating 
and preventing breast carcinoma.

1.7  Conclusions

The theory of the sick lobe and the theory of biological 
timing connect the process of carcinogenesis to an 
existing and well-defined anatomic structure, a breast 
lobe, and provide a possible explanation for the pro-
gressive character and morphological heterogeneity of 
breast carcinoma. These theories are more than a 
description of morphological patterns. They put these 
patterns into a unifying concept with genetic, develop-
mental, and morphological perspectives of understand-
ing breast carcinoma as a process that develops over 
time under endogenous and exogenous influences, not 
like a photo, but like a lifelong movie.
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Fig. 1.8 Subgross distribution of cases in a series of 907 (Falun, 
2005–2009) consecutively diagnosed new breast carcinomas by 
extent of the disease
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We are only at the beginning of exploring the advan-
tages of this new concept, but we can already present 
promising research and important results. As knowl-
edge is the most powerful weapon of mankind, the 
most important expected impact of this book will be a 
better understanding of the disease called breast cancer 
due to a critical rethinking of traditional paradigms. 
This understanding will allow us and future genera-
tions to alter the negative trend of increasing breast 
cancer incidence and relieve the women of the twenty-
first century of the risk of getting breast carcinoma.
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I have heard a good anatomist say, “the breast is so 
complicated I can make nothing clear of it.”

Astley Paston Cooper, On the Anatomy of the Breast 
(Cooper 1840).

When a powerful new method emerges the study of those 
problems which can be dealt with by the new method 
advances rapidly and attracts the limelight, while the rest 
tends to be ignored or even forgotten, its study despised.

Imre Lakatos, Proofs and Refutations: The Logic of 
Mathematical Discovery (Lakatos 1976).

2.1  Introduction: Anatomy  
of Human Breast as a Subject  
of Scientific Study

Some believe that anatomy has experienced the fate 
described by Lakatos (Marusič 2008). But, while 
molecular explanations are more highly favored in biol-
ogy, no single “thought-style” (Fleck 1979) can explain 
a process as complex as breast cancer, influenced by 
events at every scale from molecules to society and the 
environment, occurring over time scales from less than 
a second to a human lifetime. This chapter addresses a 
neglected order of breast organization which deserves 
closer attention: its partitioning into lobes.

Reasons for this neglect include a human tendency 
not to notice gaps in our knowledge. Anatomist and 

pioneer senologist Sir Astley Cooper may also be 
partly responsible: a serious commentator as recently 
as the mid-twentieth century could suggest that Cooper 
had said all that needed to be said about the large-
scale anatomy of the breast (Brock 1952), including 
its lobar structure.

Cooper’s own comment (“it was absolutely neces-
sary to give an account of the natural structure of the 
breast, before its morbid changes could be properly 
explained or understood”; Cooper 1840) was true 
then, and is true today. But while On the Anatomy of 
the Breast still contains more original data about lobar 
organization of human breast tissue than almost any 
twentieth or twenty-first century primary source, 
Astley Cooper did not say the last word on the subject, 
and would, I think, have been surprised by such an 
idea; so it is satisfying that new work on morphology 
of human breast is being undertaken (Ramsay et al. 
2005; Going 2006; Geddes 2007; Rusby et al. 2007).

Cooper was one of the last first-rate anatomists not 
also to be a microscopist, though he did see it in use 
(Cooper 1843). Joseph Jackson Lister had invented  
the achromatic microscope in the 1820s, but the rise  
of histology as a discipline (von Gerlach 1848) waited 
on theoretical and practical developments including 
cell theory (Schleiden and Schwann), Virchow’s 
insight that all cells arise from preexisting cells (“omnis 
cellula e cellula”), development of the microtome by 
Wilhelm His, senior, and improved staining, all of 
which emphasized the cell as the fundamental unit of 
tissue organization.

The molecular revolution of the twentieth  
century may, then, seem to place large-scale aspects 
of anatomy at two removes from contemporary  
biological science, but the breast parenchyma and  
its stroma remain the theater of the cellular and 
molecular dramas of normal mammary development 
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and breast disease during infancy, adulthood, and  
old age, and as these processes occur on multiple  
spatial scales, including that with which we are  
concerned (the lobe), its present relevance is greater 
than ever.

2.2  Limitations of Classical Microscopy

While microscopy is well adapted to the study of 
microscopic entities, including small portions of 
human breast tissue, and an entire murine mammary 
gland can be easily embedded in a single block of par-
affin wax for histology, only a tiny portion of a com-
plete human breast is easily handled like this. Giant 
histological sections do address this problem, with 
advantages recognized by breast pathologists from 
Cheatle (1920) to Eusebi (Foschini et al. 2006) and Tot 
(Tot et al. 2000), but their use is routine only in a few 
dedicated laboratories.

Also, histology is naturally two dimensional: 3D 
information can be extracted only with considerable 
effort, especially for larger objects. Virtuoso serial sec-
tion studies of 3D anatomy and embryology have been 
performed from the time of His onwards, but the knotty 
problem of describing the lobar anatomy of the breast 
has received relatively little attention, being correctly 
perceived as difficult (Osteen 1995); incorrectly as hav-
ing been done already (a perception suggested by its 
neglect), and perhaps also as lacking particular signifi-
cance for breast cancer, which in recent years has been 
widely seen as a disease of the mammary lobules.

2.2.1  The “Lobular Origins” Hypothesis  
of Breast Cancer

It has never been obvious where breast cancers  
come from. Early investigators saw cells looking  
like cancer cells lining ducts and glandular acini of  
cancer-associated breast tissue (Cheatle 1906, 1920). 
It seemed plausible that these cells were progenitors 
of invasive breast carcinomas, and indeed, they could 
sometimes be observed apparently in the act of exit-
ing ductal or glandular structures to invade the adja-
cent stroma.

Even before Foote and Stewart (1941) published 
their definitive description of lobular carcinoma in situ 
(LCIS), lesions recognizable as LCIS had also been 
illustrated (e.g., plate II in Cheatle and Cutler 
1931:162). Ewing (1940:563) distinguished between 
“duct carcinoma arising from the lining cells of ducts” 
and “acinar carcinoma arising from the epithelium of 
the acini.”

Given morphologically distinct ducts and lobules of 
the mammary parenchyma, and site-of-origin as a clas-
sifier for neoplasia, the formula of ductal and lobular 
carcinoma in situ, arising from epithelium of ducts and 
lobules respectively, as precursors of ductal and lobu-
lar invasive carcinoma is neat, tidy, and plausible, but 
seemed to have been dealt a severe blow by studies of 
subgross breast anatomy in the 1970s onward, which 
emphasized that many duct-like structures colonized 
by neoplastic cells were actually enlarged and distorted 
(“unfolded”) lobules (Wellings et al. 1975). This has 
given rise to a frequently stated belief that breast can-
cer is of lobular origin, which appears to contradict the 
notion of a “sick lobe.”

This “lobular origins” viewpoint was strongly 
endorsed by John Azzopardi in his discussion of work 
by Wellings and colleagues in his influential book 
Problems in Breast Pathology (Azzopardi 1979). He 
observed “the first fundamental conclusion that stems 
from this superb work is that the vast bulk of breast 
disease, much of which has been traditionally regarded 
as of ductal origin, is in fact of lobular and/or terminal 
duct origin.” Other workers have published data inter-
preted to support the lobular hypothesis (Ohuchi et al. 
1985; Faverly et al. 1992), and the degree to which it 
has been accepted by the senological community as a 
“scientific fact” can be confirmed by any student of the 
literature from how often it is asserted without citation 
of primary data to support it.

A key argument advanced by proponents of the 
lobular origins hypothesis is that structures considered 
to be ductal by workers advocating a ductal cancer ori-
gin were really expanded lobules which the pioneers 
had failed to recognize. It is difficult to assess the 
degree to which this is true, but insightful observers 
like Lenthal Cheatle were perfectly able to recognize 
even highly deformed lobules, and illustrate them in 
their works (e.g., Cheatle 1920:288, Fig. 204). Cheatle 
also recognizes that discriminating between abnormal 
ducts and lobules may be difficult, and notes the utility 
of serial sections in making this distinction. The same 
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publication also illustrates a case (page 290, Fig. 208) 
in which, based on his study of giant histological sec-
tions, Sir Lenthal explicitly proposes a lobar distribu-
tion of epithelial proliferation leading to cancer.

2.2.2  A Critique of the “Lobular Origins” 
Theory

Subgross studies do not reveal the origins of breast 
cancer.

If we accept the proposition that neoplasia are mono-
clonal (Fialkow 1976), we accept that all neoplastic cells 
in a tumor (not counting stromal, inflammatory, and 
other nonneoplastic cells) are descendents of a somatic 
cell, which have acquired (epi)genetic changes sufficient 
to confer a neoplastic phenotype. (We may note that this 
point of view is not universally accepted (Parsons 2008), 
but shall not explore the arguments here.)

If tumor monoclonality is correct, to identify where 
breast cancers begin could be easily taken to mean 
this: to identify where in the mammary parenchyma 
that cell was located from which all the neoplastic cells 
of a particular cancer are descended, maybe years or 
decades even before that cancer became detectable 
clinically or by screening. It is safe to say that this has 
never been achieved for even one case of breast cancer, 
let alone often enough to allow anything to be said 
about the origins of breast cancer in general, and I 
intend to argue there is in reality no such thing as a 
“founder” cell to which all the cells in a cancer can be 
traced back in anything other than a trivial sense.

2.2.3  What Does It Mean to Speak  
of a Cancer’s “Origin”?

Further reflection shows how elusive this idea is.
In the standard model, invasive breast cancer and 

most other cancers are usually thought to be clonally 
descended from proximate precursor lesions variously 
called severe dysplasia, high-grade intraepithelial neo-
plasia, or carcinoma in situ (essentially synonymous 
terms for lesions with which most invasive carcinomas 
are intimately associated) (Sinn 2009). If so, the origin 
of the in situ carcinoma is as legitimate a “beginning” 

of the whole process as the moment a tumor cell first 
broke through a basement membrane.

But the same argument applies to in situ carcino-
mas: many of these arise on a background of atypical 
hyperplasia, itself likely to be clonally descended from 
still earlier ancestors, perhaps hyperplasias of usual 
type; columnar cell change; otherwise altered lobules; 
normal-looking but abnormal parenchyma; truly nor-
mal parenchyma; or even a remote ancestor cell in exis-
tence before the breast even began to form, early in 
fetal life; or the zygote itself, in which a germ line 
mutation in TP53, BRCA1, BRCA2, CDH1, STK11, or 
PTEN would already represent a major step on the long 
road to breast cancer (Campeau et al. 2008).

The common Icelandic 999del5 BRCA2 mutation 
has been causing breast cancer since the mid-sixteenth 
century (Thorlacius et al. 1996). Many women who 
have experienced breast cancer would never have done 
so had they not inherited this defective gene. In what 
sense, exactly, would it be incorrect to say these can-
cers began in the sixteenth century, or even earlier?

2.2.4  Cancers Have No “Beginning”  
in Time or Space

To sum up, cancers do not begin at a definable point in 
time or space. Even if a one-celled cancer was con-
ceivable, which it isn’t, it would only be apparent after 
many cellular generations that is what it was, when 
there is no prospect that unique individual cell can be 
identified. Even if the existence of such a cell could be 
inferred from indirect evidence, the chain of molecular 
causation extends over many cellular generations, into 
a remote past, and there is no reason to confer privi-
leged status on the last to occur of the set of mutations 
driving the transformed phenotype, over all others: the 
first of them to occur may be as necessary as the last 
for the phenotype, and on that basis have a better claim 
to have begun the process of cancer formation.

To accept these arguments is to accept that “breast 
cancer begins in the terminal duct lobular units” is a 
meaningless statement which posits nothing with which 
one might agree or disagree. It will be obvious that the 
statement “breast cancer begins with a sick lobe” is 
equally meaningless: which is not to say “sick lobes” 
(and lobules) are not deeply and intimately connected 
with the evolution of breast cancer in an individual.
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2.2.5  Another Reason for Doubting the 
“Lobular Hypothesis”

There are usually many abnormal lobules in both can-
cer-bearing and noncancerous breasts. Jensen, Rice, and 
Wellings (Jensen et al. 1976) found a median of 15 atyp-
ical lobules in cancer-containing breasts (3rd quartile 
51, maximum 225) and a median of 5 in breasts without 
cancer (3rd quartile 11, maximum 91).

Each of these atypical lobules must have arisen inde-
pendently, if their existence is to support a “lobular ori-
gin” theory of breast cancer, because, if they do share 
some common causation, their mere existence implies 
the involvement of a greater portion of breast paren-
chyma (necessarily including ducts as well as lobules) 
in that process.

At most, we may perhaps say that changes associ-
ated with breast cancer visibly affect lobules earlier 
than other parts of the mammary parenchyma.

A “lobular origins” theory would be supported by the 
existence of monolobular neoplasia, analogous to aber-
rant crypt foci or monocryptal adenomas in colon, which 
implicate the colonic crypt as a niche in which a founder 
cell was resident (Preston et al. 2003). Establishing the 
existence of isolated lobules colonized by recognizably 
neoplastic cells, but not involving any other lobules in 
the neighborhood of the abnormal one would require 
careful examination of all adjacent lobules not merely in 
the plane of a single histological section, but in other 
planes as well. This, subgross studies such as those of 
Wellings and others, including even the careful 3D stud-
ies of Ohuchi (Ohuchi et al. 1984a, b, 1985; Ohuchi, 
1999) and Holland (Faverly et al. 1992) which found in 
almost every case multiple abnormal lobules, have not 
done. And even if they had, it would still not exclude the 
existence of a field in which a phenotypically silent 
mutation was present.

2.3  Evolution of Breast Cancer 
Precursors: Clonal Expansion

So, we should forget about where breast cancer or its 
putative precursors “begin” and ask instead, how do 
they evolve? The distribution in space of morphologi-
cally and genetically abnormal parenchymal cells in a 
cancer-containing breast is clearly informative about 
events in the evolution of a breast cancer.

The evolution of neoplasia in Barrett’s esophagus, 
which is more accessible to direct observation over time 
than breast parenchyma, affords an instructive compari-
son. In Barrett’s esophagus, a clone of cells with a muta-
tion giving a selective advantage is capable of colonizing 
>10 cm of a long-segment Barrett esophagus, and of 
out-competing other clones (Maley 2007).

If this process is completed, the mutation is said to 
have “gone to fixation” by a “selective sweep” (Maley 
et al. 2004). If such events also occur in the breast, they 
would be expected to create a “sick lobe” if confined to 
one lobe, analogous to a “sick segment” of Barrett’s 
esophagus. Cells with a markedly abnormal morpho-
logical phenotype, such as those of DCIS and LCIS, can 
be observed in the act of colonizing preexisting paren-
chymal structures including ducts and lobules, more or 
less extensively (Fig. 2.1), and DCIS does sometimes 
appear to colonize whole lobes.

This can occur in a continuous and possibly also a 
discontinuous fashion (Faverly et al. 1992), but in 
both cases, expansion is likely to be confined to paren-
chyma of the lobe in which the abnormal clone of cells 
is expanding, at least prior to the emergence of any 
invasive elements capable of transgressing basement 
membranes.

In the absence of an obviously abnormal morpho-
logical phenotype, such clonal expansion would be 
harder to observe. However, the expansion of a clone 
of cells at increased risk of completed neoplastic 

Fig. 2.1 Neoplastic epithelial cells can infiltrate widely within 
the epithelial bilayer of mammary ducts and lobules. In this 
immunostained duct, both basal and luminal cells express cytok-
eratin 5 strongly. Pale, moderately atypical, sometimes vacuo-
lated cells individually and in clumps characteristically colonize 
the virtual space between basal and luminal cells. This example 
of so-called “Pagetoid spread” by atypical lobular hyperplasia 
was an incidental finding following surgical reduction of a breast 
contralateral to a previously treated cancer. Inset: Loss of 
E-cadherin expression is also characteristic of these cells
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transformation could manifest itself indirectly by the 
emergence of in situ or invasive neoplasia throughout 
a field of genetically altered but morphologically nor-
mal or minimally abnormal cells.

Another possibility is that a mutation in a cell of the 
prepubertal breast or even the fetal breast anlage could 
give rise to a clone of cells from which a large part of 
the mature breast might be derived, and if that muta-
tion was associated with increased risk of neoplastic 
transformation, it could manifest itself as a field of 
increased risk in which multifocal mammary neoplasia 
might develop.

A prescient, but little-noticed paper (Sharpe 1998) 
looking at breast cancer origins had received only five 
citations by October of 2009 (ideas which do not reso-
nate with fashionable thought-styles are not attacked, 
but ignored). In it, Sharpe suggests that breast cancer 
multifocality could arise by intraductal spread of 
abnormal precursor cells or by a developmental mech-
anism in which anatomically connected branches of 
developing mammary duct trees might be populated 
by cells derived from a mutant precursor arising early 
in development. These first of these ideas would cor-
respond to an initially healthy lobe becoming sick, and 
the second to a lobe “born sick” ab initio.

Both could be true. The maximal sensitivity of the 
human breast to radiation-induced carcinogenesis – 
before the age of five – is at least compatible with the 
latter concept. Females exposed to radiation in the 
atomic bombings at Hiroshima and Nagasaki experi-
enced an increased incidence of breast cancer. This 
excess relative risk (ERR) was greatest (4.6) for women 
exposed as very young girls (0–4 years) (Tokunaga 
et al. 1994). Land (1995) found this surprising, given 
the much smaller mass of breast epithelium in this age-
group, but women who were irradiated as infant girls 
for “thymic enlargement” have a comparable ERR 
(3.6) for breast cancer, so the susceptibility of the 
infant female breast to breast cancer initiation by ion-
izing radiation is well established, and the mutagen 
N-nitroso N-methylurea is likewise more carcinogenic 
to the mammary gland of sexually immature than of 
mature rats (Ariazi et al. 2005).

A radiation-induced mutation in a mammary pre-
cursor cell could be inherited by many descendents 
following thelarche, even perhaps to the extent of being 
disseminated throughout a complete lobe. The well-
known ability of a single precursor cell to reconstitute 
an entire rodent mammary gland (Kordon and Smith 

1998) highlights the potential for one cell to create an 
extensive glandular domain for itself. 

While multifocal  neoplasia might also occur fol-
lowing exposure of all the parenchyma of the breast to a 
common environment promoting neoplasia, e.g., an 
external carcinogen or an endocrine influence, one would 
expect such a process to be nonlobar.

2.4  The Need for Whole-Breast 
Parenchymal Visualization

To investigate fully the evolution of breast neoplasia 
up to cancer formation in its parenchymal context 
requires the ability to visualize morphology of paren-
chymal systems (lobes) in complete breasts, a scale 
much larger than is commonly attempted in 3D histo-
logical studies.

The need for this capability is imposed by the pre-
diction that clonal expansion setting the scene for mul-
tifocal mammary carcinogenesis is likely to act over 
and within a lobe, as in the case of an abnormal clone 
spreading along ducts after the adult breast structure 
has been established following thelarche, or of a muta-
tion disseminated in the descendents of a cell belonging 
to the prepubertal breast, in which early branching by 
the mammary anlage is established well before birth.

Growth (elongation and branching) of individual 
duct systems at thelarche could offer an opportunity for 
the expansion of mutation-bearing clones of cells pos-
sessing a growth advantage, which, while not necessar-
ily having a morphologically abnormal phenotype, 
might be able to colonize more than their fair share of 
the developing breast and set the scene for future neo-
plastic development. It is known that breast lobe devel-
opment is highly unequal (Going and Moffat 2004).

Because the emphasis over the last 30 years has 
been so strongly on the lobule as the relevant unit of 
organization of human mammary parenchyma, this 
larger scale, long-range structure of the breast has been 
neglected and techniques for its study are not mature. 
Nevertheless, possibilities for development in this area 
are attractive.

The rest of this chapter describes central and periph-
eral ductal/lobar anatomy of breast, as far as it is 
known; examines evidence for anastomoses within and 
between lobes, by which intraepithelial neoplasia 
might be able to spread from lobe to lobe; looks at 
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whether precursors of breast cancer and cancer itself 
are distributed in a lobe-like manner, in keeping with 
the “sick lobe” hypothesis; and considers how gaps in 
our knowledge of lobar breast anatomy might be filled, 
and the scope for developing techniques allowing 
 morphological and molecular data to be optimized in 
research and diagnostic settings.

2.5  Lobar Anatomy of the Breast

Many published illustrations of lobe anatomy in human 
breast are at best artist’s impressions, attractive but 
without primary evidential value.

Cooper’s original illustrations, in contrast, are pri-
mary research data. In these illustrations, the most 
noticeable features are the ducts, variable in caliber, 
radiating from the center, branching and rebranching, 
with the last branches terminating in glandular paren-
chyma. Note that glandular tissue is present in all parts 
of the breast, not just the periphery, although in the 
nipple itself lobules are said to be sparse (Stolier and 
Wang 2008). There is noticeable variation in the extent 
of different lobes (Fig. 2.2), and to some degree their 
branches intertwine, but not to the extent that their 
 distributions overlap greatly.

The tracing of all ducts and their branches in an 
autopsy breast of a young woman by Moffat and Going 
(Moffat and Going 1996; Going and Moffat 2004) was 
a rare attempt to capture duct branching lobe-by-lobe 
in a complete human breast. Such studies are daunt-
ingly laborious by manual methods (Osteen 1995), but 
the scope for developing more streamlined procedures 
has yet to be fully exploited (Going 2006).

Features of different ducts systems (lobes) revealed 
in these studies include great variability in total extent 
(Figs. 2.3 and 2.4): one lobe can account for as much as 
25% of a whole breast, as little as 1%, or even less; vari-
ability in envelope profile (including predominantly 
convex, concavo-convex, and cuneiform or wedge-
shaped); variability in the length of the central duct 
before first branching (short or long); and the existence 
of vestigial or abortive lobes with relatively long ducts 
penetrating deeply into the central breast, but little or no 
peripheral branching or associated glandular paren-
chyma. Minimal lobes with longish but unbranching 
ducts imply that duct elongation is allowed even when 
side branching is inhibited (Going and Moffat 2004), 

Fig. 2.2 On the Anatomy of the Breast, Plate VI, Fig. 3 (Cooper 
1840). Individual lobes have been injected separately with differ-
ent colored waxes. This figure is less often reproduced than Fig. 2 
of the same plate, in which breast segmentation into lobes is more 
uniform. This may reflect an esthetic bias in favor of uniformity, 
which may account for the many published artists’ impressions of 
lobes in human breast which emphasize a regularity of develop-
ment and arrangement not sanctioned by any primary source

Fig. 2.3 Variation in mammary lobe morphology, I. Seven repre-
sentative lobes of a single breast vary greatly in size and distribu-
tion. Each duct system was traced through serial subgross sections. 
In each slice, the area occupied by branches of any one duct system 
may have complex borders, but can be drawn around. Lobes are 
visualized in “Reconstruct” (Fiala 2005). Boissonnat surfaces are 
shown for six lobes; the seventh by wire-frame outlines, so as not to 
obscure the central part of the model behind this lobe. Obvious 
lobe-to-lobe differences include size; early branching close to the 
nipple and the breast surface (tan) versus late branching in the 
depths of the breast (orange, green), or none at all (sky blue). This 
last is a vestigial lobe in the form of a duct with no peripheral 
branching at all. This was the longest of several “failed lobes” in 
this breast, which was studied by Moffat and Going (1996, 2004)
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perhaps implying a mechanism in humans akin to asym-
metric (monopodial) branching characteristic of rodent 
mammary morphogenesis (Davies 2002).

The existence of a largely convex lobe with a con-
cave lobe wrapped around it (Fig. 2.4) seems to sug-
gest that growth of the convex lobe was dominant over 
growth of the concave lobe. Possibly the “convex” 
lobe began its growth earlier or grew more rapidly than 
the concave lobe, and hence growth of duct branches 
belonging to the concave lobe into virgin territory was 
inhibited by the fact that elongating branches of the 
convex lobe had got there first. This apparent competi-
tion between lobes in breast growth is of interest in the 
context of a possible role for the female human breast 
as a signifier of reproductive fitness (Møller et al. 
1995), and the relationship between breast symmetry 
and cancer risk (Scutt et al. 2006).

2.5.1  Are There Anastomoses  
Between Lobes?

An abnormal clone of cells expanding within an epithe-
lial domain bounded by a basement membrane must 
remain limited to that domain as long as the clone is con-
fined by the basement membrane. In the case of a breast 
lobe, the expanding clone would remain monolobar, 

provided the lobe was isolated from neighboring lobes. 
We ignore for the time being the theoretical possibility 
of cells of the clone escaping from the lobe into the epi-
dermis of the nipple, and entering another lobe via its 
duct opening on the nipple surface.

If lobes are not isolated from each other, but are 
linked by epithelium-lined anastomotic ducts, then a 
clone might escape from its lobe of origin into an adja-
cent lobe to which it was connected; thence it might 
spread to any lobe that second lobe was also connected 
to; and so on, potentially putting any part of the entire 
breast parenchyma within reach of such an expanding 
clone. Such a process would be analogous to the dis-
semination of pneumococcal lobar pneumonia through-
out a lung via the interalveolar pores of Kohn.

Anastomoses between lobes could also influence sam-
pling of the mammary environment by techniques such 
as duct lavage and duct endoscopy (Tondre et al. 2008; 
Dooley 2009), and might have a physiological role in lac-
tation, by providing alternate pathways for drainage of 
milk from parenchyma to nipple, by which a duct block-
age might be bypassed. This could help to maximize 
effective lactating tissue mass, as impaired milk drainage 
inhibits milk secretion via feedback inhibitors of lactation 
(Wilde et al. 1995), one of which is thought to be sero-
tonin acting on the 5HT7 receptor in both human breast 
and murine mammary glands (Stull et al. 2007). Whether 
anastomoses exist is therefore important, but an entirely 
satisfactory answer has not yet been given.

2.5.2  The Challenge of Lobar Anatomy

Lobes remain intractable objects of study. To define a 
lobe completely, all its “branches” (ducts) and “leaves” 
(lobules) must be visualized. Ducts are thin-walled, 
embedded in tough fibrous tissue, and can ramify 
extensively, branching again and again. One breast 
contains many lobes, and neither macroscopic nor 
microscopic examination of breast tissue gives any 
clues to lobe boundaries.

Practically, lobes can be defined by injection with a 
marker fluid (colored wax, resin, latex, urethane, mer-
cury), or by tracing through serial thick (“subgross”) 
sections, after they have been stained and cleared. 
Giant histological sections of conventional thickness 
may hint at the lobe architecture, but a sampling gap of 
3–5 mm between sections does not allow confident 
duct tracing from slice to slice.

Fig. 2.4 Variation in mammary lobe morphology, II. Three 
other lobes belonging to the breast shown in Fig. 2.3. The tur-
quoise lobe has two largely separate domains, one close to the 
surface, and a deep extension. Both lobes (represented by their 
Boissonnat surfaces) are wrapped around the blue system repre-
sented in wire-frame section profiles. One can speculate that the 
blue system developed in advance of the other two
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2.5.3  Duct Injection Studies

Cooper was a pioneer in this area (it is salutary to 
remember that he began to research normal breast 
when he was already 67 years old). Sir Astley’s opin-
ion is clear: physiological anastomoses do not connect 
separate duct systems (lobes): “The mammary ducts 
do not communicate with each other, as is easily shown 
by throwing injections of different colours into the 
ducts, or by injecting one duct only.”

“If various colours are thrown into each duct, they 
proceed to the gland without any admixture of colour. 
If one duct be most minutely injected with quicksilver, 
it does not escape into any other. And this remark is 
also applicable to the mammary glands of other ani-
mals, where there are many, as in the hare, the bitch 
and the pig, the ducts are separate and distinct from 
those of the other gland.”

“I have only seen one instance to the contrary of 
this position, in injecting a milk tube from the interior 
of the gland towards the nipple, two large branches of 
ducts crossing each other, where they laid in contact, 
the injection found its way by rupture, or by a devia-
tion from the natural structure, from the one into the 
other duct, of which I have given a figure [Plate VIII, 
Fig. 7] (Fig. 2.5); and as this has only occurred once in 
more than two hundred times, it shows that it is not the 
result of a common structure.” (Cooper 1840).

Cooper used a technique well adapted to the detec-
tion of anastomoses, in “more than two hundred” 
injection experiments, a breadth of experience unpar-
alleled before or since.

Moffat and Going could find no anastomoses when 
tracing all identifiable branches of all ducts in subgross 
sections of an autopsy breast (Going and Mohun 2006).

Further evidence that anastomoses between lobes 
are rare is the absence of any reference in the galactog-
raphy literature to retrograde filling of another central 
duct following injection of contrast medium down one 
central duct (Fig. 2.6). Love and Barsky detected no 
anastomoses in their studies (Love and Barsky 2004) 
which included a review of many galactograms per-
formed by Otto Sartorius in Santa Barbara, California. 
Likewise, I am not aware of any published evidence of 
retrograde flow of fluid during nipple duct lavage, 
although such flow might not always be detected.

A theoretical consideration is that during mammary 
gland development, elongating mammary ducts mutu-
ally inhibit each others’ continuing growth, and both 
rodent (Faulkin and DeOme 1960) and human (Going 
and Moffat 2004) mammary gland duct distributions 
show clear evidence of repulsion (Fig. 2.7), which 
would be calculated to interfere with the formation of 
anastomoses (Faulkin and DeOme 1960). TGFb is 
likely to be a critical negative regulator of this mam-
mary duct spacing (Lee and Davies 2007).

Ohtake et al., on the other hand, do describe interlobar 
and intralobar duct anastomoses in their subgross studies 
(Ohtake et al. 1995, 2001). This interesting and important 
question will be resolved only by further careful morpho-
logical studies. Experience of recording x, y, and z coordi-
nates of all branch points and duct terminations of a 
complete mammary lobe (Going 2006) makes one aware 
of how fatally easy it is in such studies to confuse branches, 
and some of the apparent anastomoses identified by 
Ohtake et al. could have been a consequence of duct mis-
tracing, however carefully they tried to avoid this.

2.5.4  Are Breast Cancer Precursors Lobar 
in Their Distribution?

There is only a distant relationship between breast 
quadrants and lobes, so studies of breast cancer and its 
precursors which look only at the distribution of dis-
ease between quadrants tell us little or nothing about 
the distribution of disease between lobes.

Fig. 2.5 On the Anatomy of the Breast, Plate VIII, Fig. 7. Rare 
anastomosis (arrow) between ducts of separate lobes. Cooper 
remarks this figure is “taken from a preparation which shows a 
rare deviation from a general law, viz., of two ducts communicat-
ing, of which this is the only instance I have seen. One of the ducts 
was injected from a branch near the circumference of the gland, 
and the injection was thrown towards the nipple, when either by 
laceration or unusual communication, two ducts became filled”
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Extensive intraductal carcinoma is a risk factor  
for local recurrence (Holland et al., 1990a, b), and 
finding a small or large, often wedge-shaped area of 
DCIS is common experience for the practicing breast 

pathologist. Other published studies support this seg-
mental distribution of disease in breast cancer, in 
keeping with a lobar process (Johnson et al. 1995). 
The proposal that segmental treatment should be 
employed seems plausible, but the lobar hypothesis is 
not thereby proved, and the difficulty of doing this 
rigorously has been pointed out (Osteen 1995): “to 
prove the segmental anatomy of breast cancer would 
require serial sectioning of the breast in such a way as 
to establish the continuity of each duct and lobule. 
Such a monumental task is probably beyond the 
resources of any department and the patience of any 
individual.” In the same editorial, Osteen reviewed 
findings by Holland et al. (1990b) of lobe-like regional 
DCIS in 81/82 mastectomies they subjected to sub-
gross examination, but points out that while consis-
tent with a segmental (lobar) distribution, such a 
distribution was not thereby established, because the 
lobe anatomy was unknown even in this thorough 
study. Indeed, few have attempted to extract such 
anatomy, and the small numbers of cases examined 
reflect the difficulty of the task.

In this same editorial, we also find another  
adumbration of the “sick lobe,” in the remark that 
“some patients with breast cancer may have a seg-
ment that is, in some biologically definable terms, 
‘bad’... These cases raise the question of whether 
other markers, such as atypical lobular hyperplasia, 

Fig. 2.7 Hematoxylin-stained subgross section cleared in 
methyl salicylate (oil of wintergreen). Section is in the coronal 
plane through a complete (autopsy) breast. Spacing of parenchy-
mal elements maximizes the distance between adjacent units 
(implying repulsion during development)

Fig. 2.6 Two views of the same lobe in a galactogram (oblique 
on left, cranial–caudal on right). This extensive system accounts 
for a significant fraction of breast volume. In the craniocaudal 
view glandular tissue is clearly visible. A filling defect (*) visi-
ble in both views is due to an intraductal papilloma. Note the 

single central duct and absence of retrograde filling of any other 
duct system. Galactograms, courtesy of Dr Jean Murray, South 
East Scotland Breast Screening Centre. Images have been 
 contrast-reversed to maximize duct visibility



28 J.J. Going

microcalcifications in benign epithelium, or some 
genetic or molecular biologic markers, might identify 
‘bad segments’ that require wide excision or mastec-
tomy for treatment.”

A recent review (Jain et al. 2009) usefully surveys 
the literature concerning multicentric and multifocal 
ipsilateral breast cancer.

In the case of lobular neoplasia (ALH/LCIS), the 
segmental distribution of the process is less obvious. 
Lobular neoplasia is often presented as a marker of 
risk rather than a lineal precursor of breast cancer. 
The relationship is not entirely clear, but a 2003 paper 
by David Page and colleagues indicating an approxi-
mately 3:1 ipsilateral:contralateral ratio for invasive 
cancers diagnosed subsequently to a diagnosis of ALH 
strongly implies more than a marker function for ALH 
(Page et al. 2003).

2.5.5  Abnormalities of “Normal”  
Breast Tissue in the Vicinity  
of Cancers

There is now a considerable body of evidence that 
breast tissue which looks normal histologically may 
not be normal on genetic, epigenetic, or other molec-
ular analysis (Ellsworth et al. 2004a, b; Meeker et al. 
2004; Yan et al. 2006; Tripathi et al. 2008; Chen et al. 
2009). These data are certainly in keeping with the 
idea of a sick lobe, but again, in the absence of ana-
tomical data to anchor it in a lobar context, other 
 possibilities are not excluded.

Chen et al. (2009) undertook global gene- expression 
microarray analysis of 143 histologically normal or 
non-atypical benign breast tissue samples from 90 
patients with breast cancer. Eleven samples showed 
expression profile features in common with invasive 
carcinoma. Genes involved in cell proliferation and 
the cell cycle featured strongly in a “malignancy risk” 
expression signature derived by the authors from 
their data.

The finding of an increased frequency of molecu-
lar abnormalities in morphologically unremarkable 
tissue in the outer quadrants of the breast is of  
interest given the greater incidence of breast cancer 
in the outer and, especially, the upper outer quadrant 
of the breast (Ellsworth et al. 2004a). See also 
Fig. 2.8.

2.5.6  Inhomogeneity of Breast Cancer 
Risk by Quadrant

A majority of cancers occur in the outer breast, espe-
cially the upper outer quadrant. This applies equally 
to in situ and invasive cancers. While this may reflect 
a greater bulk of parenchymal tissue at risk, there is 
no definite evidence for this. Ellsworth et al. (2004a) 
found a greater prevalence of loss of heterozygosity 
in normal-looking breast tissue in outer than inner 
quadrants of cancer-bearing breasts, and thought that 
this might imply “field cancerization.”

A unique feature of the parenchyma of the upper 
outer quadrant of the breast which may be relevant is 
its superolateral extension around the inferomedial 
border of pectoralis major to form the axillary tail (of 
Spence). If the growth of individual lobes is a com-
petitive process, any competitive advantage possessed 
by ducts of a developing duct system might favor their 
arrival first in areas of the developing breast furthest 
from the nipple, which might therefore be most likely 
to harbor growth-promoting changes. Very marked 
variation in the depth of branching exists not only 
between lobes (Going and Moffat 2004) but also 
between divisions of individual lobes (Going 2006). 
This is a testable idea, in that it would be possible to 
look at molecular changes in normal-looking paren-
chyma in the axillary tail and other locations in the 
breast, and in relation to depth of duct branching 
 associated with these different areas.

Fig. 2.8 Location of in situ and invasive carcinoma in human 
breast by side and quadrant. Data from Perkins et al. (2004). The 
percentages are based on the recorded locations of 223,053 inva-
sive carcinomas (numbers in brown) and 36,280 in situ carcino-
mas (numbers in blue) in US cancer registries. The distributions 
of in situ and invasive carcinoma are closely matched. The upper 
outer quadrant is at greatest risk of cancer
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Apropos any relationship between depth of duct 
branching and breast cancer risk, many studies of 
breast size and cancer risk have yielded inconsistent 
results, but a large study (Kusano et al. 2006) of 89,268 
participants in the Nurses’ Health Study II did find a 
moderate excess risk in women with larger breasts, but 
only for those with body mass index <25 kg/m2, in 
whom obesity is not a confounding factor.

2.6  The Nipple and Its Anatomy

The large number of ducts in the central duct bundle in 
the nipple has been mentioned already. These vary in 
size and open on the apex of the papilla. Similar ducts 
opening on the lateral aspects of the papilla and in the 
areola constitute the glands of Montgomery. Several 
ducts may apparently share a single ostium (Rusby et al. 
2007); this could go some way toward explaining the 
apparent discrepancy between the large number of ducts 
in the nipple duct bundle and the substantially smaller 
duct numbers from which milk may be observed to issue 
during lactation, or which may be cannulated at the apex 
of the papilla. With hindsight, this feature of the human 
breast ducts in the nipple is hinted at in older publica-
tions; Cooper’s atlas includes an illustration which hints 
strongly at ostium sharing, and Cheatle and Cutler 
(1931) include a photomicrograph of an ostium into 
which two separate ducts clearly discharge their 
secretions.

Figure 2.9 shows a cross section of the nipple duct 
bundle, illustrating the large number of ducts and their 
characteristically convoluted profile.

Figure 2.10 shows the squamocolumnar junction 
between the characteristic epithelial/luminal–myoepi-
thelial/basal bilayer of the duct systems of the breast 
and the keratinizing squamous epithelium of the nipple 
epidermis. It is not uncommon to see a single nipple 
duct colonized by DCIS, but no evidence of Paget’s 
disease; it appears that nipple epidermis usually resists 
colonization by DCIS, but in Paget’s disease of the 
nipple, colonization of nipple epidermis does occur.

HER2 amplification and Her2 overexpression by 
about 85% of Paget’s disease suggest an important role 
in its pathogenesis. Heregulin-a is a motility factor 
made and released by epidermal keratinocytes, and 
Paget cells express heregulin receptors Her3 and Her4 
as well as their coreceptor Her2 (Schelfhout et al. 
2000). Heregulin binding to the receptor complex on 

Fig. 2.9 Duct bundle in the papilla, H and E, low power. Twenty-
five individual ducts are present, implying twenty-five individual 
lobes, not all of which would have developed to a significant 
degree. Only one system (15) is  involved by DCIS

Fig. 2.10 Squamocolumnar junction in a duct approximately 
0.5 mm deep to the epidermal surface of the papilla; Low (a) and 
high power views (b). Notice how small the duct is at this point
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Paget cells is probably responsible for their migration 
into nipple epidermis. As normal mammary duct epi-
thelium also expresses heregulins (de Fazio et al. 2000), 
this mechanism could equally promote expansion of 
Her2-positive DCIS in the breast itself.

Figure 2.11 shows a (previously unpublished) 3D 
reconstruction by the author of all the ducts in a mas-
tectomy nipple as they approach the apex of the papilla, 

and a closer view of ducts sharing a single ostium. 
Clearly, it would be difficult to cannulate these ducts 
separately. This figure also reproduces a figure illus-
trating ostium sharing from Cooper’s atlas (1840).

2.6.1  Clear Cells of Nipple  
Epidermis: Toker Cells

Finally, we take note of a population of cells to be found 
in many breasts, which have features which raise the 
possibility that they could act as vectors of risk in the 
creation of a “sick lobe” at increased risk of neoplastic 
transformation. These are the “clear cells of nipple epi-
dermis” described by Cyril Toker (Toker 1970), and 
now known as Toker cells (Figs. 2.12 and 2.13).

Obviously, abnormal cells like those of high-grade 
DCIS can spread widely, to the extent of colonizing the 
ductal and glandular tissue of whole lobes. Less highly 
atypical cells of lobular neoplasia do the same. There is 
no a priori reason why other cells predisposed to neo-
plastic development should not do likewise, but if they 
did not have an obvious morphological phenotype, they 
would blend into the parenchymal background. Could 
Toker cells be representatives of such populations?

Toker cells are characteristically found in nipple epi-
dermis in the vicinity of duct ostia. They express low 
molecular weight cytokeratins (cytokeratin 7, 19) in 
common with breast luminal epithelium and it has been 
plausibly suggested that they are of mammary origin 
(Marucci et al. 2002). Although inconspicuous in H and 
E sections (being observable in about 10% of cases), 
immunostaining with a marker such as cytokeratin 7 
will reveal them in a much greater proportion of breasts 
(70–80%). They vary in numbers from scanty individual 
cells to so many, singly and in clumps there may be a 
possibility of mistaking them for Paget cells (which 
 usually show much greater cytological atypia).

Their distribution implies an ability to migrate within 
nipple epidermis, and morphological features including 
the formation of lamellipodium- and filopodium-like 
cellular projections support this idea (unpublished obser-
vations by the author; Fig. 2.13). Despite apparently 
expressing steroid hormone receptors (although the lit-
erature is not entirely concordant on this point: Garijo 
et al. 2009), they can be just as numerous in breasts long 
postmenopausal as in breasts prior to the menopause. 
Also, their occasional presence in dead keratin suggests 

Fig. 2.11 Three dimensional reconstruction of ducts approach-
ing the apex of the papilla in a mastectomy breast. Wire-frame 
views. Top view: all ducts shown. Middle: ostium sharing by 
four ducts. Below: ostium sharing depicted by Sir Astley Cooper 
(Cooper 1840)
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an ability to survive in a situation in which they might 
have been expected to undergo anoikis (Fig. 2.12), sug-
gesting apoptosis resistance. These hints at Toker cell 
autonomy and motility suggest a possible role not merely 
in relation to Paget’s disease, with which a connection 
has been proposed, but more generally in breast cancer, 

especially as possible vectors of risk in the genesis of a 
“sick lobe.”

Unfortunately, there are at present no specific 
markers allowing Toker cells to be recognized  
in mammary epithelium. Their expression profile  
for molecules related to cell motility, cell adhesion 

Fig. 2.12 Clear cells of nipple epidermis (Toker cells).  
(a–c) Hematoxylin and eosin. (a, b) Individual Toker cells 
resembling mammary small and large light cells. c Paired Toker 
cells; (d–g) CK7 immunostaining. (d, e) Numerous clear cells in 
the epidermis surrounding a duct ostium. CK7+ cells are also 
present in the keratin plug filling the lumen. (f) A suprabasal 

location is usual but a projection onto the basal lamina may give 
a gourd-like shape. (g) An acinus formed of CK7+ clear cells. 
(h) Clear cells negative for CK14 in contrast to surrounding 
keratinocytes. The arrow in this figure and in (i) indicates lumen 
formation. (i) Variable expression of estrogen receptor by Toker 
cells
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molecules, and receptors (e.g., Her3, Her4) for pos-
sible motogens (including heregulins) would be worth 
investigating.

2.7  Cellular Supercompetition  
in the Making of a Sick Lobe

Clinically “early” neoplasia is nothing of the kind. 
Waves of clonal expansion (at the expense of neighbor-
ing cells) over many years establish and consolidate 
mutations in tissues and, by increasing after each new 
event the number of cells in which the new mutation 
and earlier mutations are present, pave the way to even-
tual malignancy.

Scope for competitive clonal expansion would be 
increased by any reduction in the degree to which 
stem cells remain tightly bound to a specific tissue 
niche. (Any reduction in the ability of a cell and its 

descendents to repair DNA damage would also favor 
accumulation of further mutations, and several such 
mechanisms are well known.) Recent research inter-
ests have focused on cell competition and supercom-
petition as a mechanism in carcinogenesis.

Cell competition is well attested in Drosophila 
(Morata and Ripoll 1975). Cells heterozygous for 
Minute ribosomal gene mutations grow into pheno-
typically normal flies, but in chimeric flies, M/wt 
cells lose ground to wt/wt cells. The same occurs 
with dmyc mutations (Johnston et al. 1999), and even 
more strikingly, overexpression of dmyc creates 
“supercompetitor” cells (Moreno and Basler 2004) 
which outcompete wild-type cells. Supercompetitor 
cells may also be created by aberrant Salvador/Warts 
pathway signaling (Tyler et al. 2007). Particularly 
important is that a population of “winner” cells can 
expand at the expense of “loser” cells in a tissue with-
out any visible histological alteration. Perhaps Toker 
cells are supercompetitors.

Fig. 2.13 Clear cells of 
nipple epidermis (Toker cells) 
immunostained for cytokera-
tin 7, illustrating features 
compatible with motility.  
Top left: this cell has a broad 
lamellipodium-like extension 
from which a filopodium 
(“microspike”) extends.  
Top right: a long clavate 
projection. Bottom left and 
right: two cells with 
wedge-shaped projections 
with a flattened “contact 
surface” on a neighboring 
keratinocyte



332 Lobar Anatomy of Human Breast and Its Importance for Breast Cancer 

2.8  Prospects for Improved 
Understanding of Breast Lobe 
Anatomy

2.8.1  Injection Studies

Injecting individual duct systems (lobes) with colored or 
radioopaque tracer fluids, gels, resins, polymers, liquid 
metals, and waxes (in vitro and in vivo) has a long his-
tory. These techniques have advantages but many disad-
vantages. Suitable fluids can define even fine duct 
branches, which certainly is an advantage, but human 
milk ducts are delicate and extraductal rupture and leak-
age are frequent; furthermore, few studies appear to 
record successful injection of anything approaching the 
number of ducts really present in a human breast. Primary 
sources for accurate ducts counts are hard to find in the 
literature but Going, who counted duct profiles in com-
plete cross sections through the nipple duct bundle at the 
base of the papilla in cancer mastectomy breasts, found 
a median of 27 ducts (range 11–41; Q1 21, Q3 30) 
(Going and Moffat 2004), a number greater than the 
usual 10–20 or so quoted in secondary sources.

While many of these systems may be rudimentary or 
vestigial, in the absence of good data, this is speculative. 
At all events, many injection studies investigate far 
fewer systems. Khan et al. (2004) studied ducts yielding 
nipple aspirate fluid and were able to lavage and inject 
39 systems in 28 breasts (1.4 per breast). On the other 
hand, Love and Barsky (2004) observed milk flow from 
a median of 5 nipple openings in lactating women and 
Ramsay et al. (2005) observed a mean of 9 ducts in right 
and left breasts of fully lactating women. Ultimately, 
these data are still difficult to explain fully. Some sys-
tems may be rudimentary, with little functional paren-
chyma; alternately, duct nonpatency could also be a 
factor, as a system disconnected from the nipple would 
not establish lactation, in that nondrainage inhibits lac-
tation by the negative feedback mechanism mentioned 
earlier. Such nonpatency of main or branch ducts would 
also interfere with injection studies.

2.8.2  Duct Tracing

The other main technique for lobe studies has been 
tracing ducts as they ramify through serial thick 
stained and cleared (so-called subgross) sections. 

Subgross techniques have a long history, going back 
at least to the studies of Werner Spalteholz (Spalteholz 
1914). They were extensively applied by Adolf 
Dabelow (Dabelow 1957) and later workers including 
Wellings and colleagues (Wellings et al. 1975; Jensen 
et al. 1976), and remain widely used in developmental 
biology and experimental pathology most often in the 
form of wholemount preparations. Even in this vener-
able technique there are new developments: many 
fluorescent DNA-intercalating stains are incompati-
ble with the classical hydrophobic clearing agents 
like benzyl alcohol/benzyl benzoate or methyl salicy-
late. Recently, thiodiethanol (refractive index = 1.52) 
was introduced into confocal microscopy as a water-
miscible, low-toxicity (Reddy et al. 2005) high refrac-
tive index mounting medium compatible with many 
intercalating DNA dyes (Staudt et al. 2007; Appleton 
et al. 2009) and facilitating microscopy of substan-
tially thicker specimens. The prospect of an improved, 
fluorescent subgross technique applicable to breast 
tissue is exciting.

Subgross techniques have the great advantage of 
allowing all parenchyma in a breast to be stained and 
visualized, but as a method of studying lobar breast 
anatomy, although all the data is present, the challenges 
remain great. Tissue distortions during sectioning and 
processing create a difficult registration problem, that 
is, points of correspondence between adjacent sections 
may be hard to identify, and duct tracing correspond-
ingly difficult. (These difficulties were referred to above 
in the discussion of the work of Ohtake et al.)

Large sections certainly allow a greater appreciation 
of relationships over longer distances than conventional 
small histological sections in the size range 15–25 mm, 
but although 3D data can be inferred, great caution is 
required in the evaluation of duct connections. If a tissue 
block is 3 mm thick, a duct traversing that block at an 
angle of 10° to its surface will sustain more than 15 mm 
of lateral displacement. This makes inferring duct con-
nections from histological sections of tissue blocks as 
little as 3 mm thick highly unreliable.

Conventional x-ray galactography is now little used 
with ready availability of other imaging modalities 
including ultrasound, but MRI galactography has poten-
tial in the area of defining lobe anatomy. However, it 
faces all the challenges of other duct injection techniques 
including contrast extravasation, the difficulty of inject-
ing more than a few ducts, and (even if multiple ducts 
could be injected) it might be difficult to discriminate 
between systems.
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Now, it would be a good time to bring together 
complementary techniques to advance the study of 
breast biology and pathology. Molecular and mor-
phological analyses are powerful separately, but even 
more powerful together. Breast cancer is a disease of 
astonishing complexity. Neither approach on its own 
is optimal. The “sick lobe” hypothesis asks questions 
about the development of breast cancer in time and 
space, and observes that concentrating on events in a 
few cubic millimeters of tissue is not enough. To be 
able to analyze molecular events in different parts of 
duct trees, with a knowledge of how those ducts are 
physically connected, would allow for the testing of 
otherwise untestable hypotheses.

Almost all the necessary tools are available: fixa-
tives less deleterious than formaldehyde to nucleic 
acids, proteins, and other important biological mole-
cules; sensitive and specific fluorescent dyes to reveal 
structure; a new tissue clearing agent, thiodiethanol 
(Staudt et al. 2007), compatible with these dyes; data 
processing techniques for storage, extraction, process-
ing, and visualization of that structure; and the whole 
gamut of molecular techniques.

Strangely, one of the challenges looks as if it ought 
to be easy, but isn’t: making stacks of serial thick sec-
tions without distortion, essential for accurate duct 
tracing from section to section, and lobe reconstruc-
tion. Classically, investigators have used prolonged 
formaldehyde fixation, and deep-frozen the fixed tis-
sue in agar for slicing. Egan introduced the slicing of 
deeply chilled tissue (Egan et al. 1969; Egan 1982). 
Neither is optimal, or free from artifacts.

The real challenge is to take unfixed breast tissue 
straight from the operating theater – be it a diagnostic 
biopsy, wide local excision, or mastectomy – and 
slice it within minutes into a stack of 2–3 mm thick 
slices, each collected on a dimensionally stable sub-
strate for optimal fixation, staining, tissue clearing, 
visualization, and data collection for subsequent 3D 
analysis; followed by tissue processing for classical 
histology, immunohistochemistry, and any other 
including molecular analyses as indicated by clinical 
necessity. All to be done on a time scale no longer 
than we now accept for conventional histology. There 
are no grounds for thinking that this is not possible. 
Such a technique could allow us to be more accurate 
in our evaluation of diagnostic issues such as com-
pleteness of excision of in situ and invasive cancer, 
and achieving it is a highly desirable goal.

2.9  Conclusion

Astley Cooper’s researches have been a theme in this 
chapter, and it is fitting to take final look at Sir 
Astley’s work. His plate V, Fig. 1 (Fig. 2.14) illus-
trates different degrees of glandular development 
between areas of a lactating breast, to which Sir 
Astley draws particular attention. This may be the 
first published suggestion of significant variation in 
differentiation potential between human mammary 
gland lobes, and a very early hint at the possibility of 
a “sick lobe,” given the possibility that failed attempts 
to establish lactation (in keeping with impaired glan-
dular differentiation) may be associated with increased 
breast cancer risk (Yang et al. 1993).

Continuity in thought is interesting, and it is grati-
fying that such an “old” subject as the lobar organiza-
tion of human breast tissue is, if anything, even more 
important in the postgenomic era than in 1840 when 
Cooper first laid the foundations for scientific 
senology.

Fig. 2.14 On the Anatomy of the Breast, Plate V, Fig. 1. 
Cooper’s caption reads “Lactiferous tubes, injected with red 
wax, in a woman who died during the period of lactation. 
Twelve ducts have been filled and ligatures are placed on their 
orifices. The ducts are seen forming large reservoirs at the 
roots of the mamillary tubes; these reservoirs are seen to be 
produced by the union of numerous branches from the ducts. 
The ducts are perceived to terminate at the margin of the gland 
in branches, but in some parts, in glandules.” Glandular tissue 
is most obvious at 3–5 o’clock and 10–11 o’clock. This may be 
the first published suggestion of significant biological variation 
between human mammary gland lobes
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3.1  Introduction

Breast cancer is the most common female cancer 
worldwide and the second leading cause of cancer 
death (after lung cancer) (American Cancer Society 
2009). The incidence of breast cancer varies four- to 
fivefold across countries, is the highest in Europe and 
North America, and the lowest in Asia (Ferlay et al. 
2001). Breast cancer incidence has been on the rise 
since the 1930s, with more dramatic increase in the 
1980s (White et al. 1990; Devesa et al. 1994). The 
incidence of breast cancer in the US stabilized from 
2001 to 2003 and started to decline in 2003, possibly 
due, in part, to the reduced use of hormone replace-
ment therapy (Howe et al. 2006). It was projected that 
in 2010, 207,090 women would develop invasive breast 
cancer and 39,840 women will die from the disease 
(American Cancer Society 2010).

Through decades of research, factors including fam-
ily history of breast cancer in first-degree relatives, 
benign breast disease, mammographic density, endog-
enous hormone levels, younger age at menarche, low 
parity, older age at first birth, older age at menopause, 
postmenopausal hormone use, ionizing radiation expo-
sure, height, high postmenopausal body mass index, 
and low premenopausal body mass index have been 
established as risk factors of breast cancer (Adami et al. 

2002). Nonetheless, only a modest percentage of breast 
cancer cases are attributable to recognized risk factors 
(Madigan et al. 1995), and most epidemiologic investi-
gations of the etiology of breast cancer have concen-
trated on events during women’s reproductive years. To 
provide an alternative perspective on the etiology of 
breast cancer, this chapter reviews evidence supporting 
the effect of intrauterine exposures on breast cancer 
development and discusses potential underlying mech-
anisms including alterations in levels of pregnancy ste-
roid hormones and growth factors and their impact on 
prenatal development of mammary stem cells.

3.2  Intrauterine Exposure and Breast 
Cancer Risk

In an early animal experiment, 19 out of 23 female 
pregnant rats (82.6%) injected with carcinogenic agents 
(dibenzanthracene in olive oil) through the uterine wall 
directly into amniotic fluid had offspring which devel-
oped primary carcinoma of the lung (Law 1940). Other 
animal studies have also suggested that when pregnant 
animals were exposed to any of at least 38 different 
chemical carcinogens, the offspring were more likely 
to develop tumors (Tomatis 1979). In parallel with 
findings from animals, descendants of women who 
were exposed to carcinogens such as diethylstilbestrol 
(DES) were reported to have increased risk of vaginal 
adenocarcinoma (Greenwald et al. 1971). Additionally, 
intrauterine exposure to ionizing radiation was found 
to be related to leukemia and other tumors in childhood 
(Macmahon 1962).

Based on evidence from early animal and human 
studies, Trichopoulos hypothesized that exposure to 
high levels of endogenous estrogens in utero might 
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initiate breast cancer development, and that perinatal 
factors might be used as surrogate measures of intra-
uterine estrogen exposure (Trichopoulos 1990a, b). 
Subsequently, numerous epidemiologic studies have 
been conducted on various potential measures of intra-
uterine exposure, including birth weight and other 
measures of birth size, parental age at delivery, gesta-
tional age, twin membership, radiation, and other 
pregnancy-related complications and maternal charac-
teristics (Xue and Michels 2007a).

3.2.1  Birth Weight

As a potential marker of intrauterine exposure to insu-
lin-like growth factor (IGF)-I (Bennett et al. 1983; 
Reece et al. 1994), IGF-II (Bennett et al. 1983; Reece 
et al. 1994; Baldwin et al. 1993; Hill 1990), and estro-
gen (Petridou et al. 1990; Liehr 2000), birth weight is 
the most studied intrauterine factor in the context of 
breast cancer. More than 30 publications have collec-
tively suggested that higher birth weight is associated 
with around 15–25% increased risk of breast cancer 
relative to low birth weight (Michels and Xue 2006; 
Xue and Michels 2007a; Park et al. 2008; Xu et al. 
2009). The thresholds usually identified were >4,000 g 
for high birth weight and <2,500 g for low birth 
weight. Results from a recent pooled analysis includ-
ing 21,825 breast cancer cases from 29 studies on 
birth size and the risk of breast cancer also suggested 
that, relative to birth weight of 3,000–3,499 g, those 
weighing ³4,000 g had a higher risk of breast cancer 
[Relative risk (RR) = 1.12, 95% CI 1.00–1.25] (Dos 
Silva et al. 2008). When breast cancer cases were sep-
arately assessed according to menopausal status, pre-
menopausal cancer was more consistently associated 
with the risk of breast cancer than postmenopausal 
breast cancer (Michels and Xue 2006). The associa-
tion persists across various study designs (case– 
control or cohort), method of birth weight assessment 
(birth records, self-reports, reports by the mother, 
etc.), and different countries. Furthermore, the asso-
ciation between birth weight and the risk of breast 
cancer does not seem to be confounded by other mea-
sured intrauterine factors, such as gestational age, 
birth length, maternal preeclampsia or eclampsia, 
parental age, birth order, parental smoking, or multi-
fetal gestation, etc. (Michels and Xue 2006).

3.2.2  Maternal Age at Delivery

Women who give birth at older age have higher serum 
estrogen levels possibly exposing the fetus to elevated 
levels of this hormone (Petridou et al. 1990; 
Panagiotopoulou et al. 1990). At least 16 studies have 
evaluated the potential influence of maternal age at 
delivery on the risk of breast cancer among daughters 
(Xue et al. 2006; Park et al. 2008; Nichols et al. 2008). 
Results from the majority of studies which assessed 
this association regardless of the menopausal status at 
diagnosis suggest an increased risk of breast cancer 
associated with older maternal age at birth (Xue and 
Michels 2007a; Park et al. 2008). A meta-analysis has 
suggested a statistically significant 13% increase in 
breast cancer risk associated with older maternal age, 
and the association holds for both cohort and case–
control studies. The cutoff point of high maternal age 
varied from late twenties to late thirties. Results did 
not differ materially between pre- and postmeno-
pausal breast cancer (Xue and Michels 2007a). Several 
studies considered paternal age and birth order, both 
of which may be correlated with maternal age, as 
potential confounders. Adjustment for paternal age 
produced varying effects: the association was attenu-
ated in several studies (Le Marchand et al. 1988; 
Zhang et al. 1995; Hemminki and Kyyronen 1999; 
Xue et al. 2006) but persisted in others (Janerich et al. 
1989; Innes et al. 2000; Choi et al. 2005). Birth order 
was less influential and the maternal age-breast can-
cer association remained essentially the same in 
almost all studies that adjusted for it in the analysis 
(Xue and Michels 2007a).

3.2.3  Paternal Age at Delivery

Children born to older fathers have a higher incidence 
of autosomal dominant disorders, which have been 
related to increased base substitutions and structural 
chromosomal anomalies in spermatozoa (Jung et al. 
2003; Glaser and Jabs 2004). Meiosis errors are also 
expected to be more prevalent in paternal than mater-
nal germline with increased age, since sperm cells 
continued to divide after birth, unlike egg cells (Jung 
et al. 2003). Furthermore, DNA-repair activity and 
apoptosis of germ cells in response to mutagens were 
found to decline with paternal age (Wei et al. 1993; 
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Brinkworth 2000). At least 11 studies have examined 
older paternal age as a potential risk factor for breast 
cancer among daughters (Xue and Michels 2007a; 
Weiss-Salz et al. 2007), and findings from these stud-
ies have collectively suggested an approximate 10% 
increase in the risk of breast cancer associated with 
older paternal age at birth (the cutoff point ranged 
from early to late thirties). Studies that separately 
assessed premenopausal breast cancer collectively 
suggested a slightly stronger association with older 
paternal age (Xue and Michels 2007a; Weiss-Salz 
et al. 2007), though no study has separately evaluated 
postmenopausal breast cancer. After adjustment for 
maternal age as a potential confounding variable, the 
paternal age-breast cancer association persisted with 
statistical significance in two (Janerich et al. 1989; 
Choi et al. 2005) out of eight studies (Le Marchand 
et al. 1988; Janerich et al. 1989; Zhang et al. 1995; 
Hemminki and Kyyronen 1999; Innes et al. 2000; 
Hodgson et al. 2004; Choi et al. 2005; Xue et al. 2006), 
despite the potential collinearity between maternal and 
paternal age. Similar to studies on maternal age, most 
studies on paternal age adjusted for birth order as a 
potential confounding variable, and results remained 
essentially unchanged (Xue and Michels 2007a).

3.2.4  Birth Order

Pregnancy estrogen is higher for the first pregnancy 
than the second or later pregnancies (Panagiotopoulou 
et al. 1990). Levels of estradiol, estrone, and proges-
terone are also higher during the first pregnancy and 
decrease in subsequent pregnancies (Maccoby et al. 
1979). Thus, in utero exposure to pregnancy hor-
mones may be higher for a fetus of a primipara than 
a subsequent conception. A meta-analysis on the 
association between birth order and the risk of breast 
cancer included 17 published studies including 
15 case–control and 2 cohort studies (Park et al. 
2008). Among 14 studies which compared first births 
with 2nd or higher birth order, the risk of breast can-
cer in adulthood did not differ (summary RR = 0.97, 
95% CI 0.91–1.04) across all studies or among case–
control studies (OR = 0.99, 95% CI 0.94–1.04), 
though the one single cohort study reported a 
decreased risk for first birth (OR = 0.28, 95% CI 
0.21–0.36). When higher birth orders were studied, 

birth orders 2–4 did not differ in risk (OR = 0.97, 
95% CI 0.91–1.03), but women with a birth order of 
5+ were at a marginal reduced risk (OR = 0.88, 95% 
CI 0.75–1.01) relative to first birth. A recent case–
control study suggested that breast-feeding status in 
infancy may modify the association between birth 
order and breast cancer as birth order was inversely 
associated with breast cancer only among breast-fed 
women (Nichols et al. 2008).

3.2.5  Gestational Age

Gestational age has also been suggested to be related 
to the risk of breast cancer, mainly because hypotha-
lamic maturation in utero, which is closely related to 
the length of gestation, determines the level of postna-
tal gonadotropin. In fact, during the first 10 weeks 
after birth, daughters born with a shorter gestational 
age have substantially higher levels of gonadotropins 
(Tapanainen et al. 1981), which may lead to ovarian 
hyperstimulation and consequently elevated estradiol 
levels and breast cancer risk (Ekbom et al. 2000). 
Furthermore, girls who survive preterm birth are likely 
to experience an accelerated postnatal growth which 
has been suggested to be associated with a higher risk 
of breast cancer later in life (Forman et al. 2005). The 
effect of gestational age on the risk of breast cancer 
has been assessed in at least 12 studies to date (Xue 
and Michels 2007a; Park et al. 2008). Despite the bio-
logical plausibility, these studies generated fairly 
mixed results with regard to both the direction and the 
significance of the association. The cutoff point for 
shorter gestational age used in the reviewed studies 
ranged from £32 weeks to <39 weeks, and for longer 
gestational age ³35 weeks to ³42 weeks. Meta-
analyses based on these studies suggested a lack of 
significant association between gestational age or pre-
term birth and breast cancer (Xue and Michels 2007a; 
Park et al. 2008). When premenopausal breast cancer 
and postmenopausal breast cancer were separately 
assessed, neither was significantly associated with 
breast cancer risk. The results were also consistent 
across cohort and case–control studies. Adjustment 
for birth weight, birth order, family history of breast 
cancer and other early-life factors had minimal influ-
ence on the effect estimates for gestational age (Xue 
and Michels 2007a).
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3.2.6  Birth Length

As a strong correlate of birth weight, birth length may 
affect the risk of breast cancer through the same 
underlying mechanisms, e.g., increased intrauterine 
exposure to estrogen, IGF-1, and IGF-II. Indeed, 
birth length was found to be positively related to 
estrogen levels in maternal blood (Troisi et al. 2003a; 
Mucci et al. 2003). To date, the association between 
birth length and the risk of breast cancer has been 
evaluated in at least eight published studies. A meta-
analysis of these studies has suggested an approxi-
mate 28% (95% CI 11–48%) increased risk comparing 
higher birth length (cutoff point ³49 to ³53 cm) to 
lower birth length (cutoff point £44 to <50 cm) (Xue 
and Michels 2007a). Additionally, a recent pooled 
analysis involving 3,612 cases from 11 published and 
unpublished studies reported a significant 17% (95% 
CI 2–35%) increase in the risk of breast cancer for 
women with birth length ³51 cm relative to those 
with birth length <49 cm (dos Silva et al. 2008). In 
the two studies that separately evaluated premeno-
pausal breast cancer and postmenopausal breast can-
cer, the association of birth length with premenopausal 
breast cancer was more consistent than that with 
postmenopausal breast cancer (McCormack et al. 
2003; Vatten et al. 2005). Other birth size measures, 
e.g., birth weight and head circumference, are likely 
confounders for the birth-length breast cancer asso-
ciation. However, these factors did not completely 
account for the observed association between birth 
length and breast cancer risk (McCormack et al. 
2003).

3.2.7  Diethylstilbestrol (DES)

From 1938 through 1971, DES, a synthetic estrogen, 
was used in the US to support pregnancies which 
were threatened by miscarriage or premature birth. 
Adolescents exposed to DES before birth were found 
to have an elevated risk of vaginal adenocarcinoma 
(Greenwald et al. 1971). This observation suggested 
that cancer may originate in utero. Trichopoulos later 
hypothesized that prenatal exposure to high levels of 
estrogen may increase breast cancer risk later in life 
(Trichopoulos 1990a, b). To date, the association 

between DES and breast cancer risk has been exam-
ined in at least five studies (Weiss et al. 1997; Hatch 
et al. 1998; Sanderson et al. 1998; Palmer et al. 2002; 
Troisi et al. 2007), and two of these studies (Hatch 
et al. 1998; Palmer et al. 2002) were updated by more 
recent analyses. Only one of the remaining three 
studies assessed breast cancer overall (RR = 1.40, 
95% CI 0.86–2.28) and premenopausal breast cancer 
(RR = 1.87, 95% CI 0.72–4.83) comparing women 
with prenatal exposure to DES to those without it 
(Palmer et al. 2002). A meta-analysis of the remain-
ing three studies on postmenopausal breast cancer 
produced a summary RR of 1.37 (95% CI 0.86–2.18) 
for women with prenatal exposure to DES (Xue and 
Michels 2007a). When other early-life exposure vari-
ables including gestational age at first DES exposure 
were adjusted for as potential confounders, the asso-
ciation remained essentially unchanged (Hatch et al. 
1998).

3.2.8  Twin Membership

Compared with singleton pregnancies, twins can elicit 
almost twice the level of pregnancy-related hormones, 
including estrogen (TambyRaja and Ratnam 1981; 
Gonzalez et al. 1989), gonadotropin, and lactogen 
(Thiery et al. 1977). Furthermore, dizygotic twins 
may elicit a higher level of pregnancy-related hor-
mones than monozygotic twins because they have 
two placentas (Kappel et al. 1985). Conversely, 
because multiple pregnancy likely induces earlier ter-
mination of pregnancy due to pregnancy-related com-
plications, twins may experience shorter intrauterine 
exposure to pregnancy hormones than singletons. 
Despite conflicting results on the association between 
gestational age and the risk of breast cancer from 
existing studies, it is biologically plausible that lon-
ger duration of intrauterine exposure to pregnancy 
hormones may increase the risk of breast cancer later 
in life. At least 14 studies have investigated the asso-
ciation between twin membership and the risk of 
breast cancer (Xue and Michels 2007a; Park et al. 
2008). Regardless of the menopausal status of breast 
cancer cases, these studies suggest a decrease in risk 
of about 7% in twins (marginal statistical signifi-
cance) compared with singletons. When premeno-
pausal and postmenopausal breast cancer cases were 
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separately examined, the direction of the association 
was similar to the combined analysis (Xue and 
Michels 2007a). Interestingly, when monozygotic 
twins and dizygotic twins were separately assessed, 
dizygotic twin membership was associated with a 
marginally increased risk of breast cancer, though 
results from the included studies were heterogeneous; 
monozygotic twin membership was associated with a 
decreased risk (Xue and Michels 2007a). These 
results suggest that the extra pregnancy hormone 
secretion due to the two placentas in dizygotic twins 
may overpower the reduced duration of exposure due 
to early termination of pregnancy. Dizygotic twins 
are also more often conceived by women who are 
taller or overweight, older, or non-Hispanic blacks, 
factors that may also differentiate their risk profile of 
breast cancer from that of monozygotic twins (Shipley 
et al. 1967; Oleszczuk et al. 2001; Hamilton et al. 
2006). Nonetheless, more data are needed to confirm 
these hypotheses, particularly because studies that 
directly assessed the effect of zygosity of twin mem-
bership on breast cancer risk by comparing dizygotic 
twins to monozygotic twins (Swerdlow et al. 1997) or 
opposite-sex twins to same-sex twins (Swerdlow et al. 
1996) did not suggest any significant difference.

3.2.9  Preeclampsia and Eclampsia

Preeclampsia and eclampsia are characterized by preg-
nancy-related hypertension and edema, with or with-
out seizure, respectively. It has been suggested that 
pregnant women with preeclampsia or eclampsia have 
lower estrogen levels in blood (Zeisler et al. 2002) and 
urine (Long et al. 1979) than those without these disor-
ders. Furthermore, preeclampsia and eclampsia may 
induce early termination of pregnancy because they 
are related to increased maternal and fetal morbidity 
and mortality, especially during the third trimester. 
Daughters born to mothers with preeclampsia or 
eclampsia are thus expected to have a decreased risk of 
breast cancer due to a reduced cumulative intrauterine 
exposure to estrogen and other pregnancy hormones 
than those born after normal pregnancy. To date, the 
effect of preeclampsia or eclampsia on the risk of 
breast cancer has been investigated in at least six stud-
ies, and a meta-analysis has suggested that preeclamp-
sia or eclampsia is associated with a substantially 

lower (52%) risk of breast cancer relative to normal 
pregnancy, though effect estimates from included stud-
ies were heterogeneous (Xue and Michels 2007a). 
Multiple pregnancy and maternal anthropometric fac-
tors prior to pregnancy may confound this association, 
but have not been considered in the studies available.

3.2.10  Other Intrauterine Exposures

Besides the aforementioned intrauterine factors or 
markers of intrauterine exposure that have been exten-
sively studied, several other factors have also been 
suggested to be related to breast cancer risk, though 
the evidence is still sparse. Much has been learned 
from the bombing of Hiroshima and Nagasaki about 
the influence of intrauterine exposure to ionizing radi-
ation on subsequent cancer risk. Children exposed to 
the atomic bombings in utero were at a higher risk of 
cancer overall, especially cancer in childhood, com-
pared to children whose mothers were not exposed 
(Kato et al. 1989). Additionally, though intrauterine 
data were not reported, the relative risk associated with 
exposure to the atomic bomb blasts was the highest 
among the group who were youngest when exposed 
(0–5 years) (Land 1995).

Several perinatal conditions have also been  
studied in relation to subsequent risk of breast cancer, 
though the evidence is still insufficient to draw any 
conclusions. Neonatal jaundice is a potential marker 
for infection in utero or impaired fetal liver function, 
which increases endogenous estrogen  levels 
(Lauritzen and Lehmann 1966; Robine et al. 1988). 
One study that assessed neonatal jaundice in relation 
to the risk of breast cancer later in life suggested a 
significant doubled risk among infants with neonatal 
jaundice compared to those without it (Ekbom et al. 
1997). Maternal gestational diabetes has also been 
suggested to influence fetal growth through altering 
placental growth hormone levels, which may modify 
substrate availability and regulate paracrine actions 
in the placental bed (McIntyre et al. 2009). Maternal 
gestational diabetes was studied as a risk factor for 
breast cancer among daughters in one study, which 
found no association (Mogren et al. 1999). Maternal 
weight gain during pregnancy was positively associ-
ated with the risk of breast cancer in daughters in the 
one study considering this association [OR 1.5 (95% 
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CI 1.1–2.1) for a gain of 11–15 kg relative to a gain 
of <7 kg] (Sanderson et al. 1998). Maternal life style 
factors during pregnancy, e.g., coffee consumption 
and alcohol consumption, were not related to the 
daughter’s breast cancer risk (Sanderson et al. 1998).

3.2.11  Summary of Evidence

A summary of the existing evidence regarding a range 
of intrauterine exposure variables in association with 
the risk of breast cancer is displayed in Table 3.1.

3.3  Potential Mechanisms

As mentioned for each of the intrauterine exposures, 
the majority of the mechanisms underlying the asso-
ciation between these exposures and the risk of breast 
cancer likely involve alterations of maternal preg-
nancy hormones, growth hormones, and IGFs, as well 
as consequent mammary stem cell abnormalities.

3.3.1  Hormone Alterations

3.3.1.1  Estrogen

Intrauterine exposure to elevated endogenous estro-
gen levels was the basis of the initial hypothesis 
raised by Trichopoulos (1990a, b). Birth weight, 
maternal age, gestational age, birth length, twin mem-
bership, preeclampsia, and eclampsia all affect intra-
uterine estrogen levels and possibly subsequent breast 
cancer risk.

From the fourth week to the seventh week of 
 gestation, the placenta supplants the maternal ova-
ries as the main source of estrogen in both the mater-
nal and fetal circulation (Siiteri and MacDonald 
1966; Csapo et al. 1973). By the end of gestation, 
maternal estriol production is 1,000 times the aver-
age daily level in normal ovulatory women, and it 
becomes the most important estrogen in pregnancy 
(Tulchinsky et al. 1971). Additionally, estradiol and 
estrone also increase in maternal blood and rise from 
50–100 pg/ml to 30,000 pg/ml at term (Lindberg 
et al. 1974). On the fetus’s side, by the end of the 
third trimester, around 90% of estriol is produced by 
placenta from 16a-hydroxydehydroepiandrosterone 
sulfate in fetal plasma, and 50% of estradiol is pro-
duced by placenta from fetal dehydroepiandroster-
one sulfate (DHEAS). The majority of these steroid 
hormones (80–90%) from the placenta enter the 
maternal circulation (Casey and MacDonald 1992). 
Thus, the level of DHEAS production by fetal adre-
nal glands determines the level of circulating estro-
gens in both maternal and fetal blood. Fetal and 
maternal hormone levels were found to be correlated, 
with correlation coefficient of 0.26, 0.27, and 0.41 
for estriol, estradiol, and estrone, respectively (Troisi 
et al. 2003b).

Intrauterine exposures Direction of 
association

Strength of 
the evidence

Higher birth weight ↑ +++

Advanced maternal age at 
delivery

↑ ++

Advanced paternal age at 
delivery

↑ ++

Higher birth order Ø +

Longer gestational age Ø ±

Higher birth length ↑ ++

DES exposure Ø ±

Twin membership overall ↓ +

Monozygotic ↓ +

Dizygotic ↑ +

Preeclampsia and eclampsia ↓ ++

Other intrauterine factors

Ionizing radiation ↑ ++

Neonatal jaundice ↑ ±

Maternal diabetes Ø ±

Maternal weight gain during 
pregnancy

↑ ±

Maternal coffee consumption Ø ±

Maternal alcohol 
consumption

Ø ±

Table 3.1 Summary of evidence for intrauterine exposures and 
the risk of breast cancer

↑, increased risk of breast cancer; ↓, decreased risk of breast 
cancer; Ø, no association
+++, likely association; ++, probable association; +, possible 
association; ±, evidence is too sparse to draw any conclusion
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Estrogen has long been recognized as a promoter 
of cancer growth due to its growth-stimulating poten-
tial. It was believed that estrogen would stimulate 
cell proliferation and cell growth and promote cancer 
development by increasing the chances that a cell 
with potential cancer-causing mutations will multi-
ply, while the initiation of the mutation was attrib-
uted to other internal or external carcinogens (Pike 
et al. 1993; Platet et al. 2004). Later studies based on 
cell culture suggested that estrogen metabolites can 
bind to DNA and trigger mutations; estrogen metabo-
lites may also influence the levels of enzymes 
involved in the removal of active compounds such as 
4-hydroxyestradiol that might initiate cancer (Zhu 
and Conney 1998). These data suggest that estrogen 
may also be a cancer initiator (Service 1998).

3.3.1.2  Insulin-Like Growth Factors (IGFs)

IGFs are 7-kDa polypeptides structurally homolo-
gous to proinsulin, synthesized by almost all tissues 
but mainly by liver in humans (Le Roith 1997; Zapf 
et al. 1984). They are important mediators in regulat-
ing cell growth, differentiation, and transformation 
(Le Roith 1997). Both IGF1 and IGF2 genes are 
expressed in fetal tissues throughout gestation and 
play important roles in the regulation of fetal–pla-
cental growth (Fowden 2003). IGF-I and IGF-II 
stimulate cell division and differentiation through 
autocrine, paracrine, and endocrine means during 
gestation (Ostlund et al. 2002). Fetal serum levels of 
IGF-I and IGF-II increase with gestational age 
(Giudice et al. 1995).

In humans, partial IGF1 deletion has been linked 
to severe intrauterine growth failure (Morison et al. 
1996). Studies have consistently shown that IGF-I 
levels in fetal blood are positively related to indica-
tors of birth size, including birth weight (Gluckman 
et al. 1983; Osorio et al. 1996; Klauwer et al. 1997), 
birth weight independent of gestational age (Gluckman 
et al. 1983; Lassarre et al. 1991), birth length (Klauwer 
et al. 1997), ponderal index (Osorio et al. 1996), and 
placental weight (Osorio et al. 1996). Spencer et al. 
found that infants who were small for gestational age 
according to the first ultrasound measurement, with 
evidence of subsequent fetal growth restriction, had 
significantly lower cord blood IGF-I than did infants 
who were small for gestational age but with normal 

subsequent growth and infants appropriate for gesta-
tional age (Spencer et al. 1995).

The importance of IGF-II in determining intrauter-
ine growth is less consistently supported by human 
studies that link fetal blood IGF-II level to birth size. 
In a study by Giudice et al., IGF-II in fetal cord serum 
was significantly lower in infants with intrauterine 
growth retardation (Giudice et al. 1995). Ong et al. 
found that fetal circulating IGF-II was weakly corre-
lated to ponderal index at birth (r = 0.18) and placental 
weight (r = 0.18) (Ong et al. 2000). Bennett et al. also 
found a significant positive correlation between birth 
weight and cord IGF-II level (Bennett et al. 1983). 
However, other studies failed to confirm the associa-
tion of fetal IGF-II level with measures of birth size, 
including birth weight (Gluckman et al. 1983; Lassarre 
et al. 1991; Osorio et al. 1996; Klauwer et al. 1997), 
birth weight independent of gestational age (Gluckman 
et al. 1983), birth length (Klauwer et al. 1997), pon-
deral index (Osorio et al. 1996), and placental weight 
(Osorio et al. 1996) possibly because IGF-II levels 
measured at birth do not reflect levels throughout preg-
nancy. The importance of IGF-II is greatest during 
intrauterine life, and it is thought to play a subsidiary 
role after birth.

Results of studies seeking to identify an associa-
tion between circulating IGF-I and IGF-II levels in 
relation to breast cancer risk in human remain largely 
negative. Results from earlier studies on IGF-I sug-
gested a positive though inconsistent association 
with premenopausal breast cancer (Hankinson and 
Schernhammer 2003); however, more recent studies 
based on larger prospective datasets did not support 
this association (Kaaks et al. 2002; Schernhammer 
et al. 2005, 2006). IGF-II was found to be associated 
with the risk of pre- or postmenopausal breast cancer 
in some (Grønbaek et al. 2004) but not all human 
studies (Holdaway et al. 1999; Li et al. 2001; Yu 
et al. 2002; Allen et al. 2005). Nonetheless, it is well-
established that IGF-I and IGF-II can stimulate cell 
proliferation and inhibit cell death in many tissue 
types (Pollak 2000), including both normal and 
malignant breast tissue (Sachdev and Yee 2001). 
Although evidence for a link between circulating 
levels of IGF-I and IGF-II in adults and subsequent 
cancer risk is weak, it has not been explored whether 
any unique features of the fetal IGF system may 
affect the initiation or promotion of carcinogenesis 
in fetal mammary tissues. The fetal IGF system 
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differs from the adult system in several ways. IGFs 
and insulin are the two factors that substantially reg-
ulate fetal growth, especially in the second and third 
trimesters, while growth hormone plays a minor role. 
Furthermore, in the second half of pregnancy, the 
IGF-II gene is more abundantly expressed than the 
IGF-I gene (Hill 1990), while IGF-I becomes pre-
dominant after birth as a result of the onset of growth 
hormone–stimulated IGF-I production by the liver. 
During late gestation, the fetal circulating level of 
IGF-II (150–400 ng/ml) can be three to four times 
higher than that of IGF-I (50–100 ng/ml) (Gluckman 
et al. 1983; Bennett et al. 1983; Reece et al. 1994). 
Therefore, IGF-II has been suggested to be primarily 
responsible for the regulation of fetal growth (Jones 
and Clemmons 1995; Allan et al. 2001).

3.3.1.3  Insulin

Insulin is known to have a significant mitogenic 
effect in normal mammary tissue as well as breast 
cancer cells (Belfiore et al. 1996; Papa and Belfiore 
1996). The concentrations of insulin receptors were 
found to be higher in breast cancer tissues than in 
normal breast tissues (Papa et al. 1990), and directly 
related to tumor size (Papa et al. 1990), grade (Papa 
et al. 1990), and mortality (Mathieu et al. 1997). 
Epidemiologic studies have provided suggestive but 
conflicting results with regard to the effect of fasting 
insulin and the risk of breast cancer (Xue and Michels 
2007b). However, more consistent results were gen-
erated suggesting that breast cancer is associated 
with levels of C-peptide (Xue and Michels 2007b), 
which is generally used as a marker to reflect insulin 
secretion (Clark 1999).

Because insulin receptor shares structural similar-
ity with IGF-1 receptor, insulin can exert direct effect 
on fetal growth by binding to IGF-1 receptor (Grassi 
and Giuliano 2000). Further, insulin can also influ-
ence fetal growth by reversely controlling the expres-
sion of IGF binding proteins and thus regulating the 
bioavailability of IGF to high affinity receptors (Hill 
et al. 1998). Epidemiologic studies have suggested 
that the pattern of fetal growth can be influenced by 
maternal diet and metabolic function (Gluckman and 
Hanson 2004) and maternal insulin levels (Chiesa 
et al. 2008).

3.3.2  Hormone Alteration, Breast Stem 
Cells, and Carcinogenesis

3.3.2.1  Steroid Hormone and IGFs and Breast 
Development

Stem cells have the potential to perpetuate through 
self-renewal and generate mature cells of a particular 
tissue through differentiation (Reya et al. 2001). The 
differentiating potential of the human mammary 
gland is reflected by its development. The mammary 
gland is not fully developed at birth (Russo and 
Russo 1987) and in the human progresses through 
several stages, from in utero through the completion 
of the first full-term pregnancy. The development of 
the embryonic mammary gland culminates in a vesi-
cle that contains colostrum at birth (Russo and Russo 
2004). The stem cells further divide and become epi-
thelial cells, alveolar cells, and myoepithelial cells. 
The mammary gland parenchyma consists of ducts 
terminating in end buds before puberty, undergoes 
proliferation and differentiation resulting in increased 
alveolar lobes during puberty (Rudland et al. 1996), 
and reaches maximal differentiation upon the first 
full-term pregnancy and lactation (Russo and Russo 
1987).

Circulating hormone levels influence the growth 
of the mammary gland, with estrogen inducing ductal 
growth and progesterone promoting alveolar lobes 
(Rudland et al. 1996). Estrogen is the major steroid 
mitogen for the luminal epithelial cell population, 
which is often the target for carcinogenic transforma-
tion (Anderson et al. 1998). Estradiol has prolifera-
tive potential and affects DNA synthesis through 
binding to estrogen receptor in mammary epithelium. 
Steroid hormones modulate the synthesis of stimula-
tory and inhibitory growth factors, and growth factor 
receptors and binding proteins (Kenney and Dickson 
1996).

Similarly, growth hormone, IGF-I and IGF-II also 
play a fundamental role in regulating the develop-
ment of mammary gland by affecting proliferation, 
differentiation, and apoptosis of breast tissue (Laban 
et al. 2003). IGFs may also interact with estrogen in 
influencing mammary gland development by affect-
ing the phosphorylation and function of steroid 
receptors and potentiating or reducing the mitogenic 
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effect of steroid hormones (Kenney and Dickson 
1996). Furthermore, IGF-I receptor gene expression 
was found to be upregulated in in vivo models, where 
normal human breast epithelial cells were treated 
with estradiol, and in in vitro models, where malig-
nant cancer cells were treated with estradiol (Clarke 
et al. 1997).

3.3.2.2  Breast Stem Cells and Breast Cancer

It has been speculated that stem cells represent the 
 cellular origin of cancer, as they exist quiescently over 
long periods of time, and therefore could accumulate 
mutations that eventually lead to cancer when stimu-
lated to proliferate (Sell 2004). A relation between 
stem cells in the mammary gland and carcinogenesis 
was suggested by Rudland and Barraclough (Rudland 
and Barraclough 1988). At least a portion of breast 
cells have a long half-life, similar to stem cells, and 
play an important role in breast carcinogenesis, because 
a subset of breast cancers recur 10 years after initial 
diagnosis and excision of the primary tumor (Rosen 
et al. 1989).

The fetal mammary gland starts to develop at 
about 8–15 weeks of gestation, possibly as the prog-
eny of a single embryonic stem cell (Kordon and 
Smith 1998). During the prenatal period, mammary 
gland cells are in a partially undifferentiated state 
and may be more susceptible to cancer initiation 
(Russo and Russo 1996), particularly considering 
intrauterine exposure to high levels of estrogen and 
growth factors that favor cell replication (Gluckman 
et al. 1983). Trichopoulos postulated that intrauterine 
exposure to high levels of estrogen and IGFs may 
favor the generation of breast stem cells, and the 
number of these cells is directly related to mammary 
mass, which provides increased opportunity for 
genetic mutations (Trichopoulos et al. 2005). Ekbom 
et al. reported that high-density mammographic 
parenchymal pattern (P2 or DY) was significantly 
associated with the weight of placenta, which is the 
main estrogen-generating organ during pregnancy 
(Ekbom et al. 1995). The observation suggests that 
altered intrauterine exposure to estrogen may be 
associated with breast cancer risk by increasing 
mammary density.

3.3.3  Current Pathologic Hypotheses 
About Breast Carcinogenesis

3.3.3.1  Multifocal Origin

Breast cancer is a complex disease with a wide range 
of morphology. Based on classic whole-organ studies, 
it has long been postulated that most in situ and inva-
sive breast cancer cases are multifocal, multicentric, 
or diffuse (Gallager and Martin 1969; Holland et al. 
1985). In 1975, Wellings et al. proposed that most 
lesions referred to as mammary dysplasia or fibrocys-
tic disease arose in terminal ductal-lobular units 
(TDLU) or in the lobules themselves, based on the 
histological examination of whole human breasts. 
These lesions include apocrine cysts, sclerosing ade-
nosis, fibroadenomas, various forms of lobules (scle-
rotic, dilated, hypersecretory, hyperplastic, atypical, 
or anaplastic), ductal carcinoma in situ, and lobular 
carcinoma in situ (Wellings et al. 1975). This postula-
tion was later widely accepted as the classic theory of 
breast cancer development: most malignant tumors of 
the breast originate from the epithelial cells of the lob-
ules, which are terminal ductal-lobular units and 
spread to the ducts and other lobules by migration of 
the malignant cells.

3.3.3.2  Single-Lobe Origin

Traditional whole-organ studies using routine histo-
logical techniques often do not allow repetition of 
results. Recently, the traditional theory of multifocal 
origin of breast cancer was challenged by findings 
from more modern diagnostic techniques that offer 
more thorough analysis of the extent and distribution 
of lesions in a breast carcinoma. Tot and colleagues 
have examined and analyzed more than 5,000 consec-
utive breast cancer cases over 20 years using advanced 
methods involving two- and three-dimensional large 
histological sections with detailed and systematic 
radiopathologic correlation (Tot 2005). They found 
that many cases of ductal carcinoma in situ demon-
strate continuous distribution along the ducts over 
several centimeters. Such a distance is unlikely if the 
origin of the process was a few individual terminal 
units, which are typically millimeters in size. In 
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addition, the migration of the malignant cells from the 
epithelial cells of the lobules to the ducts and other 
lobules is not supported by histological examinations. 
It was then postulated that ductal carcinoma in situ, 
and consequently breast carcinoma in general, is a 
lobar disease, i.e., that simultaneously or asynchro-
nously occurring in situ (and invasive) tumor foci 
belong to a single lobe in one breast (Tot 2005). If this 
new hypothesis is proven true, it may suggest new 
approaches to reduce the incidence of breast carci-
noma by selective visualization, excision, or destruc-
tion of the sick lobe before the malignant lesions 
develop (Tot 2007).

3.3.3.3  Intrauterine Risk Factors  
and Single-Lobe Origin of Breast Cancer

The mammary gland parenchyma develops from a 
single epithelial ectodermal bud. The prenatal devel-
opment of the mammary gland has been suggested to 
include ten stages, including ridge, milk hill, mam-
mary disk, lobule type, cone, budding, indention, 
branching, canalization, and end-vesicle. At birth, the 
mammary gland is composed of very primitive struc-
tures: ducts ending in short ductules, lined with one or 
two layers of epithelial and one of myoepithelial cells 
(Russo and Russo 2004). The structures in the new-
born mammary gland grow and branch, producing ter-
minal end buds, which develop into alveolar buds. The 
buds further develop into primitive lobules of alveolar 
buds, which consists of three to five lobes and continue 
to divide until reaching the greatest number in puberty 
(Rudland 1993).

As intrauterine exposures to potential carcinogens 
have been suggested to initiate and/or promote breast 
cancer development before birth, carcinogenesis is 
expected to affect breast stem cells, which are under-
going branching into the primitive structure of mam-
mary lobes. Though the ramification and branching 
process is almost complete during intrauterine life, 
lobularization mainly occurs during the postpubertal 
period (Tot et al. 2002). Indeed, there are relatively 
few terminal ductal-lobular units before puberty 
(Vogel et al. 1981). Therefore, the genetic mutations 
or epigenetic abnormalities involved in breast cancer 
development are more likely to be perpetuated by 
cells undergoing continuous branching and ramifi-
cation while the lobe is being formed, rather than 

originating within the terminal ductal-lobular units, 
the majority of which are not developed before birth. 
These postulations are in accordance with the hypoth-
esis of the “sick lobe” by Tot and colleagues (Tot 
2005, 2007).

3.4  Conclusions

Findings from epidemiologic studies suggest that 
markers of intrauterine exposures, such as birth weight, 
parental age at delivery, birth length, DES exposure, 
twin membership, and preeclampsia and eclampsia are 
associated with the risk of breast cancer later in life. 
Thus breast cancer may originate in utero, possibly 
involving the exposure of mammary stem cells to 
alterations of estrogen and IGFs in utero. The human 
mammary gland undergoes prenatal development into 
the primitive structure of mammary lobes, but lobular-
ization mainly occurs during the postpubertal period. 
Thus it is possible that the prenatal genetic and/or epi-
genetic events in breast cancer development occur 
among cells within the same lobe through continuous 
branching and ramification, rather than originating 
within the terminal ductal-lobular units, most of which 
are not yet formed before birth.
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Abbreviations

ADH Atypical ductal hyperplasia
ALDH1 Aldehyde dehydrogenase 1
ALH Atypical lobular hyperplasia
CAF Cancer associated fibroblasts
CCL Columnar cell lesion
CGH Comparative genomic hybridization
DCIS Ductal carcinoma in situ
ECM Extracellular matrix
FEA Flat epithelial atypia
FFPE Formalin fixed paraffin embedded
G6PD Glucose-6-phosphate dehydrogenase
HR Homologous recombination
HUT Hyperplasia usual type
ILC Invasive lobular carcinoma
IDC Invasive ductal carcinoma
LCIS Lobular carcinoma in situ
LOH Loss of heterozygosity
NS Normal stroma
PLC Pleomorphic lobular carcinoma
ROH Retention of heterozygosity
SNP Single nucleotide polymorphism
TDLU Terminal ductal-lobular unit

4.1  Introduction

Breast cancer is a heterogeneous disease with a wide 
spectrum of morphological subtypes and a range of 
clinical behaviors. Over a long time period, patholo-
gists have evolved a system of recording cancer-related 
data that reflects this heterogeneity as well as provid-
ing information relevant to prognosis and prediction of 
response to therapy. It is well established that subtype 
of breast cancer, grade, and stage (Ellis et al. 1992; 
Elston and Ellis 1991) provide prognostic information 
and the use of steroid receptor analysis as well as over-
expression and amplification of HER2 provides prog-
nostic and predictive data to manage patients (Oldenhuis 
et al. 2008). Nonetheless, there are limitations to these 
data and it is well known clinically that even within the 
same subtype (e.g., tubular carcinoma) or same stage 
of disease (e.g., lymph node positive), the behavior can 
be markedly different. Understanding the molecular 
abnormalities that drive the biology of each disease 
will assist our ability to specifically inhibit it.

4.2  The Genetic Basis of Cancer

We currently understand cancer to be a genetic disease: 
driven by changes in a cell’s DNA. Some mutations can 
be inherited from the germline, thereby being present in 
every cell of the body and predisposing the individual  
to cancer development. Otherwise, mutations occur 
somatically and may be caused by environmental 
exposure such as chemical carcinogens or radiation or 
impaired DNA repair mechanisms that become com-
promised during tumor development. The type and 
scale of genetic/genomic changes that occur in cancer 
progression are also numerous and can have profound 
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effects on driving the tumor phenotype. These can be 
(a) gross chromosomal gains and losses, which presum-
ably affect the expression levels of numerous genes; 
(b) genomic amplifications whereby a specific genomic 
region is replicated numerous times and these are 
thought to harbor oncogenes whose expression proba-
bly drives tumor growth (e.g., amplification and subse-
quent overexpression of ERBB2/HER2); (c) inactivation 
of tumor or metastasis suppressor genes due to any 
combination of hemi/homozygous gene deletion, gene 
methylation, gene mutation, or transcription repression 
(e.g., E-cadherin inactivation in lobular breast cancers); 
(d) genomic rearrangements culminating in the forma-
tion of fusion genes (e.g., the ETV6-NTRK3 fusion gene 
in secretory breast cancers, Tognon et al. 2002).

Over the last 2 decades, efforts to sequence the 
human genome and to study the molecular aspects of 
disease have led to significant advances in the technol-
ogy now available for unraveling the genetic basis of 
diseases, such as cancer. The candidate gene/genomic 
loci approach of mutation detection or loss of heterozy-
gosity (LOH) analysis are still valid applications for 
identifying specific alterations. To obtain more com-
prehensive characterization of somatic mutations 
(changes in DNA copy number) across the tumor 
genome, researchers have utilized the whole genome 
analyses called comparative genomic hybridization 
(CGH). Traditionally this was a low-resolution analy-
sis providing only patterns of gross chromosomal 
abnormalities (Reis Fihlo et al. 2005), but nevertheless 
an important mechanism of identifying important 
events in tumor development and characterizing 
molecular relationships between entities. The intro-
duction of microarray-based CGH (aCGH) has further 
revolutionized this technique, now providing resolu-
tion down to the 100 bp level and with the ability  
to characterize in detail the specific breakpoints of 
genomic alterations and to precisely map the genes 
involved. Furthermore, the drive to identify genetic 
variants associated with disease (genome wide associ-
ation studies) has led to the development of high- 
density single nucleotide polymorphism (SNP) arrays 
that now enable genomic copy number alterations to 
be defined in an allele-specific manner. Of course, the 
explosion in genomic profiling has paralleled the boom 
in gene expression profiling studies that provide the 
next level of intricate control on the phenotype of the 
tumor cell. The gold standard in molecular analysis of 
tumor genomes is now driven by the massively high-

throughput genomic and transcriptomic sequencing. 
This is not yet fully accessible to all researchers, but 
has the ability to define genomic rearrangements and 
gene mutations at nucleotide resolution, and obtain 
unbiased assessment of mRNA and microRNA expres-
sion levels (Stratton et al. 2009).

These methods have highlighted the genomic com-
plexity of breast cancer and are fundamentally chang-
ing our understanding of the biology of breast disease. 
These efforts have identified important mutations in 
disease pathogenesis, led to the development of molec-
ular targets for therapy (e.g., ER and HER2), supported 
the idea that certain preinvasive lesions are precursors 
for the development of invasive cancer, and are helping 
to refine the classification of the disease (Alizadeh 
et al. 2001; Buerger et al. 1999b; Lakhani 1997; Nishizaki 
et al. 1997; Pollack et al. 1999; Reis-Filho et al. 2005; 
Simpson et al. 2005b; Perou et al. 2000; Sorlie et al. 
2001).

4.3  Molecular Analysis of Invasive 
Breast Cancer

Molecular genetic analyses of invasive breast cancers 
have defined common genomic alterations as gain of 
material on chromosome 1q, 8q, 17q, 20q, and losses of 
material affecting 4q, 5q, 8p, 11q, 13q and 16q. Some 
common high level genomic amplifications occur at 
1q32, 8p12, 8q24, 11q13, 17q12 and 20q13. The pattern 
of genomic alterations has been shown to closely cor-
relate with histological grade, molecular subtype, and, 
to a lesser extent, histological type. One of the most 
important molecular findings has provided fundamental 
evidence that low-grade breast cancers are different to 
high-grade breast cancers at the molecular level, and so 
presumably arise through different pathways of devel-
opment (Buerger et al. 1999a, b, 2000; Roylance et al. 
2006; Stratton et al. 1995). Overall, low-grade ductal 
carcinomas and tubular carcinomas show a low level of 
genomic instability with characteristic losses at chro-
mosome 16q, gains on 1q, and few other recurrent alter-
ations, whereas high-grade breast cancers show a greater 
degree of genetic instability with more complex genomic 
alterations and more high levels gains (amplifications) 
on regions such as 17q12, 8q24, and 20q13. These data, 
initially derived from loss of heterozygosity (LOH) and 
chromosomal CGH analysis, therefore suggested that 
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the evolution of low-grade tumors from normal tissue 
was by a pathway independent to that of high-grade car-
cinomas. The loss of 16q for instance is frequent in low-
grade tumors and involves the whole chromosomal arm, 
while in high-grade tumors, loss of 16q is less common, 
and when it does occur it is by a different mechanism 
(LOH with mitotic recombination) (Roylance et al. 
2002, 2006; Cleton-Jansen et al. 2004; Natrajan et al. 
2009a).

However, there may be some exceptions to this rule 
since around 20% of high-grade invasive ductal carci-
nomas (IDC) harbor loss of the whole of 16q. Grade III 
IDCs are a heterogeneous group of tumors, both mor-
phologically and molecularly. Recent aCGH analysis of 
high-grade IDC revealed that the majority of tumors 
containing loss of the whole arm of 16q were estrogen 
receptor (ER) positive, suggesting that in these cases 
there maybe evidence to support progression from the 
low-grade/ER+ve pathway of tumor development to 
high-grade/ER+ve breast cancers (Natrajan et al. 
2009a). Data in support of this come from the study of 
pleomorphic lobular carcinomas (PLC). PLC are a 
recently described variant of classic invasive lobular 
carcinoma (ILC) (Eusebi et al. 1992; Middleton et al. 
2000; Weidner and Semple 1992; Palacios et al. 2003; 
Sneige et al. 2002; Simpson et al. 2003), with a reported 
aggressive biological behavior (Orvieto et al. 2008; 
Buchanan et al. 2008). Briefly, neoplastic cells in pleo-
morphic lobular carcinoma in situ (LCIS) and ILC show 
the typical discohesiveness of lobular neoplasms and 
lack E-cadherin expression; however, PLC are of high 
grade and show features of apocrine differentiation. 
Although molecular data on the PLC are scant, these 
tumors have overlapping genetic changes with both clas-
sic ILC and grade III invasive ductal breast carcinomas. 
Importantly, they harbor loss of 16q and overall a similar 
genomic profile to ILC. The data suggested that PLC 
arise from the same pathway as ILC. The sporadic accu-
mulation of genetic alterations more common to high-
grade cancers (HER2, p53, MYC) may then contribute to 
the more aggressive biology (Simpson et al. 2008).

CGH and conventional cytogenetic studies have 
demonstrated that there is a degree of variation in the 
pattern of genetic alterations between different histo-
logical subtypes of invasive breast cancer. Although dif-
ferences between histological subtypes do exist, this 
association is not as strong as with histological grade 
(Buerger et al. 1999a; Reis-Filho and Lakhani 2003). 
Comparative analyses between IDCs and ILCs have 

demonstrated that overall a lower number of genetic 
changes are found in ILCs relative to IDCs. Although 
some specific chromosomal abnormalities are found at 
a significantly different frequency in each histological 
type, this may only highlight the fact that most ILCs 
are of lower nuclear grade. Interestingly, several recur-
rent unbalanced changes, including physical loss of 
16q, are common to both types, indicating that ILCs 
and low-grade IDCs may arise via common tumori-
genic pathways.

As a result of this and other molecular data, some 
authors have questioned whether the boundary 
between ductal and lobular lesions should be removed 
and whether the designations “ductal” and “lobular” 
are appropriate. Since it is clear that the majority of 
neoplastic breast diseases arise from the terminal 
duct–lobular unit (TDLU), the terminology of “duc-
tal” and “lobular” is not intended to reflect the micro-
anatomical site of origin, but a difference in cell 
morphology and biology (Simpson et al. 2003). 
Hence, it is worth stressing that although loss of 16q 
is observed in both grade I IDC and ILC, the genes 
most affected by this deletion probably differ between 
these two lesions. The likeliest candidate tumor sup-
pressor gene involved in loss of 16q in ILC is CDH1 
(E-cadherin), which maps to 16q22.1 (Cleton-Jansen 
et al. 2004; Palacios et al. 2003; Simpson et al. 2003). 
It is accepted that ILC harbor loss of 16q, followed 
by gene mutation, promoter methylation, or further 
loss of CDH1. Loss of E-cadherin, a critical cell 
adhesion molecule, is reflected at the morphological 
level by the characteristic discohesive nature of indi-
vidual cells and overall growth pattern of lobular car-
cinomas. However, CDH1 is almost certainly not the 
target gene in grade I IDCs as loss of E-cadherin 
expression and CDH1 gene mutations are exceed-
ingly rare in these tumors. The hunt for the tumor 
suppressor gene(s) involved in grade I ductal cancers 
continues (Cleton-Jansen 2002; Rakha et al. 2004b; 
Roylance et al. 2003).

4.4  Molecular Classification of Invasive 
Breast Cancer

Array-based techniques of CGH and gene expression 
profiling have led to the development of new molecu-
lar-based classification schemes for breast cancer. 
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These seem to be inter-related, whereby the genomic 
alterations and subsequent changes in gene expres-
sion are controlling tumor phenotype.

More recently, microarray-based expression 
 profiling has added further insight into breast cancer 
heterogeneity and produced a new taxonomy of 
breast cancer, dividing tumors into five major molec-
ular subclasses, namely luminal A, luminal B, HER2, 
basal-like, and normal-like (Perou et al. 2000; Sorlie 
et al. 2001, 2003). The major distinction is at the 
level of the ER. The ER positive cluster comprises 
tumors that have a gene expression signature similar 
to that seen for the normal luminal epithelial com-
partment of the breast with expression of low molec-
ular weight keratins such as CK8/18 and ER and 
related genes. These “luminal” tumors are further 
divided into subclass A and B with luminal B being 
higher grade, having higher proliferation index and a 
poorer prognosis. It is worth noting that although the 
groups appear distinct on such an analysis, there is a 
continuum, and further there is at least data from 
lobular cancers (classic, luminal A; and pleomorphic 
variant, luminal B) that luminal A cancers can evolve 
into luminal B cancers through the stochastic acqui-
sition of mutations in genes associated with worse 
prognosis such as HER2 and TP53.

The ER negative group is more heterogeneous. 
The normal-like group is the least convincing and 
may be an artifact of the study, reflecting normal cell 
contamination in the samples. The HER2 and basal-
like were shown to have the worst prognosis in the 
original studies although it is clear from many stud-
ies that the basal-like cancers are an extremely het-
erogeneous group with prognosis ranging from 
“good” to “bad.” Basal-like cancers are so designated 
because these tumors express genes usually found  
in normal basal/myoepithelial cells of the breast, 
including high molecular weight cytokeratins (CK14, 
5/6 and 17) as well as P-cadherin, P63, S100, and 
epidermal growth factor receptor (EGFR/HER1). 
The morphological features of these tumors are dis-
tinct with central acellular and necrotic zones, push-
ing borders, high degree of pleomorphism and 
mitotic index and areas of squamous and spindle cell 
differentiation (Fulford et al. 2006). These tumors 
are often but not invariably triple negative (ER, PR, 
and HER2 negative). HER2 tumors are also high 
grade and are characterized by overexpression of 
HER2 and genes associated with the HER2 pathway. 

In clinical practice, some HER2 over-expressing 
tumors however fall into the luminal B category. The 
microarray studies have also identified further ER 
negative cancer subtypes including an “apocrine” 
subgroup (Farmer et al. 2005), an “interferon” sub-
group, and a “claudin-low” subgroup (Hennessy 
et al. 2009). The clinical and biological significance 
of these subgroups remains to be elucidated.

The genomic architecture of invasive tumors, as 
characterized by array-based CGH analysis, can be 
classified as “simplex,” “complex-firestorm” or 
“complex-sawtooth” (Hicks et al. 2006; Bergamaschi 
et al. 2006; Natrajan et al. 2009b), and these show 
correlation with the molecular subtypes classified by 
expression profiling. The “simplex” pattern is asso-
ciated with a good outcome and is typical of low-
grade luminal-like cancers, frequently displaying 
concurrent 1q gain and 16q loss. In contrast, the 
complex pattern is associated with poor outcome. 
The “firestorm” pattern involves a region of complex 
amplification affecting regions such as 11q13, 8p12, 
8q, 17q12, and is typically seen in “HER2” and 
“luminal B” cancers. The “sawtooth” category has 
many narrow areas of duplication and deletion, 
affecting all chromosomes and the majority of the 
genome but with no/few amplifications and is typi-
cally seen in “basal-like” cancers. It is possible that 
the types of copy number profiles seen may be due to 
the different types of DNA repair defects/instability 
present in these tumors.

There is of course considerable excitement in  
the new molecular classification, but it is worth  
bearing in mind that the systems of classification  
are still likely to evolve as we get further insights into 
the biology of breast disease. For instance, the new 
taxonomy has led some to postulate a histogenetic 
classification of breast cancer with “luminal” sub-
types arising from luminal epithelial cells and “basal-
like” cancers arising from the basal/myoepithelial 
cells or even stem cell since they often express “lumi-
nal” and “myoepithelial” keratins. Data emerging 
from the study of normal cell populations and their 
progeny suggest that basal-like cancers may arise 
from luminal progenitors (Lim et al. 2009). There  
is much work to be done in understanding normal  
cell lineage differentiation and the plasticity of 
 in  dividual cell types, and we should be cautious in 
making too many leaps into histogenetic classifica-
tion of disease.
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4.5  Molecular Analysis of Preinvasive 
Breast Cancer

The frequent association and morphological similari-
ties between invasive carcinomas and many forms of 
proliferative breast diseases have led pathologists  
to speculate that certain entities would be biologi-
cally related (e.g., LCIS and ILC, ductal carcinoma 
in situ (DCIS) and IDC) (Reis-Filho and Lakhani 
2003). The complexity of these relationships has 
been thoroughly explored using the advancement in 
molecular pathology and has largely recapitulated 
the genotypic/phenotypic patterns observed in inva-
sive ductal and lobular carcinomas in atypical duc-
tal hyperplasia (ADH) DCIS and atypical lobular 
hyperplasia (ALH) LCIS (Buerger et al. 1999a, b; 
Lakhani et al. 1995; Lu et al. 1998; O’Connell et al. 
1998). The distinct molecular genetic features found 
in different grades of invasive carcinomas are also 
mirrored in preinvasive lesions of comparable 
 morphology (Buerger et al. 2000; Reis-Filho and 
Lakhani 2003).

In retrospect, it is clear that there are two major 
arms in the multi-pathway model of breast cancer pro-
gression: one comprising well-differentiated DCIS 
(low grade) that progress to grade I IDC, and the other 
encompassing poorly differentiated (high grade) DCIS 
that progress to grade III IDC. In the “low-grade arm,” 
these in situ and invasive tumors are of low nuclear 
grade, usually ER and PR positive, negative for Her-2 
and basal markers, and harbor low genetic instability 
and recurrent 16q loss, whereas in the “high-grade 
arm,” the lesions show a higher degree of nuclear aty-
pia, are more frequently hormone receptor–negative, 
frequently positive for either HER2 or basal markers, 
and are genetically advanced lesions, showing a com-
bination of recurrent genomic changes including loss 
of 8p, 11q, 13q, 14q; gain of 1q, 5p, 8q, 17q; and ampli-
fications on 6q22, 8q22, 11q13, 17q12, 17q22–24, and 
20q13. Based on their pathological and genetic fea-
tures, classic LCIS and ILC are remarkably similar to 
those tumors in the “low-grade arm” (Lu et al. 1998; 
Simpson et al. 2003). However, in contrast to well- 
differentiated DCIS/grade I IDC, the vast majority of 
these tumors lack E-cadherin expression owing to 
genetic and/or epigenetic changes in the CDH1 gene 
(Rakha et al. 2004a; Roylance et al. 2003). On the other 
hand, the overlapping morphological features of PLCIS 

and PLC with both classic lobular and grade III carci-
nomas, and the combination of E-cadherin (16q) loss 
with occasional HER2 positivity (Eusebi et al. 1992; 
Palacios et al. 2003; Sneige et al. 2002; Reis-Filho 
et al. 2005) add another level of complexity to these 
molecular pathways to breast cancer progression.

Apart from ADH and ALH, which bear stark mor-
phological and molecular resemblance to low-grade 
DCIS and LCIS, respectively, the other non-obligate/
premalignant lesions are more difficult to characterize 
and to establish their position along the multistep path-
ways (O’Connell et al. 1994, 1998; Reis-Filho and 
Lakhani 2003). Interestingly, ADH and low-grade 
DCIS show identical immunoprofiles with low num-
bers of chromosomal abnormalities, comprising recur-
rent loss of 16q. The similarities between ALH and 
LCIS are also at the morphological, immunohis-
tochemical, and genetic level (Simpson et al. 2003). In 
fact, differentiating between ALH and LCIS is arbi-
trary and subjective, being based on subtle quantitative 
rather than qualitative morphological features. Hence, 
it is well accepted that both ADH and ALH are non-
obligate precursors for the development of low-grade 
DCIS and LCIS, respectively. Alternatively, one could 
view them just as small DCIS or LCIS although this is 
not the view accepted by all.

Clonal diversity, evidenced by morphological and 
molecular intra-tumoral heterogeneity, adds further 
complexity to this model and probably accounts for 
some of the considerable diversity in the clinical nature 
of the disease. This diversity might be explained by 
ensuing genetic instability leading to the development 
of multiple neoplastic clones within the same tumor. 
Clonal diversity has been reported in DCIS, where up 
to 50% of cases studied showed heterogeneity in grade, 
with 9% of cases of low-grade DCIS also showing 
areas of intermediate and high-grade DCIS. Such cases 
exhibited heterogeneous expression of immunohis-
tochemical biomarkers and, in particular this corre-
lated with p53 positivity (Allred et al. 2008). The 
authors speculated that in some cases, ADH (the pre-
cursor to low-grade DCIS) could therefore be the pre-
cursor to high-grade DCIS and hence grade III IDC. 
The molecular data that low-grade disease is different 
to high-grade disease also raise the possibility of coex-
istence of independent clones of differing grades rather 
than one arising from the other.

For many years, hyperplasia of usual type (HUT) 
has been seen as the precursor of ADH and DCIS. 
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However, its role in the multistep model of breast car-
cinogenesis has been questioned (Aubele et al. 2000; 
Jones et al. 2003; Lakhani et al. 1996). The morpho-
logical features and immunoprofile of HUTs are dif-
ferent to those of the accepted precursors since they 
are composed of a mixed population of cell types with 
a variable proportion of ER, PR-positive luminal cells, 
and myoepithelial/basal marker-positive cells. At  
the molecular level, few fairly random chromosomal 
changes are observed (Aubele et al. 2000; Jones et al. 
2003; Lakhani et al. 1996). Nonetheless, there is  
evidence to suggest that a small proportion of HUTs 
may be clonal, neoplastic proliferations (equivalent 
to colonic adenomas) that may putatively progress to 
ADH or DCIS, whereas the majority of them fail to 
show any evidence of a neoplastic/monoclonal nature 
using existing technology. Currently, most authors do 
not regard these lesions as playing any significant role 
in tumorigenesis and see these lesions as “dead-end.”

A more likely candidate for precursor to ADH and 
low-grade DCIS is columnar cell lesion (CCL) (Fraser 
et al. 1998; Schnitt and Vincent-Salomon 2003; 
Simpson et al. 2005a). These comprise a spectrum of 
lesions with varying degrees of architectural and 
nuclear atypia. At the lower end of the spectrum are 
lesions referred to as columnar cell change and hyper-
plasia, and at the worst end, lesions that have atypia 
sufficient to be designated “flat epithelial atypia” 
(FEA) to fully developed ADH lesions. Throughout 
the spectrum, CCLs show an immunoprofile similar 
to that of ADH/low-grade DCIS (Schnitt and Vincent-
Salomon 2003). However, the degree of proliferation, 
architectural, and cytological atypia are mirrored at 
the genetic level, with a stepwise increase in the num-
ber and complexity of chromosomal copy number 
changes as defined by CGH (Simpson et al. 2005a). 
Moreover, the hallmark genetic feature of “low-
grade” lesions, loss of 16q, is the most frequently 
detected recurrent change and in addition, there is 
some degree of overlap in the molecular genetic pro-
file of CCL and associated more advanced lesions 
(Moinfar et al. 2000b; Simpson et al. 2005a). 
Interestingly, it is not infrequent to observe ALH/
LCIS in the context of multifocal CCLs. Hence CCLs 
may be the link between normal breast and ADH, as 
well as between “ductal” and “lobular” neoplasia 
(Abdel-Fatah et al. 2007, 2008). The precursor of 
poorly differentiated DCIS has been elusive. Based 
on morphological, immunohistochemical, and 

molecular findings, CCL, ADH, and low-grade DCIS 
would be unlikely candidates.

Although apocrine change has long been considered 
a metaplastic process in breast tissues, usually associ-
ated with aging, this concept has come into question 
with the application of molecular findings (Jones 
et al. 2001; Selim et al. 2000, 2002). At least a subset 
of lesions with apocrine morphology show molecular 
changes, including LOH/allelic imbalance at 1p 
(MYCL1), 11q (INT2), 13q, 16q and 17q, and recur-
rent chromosomal changes as defined by CGH, includ-
ing loss of 1p, 2p, 10q, 16q, 17q and 22q, and gain of 1p, 
2q and 13q. These findings are more frequently observed 
in apocrine adenosis, and apocrine hyperplasia com-
pared with apocrine cysts. For the large part, these 
observations have been ignored. Whether this prejudice 
is justified should be questioned. It may turn out to be 
wrong, but we would suggest that there is compelling 
molecular data that at least some of these lesions may be 
the precursors of high-grade DCIS and invasive cancer.

4.6  Molecular Alterations  
in Normal Breast

Since molecular alterations at genetic loci have been 
identified in many putative precursor lesions, the atten-
tion also shifted to whether “normal” tissues in the vicin-
ity of preinvasive and invasive carcinomas may harbor 
mutations. With developments in microdissection in the 
early 1990s, Deng et al. (1996) reported that LOH identi-
fied in invasive carcinoma is indeed present in morpho-
logically normal breast lobules adjacent to carcinomas, 
but not away from the tumor. Since their studies were car-
ried out on microdissected tissues from paraffin-embed-
ded sections, the possibility that the LOH was a result of 
tumor cells migrating to the lobular units via pagetoid 
spread could not be entirely excluded. Their findings 
could therefore be accounted for by one of three hypoth-
eses: first, that the LOH identified is actually due to the 
presence of tumor cells, which have migrated into the 
normal lobule from the nearby invasive carcinoma; sec-
ond, that the LOH is indeed present in the morphologi-
cally normal cells analyzed. The second hypothesis 
could imply that a “normal” area of the breast harbored 
genetic change preceding the development of the inva-
sive carcinoma. Furthermore, that the carcinoma may 
arise as a result of additional changes to these “normal” 
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cells. How this preliminary change arose is a major tenet 
of the sick lobe hypothesis (Tot 2005).

The sick lobe hypothesis suggests that changes to 
the breast epithelium occurring during its development 
can result in entire lobes or segments of the breast that 
are in someway predisposed to further changes (in 
adulthood) that result in the onset of cancer (see 

Fig. 4.1a, b). It is possible that this initial change in 
one cell, then passed on to all other cells derived from 
it to comprise a lobe of the breast, occurs at the genetic 
level by DNA mutation. This would suggest that the 
normal lobule is clonal, which would raise questions 
about the existence or otherwise of a common progeni-
tor or stem cell from which all the epithelial cells 

Fig. 4.1 Possible mechanisms of genetic alteration affecting the 
sick lobe. (a) Simplified diagram demonstrating how genetic 
change in the glandular epithelium of the developing breast may 
result in a “sick lobe” by passing this change onto progeny. 
Normal glandular epithelium is illustrated in red, while affected 
epithelium comprising the sick lobe is shown in blue. (b) Diagram 
illustrating possible cellular composition of bifurcating region of 
normal and sick lobes. Should a mutational event occur in a breast 
stem or progenitor cell, this change might be later observed in all 
cell types derived from it during expansion and differentiation of 
the ductal tree as it grows into the mammary fat pad, including 
both luminal and myoepithelial cells as well as other progenitors 
cells. It is also possible that the frequency of cell types, their func-
tion, and the molecular profiles of these affected areas may be 
altered (shown in blue), although it is possible that such change 
may not be detectable by traditional histomorphological exami-
nation. (c) The adult breast may therefore be comprised of normal 
lobes and sick lobes, the latter harboring genetic alteration that 

may predispose to development of carcinoma. This model is sup-
ported by the findings of Clarke et al. Cell clones derived from 
fresh dissociated mastectomy samples from BRCA1/BRCA2-
mutation carriers were identified as either luminal (CK18/19 
positive) or myoepithelial (CK14 positive) features. While DNA 
derived from most clones demonstrated retention of heterozygos-
ity (ROH) and were therefore considered normal, some rare 
clones of both luminal and myoepithelial phenotypes showed loss 
of heterozygosity (LOH) at BRCA1 or BRCA2 loci. Where these 
morphologically normal cells harbored the same mutation as the 
tumor residing in the breast, it could suggest that this change has 
predisposed to the development of the cancer. Indeed, LOH (par-
ticularly of tumor suppressor genes such as BRCA1/2) is consid-
ered one of the initial steps of tumor formation. Furthermore (not 
shown here), where both myoepithelial and luminal cell clones 
are shown to harbor the same genetic alteration, this could be 
interpreted to suggest that the initial change occurred in a pro-
genitor cell, which is common to both cell types
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comprising the lobe were derived, there are several 
studies whose findings suggest this to be true.

Using an in vitro cell cloning technique, Lakhani 
et al. (1999) addressed these issues by looking for 
LOH in breast samples free of contamination from 
tumor cells and examined LOH independently in both 
the luminal and myoepithelial cells of the breast. 
Chromosomal loci exhibiting LOH at high-frequency 
in invasive breast cancer were investigated in “nor-
mal” breast tissue from patients with carcinoma and 
from reduction mammoplasty specimens. Ductal-
lobular units dissected from paraffin-embedded tis-
sues and 485 “normal” luminal and myoepithelial cell 
clones cultured from a fresh dissociation were stud-
ied. The ability to distinguish between different epi-
thelial types is important in determining whether the 
change occurred in a common progenitor or stem cell 
whose progeny then differentiated into luminal and 
myoepithelial cells. Overall, LOH was found in nor-
mal cells in five of ten breast cancer cases and one of 
three reduction mammoplasty specimens. LOH was 
identified in normal cells adjacent to and distant from 
the tumor. One of 93 clones from three reduction 
mammoplasties also showed allele loss at a locus on 
chromosome 13q. In one of the cases, all luminal and 
myoepithelial samples exhibited loss of the same 
allele on chromosome 13q. These data confirmed the 
presence of LOH in normal tissues as well as demon-
strated an independent loss in the luminal and myo-
epithelial component, suggesting that the alteration 
may have occurred in progenitor/stem cells prior to 
lineage differentiation. The fact that alterations are in 
both cell types and can also be identified using micro-
dissection also provided evidence that the clonal patch 
derived from stem cells was likely to be large within 
the breast.

The ability to identify clonal patches is difficult 
in human samples but important, not just for normal 
biology but because there has been a huge body of 
literature suggesting clonal nature of lesions in the 
breast using X-linked inactivation methodologies. 
Many authors failed to realize that without knowl-
edge of clonal patch size, these data were not mean-
ingful. If the patch size is large, it is possible to get 
a proliferation from multiple cells but yet would 
appear clonal using X-linked methods. In order to 
examine the clonal architecture of normal tissue,  
it is necessary to have a cellular marker that can  
be used to identify a subset of germ-line cells. 

Experimentally using chimeric or mosaic animals 
can achieve this.

As a result of the process of X inactivation, females 
heterozygous for X-linked polymorphisms are func-
tionally mosaic at the mRNA and protein levels. 
Previous studies have used X-linked genes such as 
glucose-6-phosphate dehydrogenase (G6PD) (Fialkow 
1976) or restriction fragment length polymorphisms 
(Vogelstein et al. 1985) without reference to patch 
size. In female mammals, the process of X inactiva-
tion occurs early during embryogenesis (day 16 in the 
human female). This process involves random inacti-
vation of most of the genes on one or the other of the 
two X chromosomes by methylation of CpG islands 
(Lyon 1972). The pattern of methylation is stable and 
inheritable so that it is passed on to all cellular prog-
eny. The pattern of X inactivation is also widely 
believed to be stable during tumorigenesis (Jones 
1996). As X inactivation occurs at a relatively early 
stage of embryogenesis, although there is inevitably 
some mixing of cells during further development, in 
the adult mammal, many of the progenies of a single 
X-inactivated embryonic cell are arranged together. In 
epithelia, these groups of cells sharing a common 
X-inactivation pattern are termed patches. A single 
patch may be formed of the progeny of one cell or 
several cells all showing the same X-inactivation pat-
tern. Thus, cells in a single patch are monophenotypic 
but may be clonal or polyclonal in derivation. Novelli 
et al. (2003) collected surgical resection specimens  
of Sardinian females heterozygous for the G6PD 
Mediterranean mutation (563 C → T). All patients had 
been previously shown to have reduced G6PD enzyme 
activity, and heterozygosity for the G6PD Mediter-
ranean mutation was confirmed by PCR analysis of 
genomic DNA followed by MboII restriction endonu-
clease digestion. Using histochemical method on tis-
sue sections, they confirmed that the clonal patch 
within the female breast was large, involving whole 
ducts and lobular units, providing further evidence to 
support the hypothesis generated from the LOH data.

In their original paper, Lakhani et al. (1999) had 
one case in which the patient had a germ-line trun-
cating mutation in the BRCA1 gene and they found 
LOH on 17q in 3 of 33 normal clones. One of these 
clones showed loss of wild-type allele, indicating 
gene inactivation. This sample also had LOH at 
markers on chromosomes 11p and 13q, suggesting 
that further alterations may have occurred as a result 
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of genomic instability due to loss of homologous 
recombination (HR). This work was followed by fur-
ther analysis of cases with germ-line BRCA1/2 muta-
tions. Clarke et al. (2006) studied LOH at the BRCA1 
and BRCA2 loci in 992 normal cell clones derived 
from topographically defined areas of normal tissue 
in 4 samples from BRCA1/BRCA2 mutation carriers. 
The frequency of LOH in the clones was low (1.01%), 
but it was found in all 4 samples, whether or not a 
tumor was present. Again, LOH could be detected in 
both luminal and myoepithelial clones, which indi-
cates not only that both cell types can harbor such 
genetic changes (see Fig. 4.1c), but where those 
changes are identical it suggests they have been 
derived from a common progenitor cell. It is also 
possible the cell clones are themselves derived from 
committed progenitors by virtue of the fact that they 
can grow in in vitro culture. Interestingly, topograph-
ical mapping revealed that the genetic changes were 
clustered in a segmental distribution in some of the 
breast samples. The study provided further evidence 
that a field of genetic instability can exist around a 
tumor and that this size was greater than one TDLU. 
Although there are little additional data to confirm 
these findings, at face value, it does suggest that suf-
ficient tissue must be removed at surgery to avoid 
local recurrence and raises questions about whether 
such alterations could account for some cases of 
local recurrence after apparent “complete excision” 
of the tumor.

Two other more recent studies provide further evi-
dence that the normal breast of BRCA-mutation car-
riers is altered and shows early changes similar to 
those found in the subsequent carcinoma. Max 
Wicha’s group not only reproduced the observation 
of BRCA1 LOH in morphologically normal areas of 
the breast in BRCA1-mutation carriers (Liu et al. 
2008), they also discovered that ALDH1 – a putative 
stem cell marker – could be used to identify those 
lobules which contained this genetic alteration. 
While ALDH1 positive cells appear to be extremely 
rare in the normal breast of healthy donors, BRCA1-
mutation carriers have a higher frequency of ALDH1 
positive cells that appear to comprise entire acini in 
breast lobules of these patients. This is significant 
because it provides evidence that entire areas of the 
BRCA1-breast can show both genetic and molecular 
(in this cases protein) differences despite appearing 
morphologically normal. In this way it is possible 

that the color used to delineate the sick lobe in 
Fig. 4.1a could be representing ALDH1 positivity in 
the breast of BRCA1-carriers, depending on how 
early these changes occur. Furthermore, as a putative 
stem cell marker, the expression of ALDH1 at high 
frequency in the lobules of BRCA1-mutation carriers 
may suggest that the initial genetic change that 
occurs in a breast stem cell, which although has then 
expanded to form the acini, may in someway be 
defective, unable to lose expression of this marker, 
and somehow blocked in its ability to differentiate. 
Another study that revealed an expanded and abnor-
mal luminal progenitor population in mastectomy 
samples of BRCA1-mutation carriers adds weight to 
this hypothesis (Lim et al. 2009) although they did 
not investigate the presence of genetic differences in 
this population.

4.7  The Sick Stroma

LOH in the mammary stroma of patients with breast 
cancer has also been demonstrated by Moinfar et al. 
(2000a). By using 11 DNA markers on FFPE tissue, 
LOH was reported in the morphologically normal 
stroma in 11–57% of cases. A comparison of LOH 
frequency in the epithelial/stromal cells revealed that 
73% of cases were associated with at least one identi-
cal LOH in both the epithelial and stromal compo-
nents. This intriguing observation suggests that there 
may be common precursors for epithelial and stromal 
cells; however, these data need validation and are 
certainly contrary to other more recent analysis. 
Kurose et al. (2001) identified that genetic alterations 
occurred in the epithelial compartment, followed by 
LOH in the stromal compartments, indicating that 
genetic alterations in the epithelia precede the ones in 
the stroma.

Most of studies based on cDNA microarrays have 
focused mainly on the neoplastic transformation of the 
breast epithelial compartment. Recently attention has 
focused on the role of breast tumor stroma in breast 
cancer progression demonstrated by gene expression 
profile. In a series of 14 patients with matched DCIS, 
IDC, normal epithelium, IDC-associated stroma 
 (IDC-S), DCIS-associated stroma (DCIS-S), and nor-
mal stroma (NS), Ma et al. (2003) provided evidence 
that gene expression changes occurred in the stroma 
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during breast cancer progression, suggesting that tumor 
stroma may co-evolve along with the malignant epi-
thelium even before epithelial transformation occurs. 
Genetic alterations mainly involved components of the 
extra cellular matrix (ECM) and ECM-remodeling 
matrix metalloproteases (MMP). While cytoplasmic 
ribosomal proteins were decreased in both compart-
ments, mitochondrial  ribosomal protein genes were 
increased. Differentially expressed genes between 
IDC-S and NS included antagonists of the WNT recep-
tor signaling which were downregulated and upregu-
lation of TGFb family members. The stroma showed 
genes enriched for extracellular matrix, MMP, and cell 
cycle–associated genes, indicating that increased pro-
liferation is a feature of stroma. Particularly, the stroma 
showed significant expression of MMP11, MMP2, 
MMP14, and MMP13 in IDC-S compared to DCIS-S, 
suggesting that MMPs may play a role in the transition 
from in situ to invasive carcinoma (Fleming et al. 2008; 
Ma et al. 2009).

Allinen et al. (2004) developed a purification pro-
cedure that allows the isolation of pure cell popula-
tions from breast tissue. This method is based on  
cell type–specific cell surface markers and magnetic 
beads. BerEP4 sorted epithelial cells, CD45 was used 
for leukocytes, P1H12 for endothelial cells, and CD10 
for sequential isolation of myoepithelial cells and 
myofibroblasts. The unbound fraction following the 
removal of all other cell types was regarded as the 
fibroblast-enriched stromal fraction. However, further 
differentiation between myoepithelial cells and myo-
fibroblasts was not possible. As a result, these cell 
types were regarded as a single group. By aCGH anal-
ysis, no genetic changes were detected in myoepithe-
lial cells/myofibroblasts isolated from DCIS/IDC. By 
contrast, numerous genetic changes were observed in 
tumor epithelial cells. Normal tissue adjacent to 
tumors did not express any genetic alterations. SNP 
arrays and LOH methodology were also applied to the 
same purified cell types and showed no evidence of 
LOH in any stromal cell from DCIS/IDC samples. 
Therefore, unlike the studies of Lakhani et al. and 
Clarke et al., genetic changes using these methodolo-
gies were only detected in luminal epithelial cells 
(Allinen et al. 2004).

Genomic alterations of breast cancer–associated 
fibroblasts/myofibroblasts are not consistent among 
the studies. Qiu et al. (2008) by using SNP array–based 
technologies studied cancer-associated fibroblasts 

(CAFs) microdissected from fresh frozen primary 
human ovarian and breast cancers as well as some 
specimens derived from primary culture. None of the 
10 CAFs from breast tumors harbored any evidence of 
copy number alteration or LOH on any chromosome. 
However, one fibroblast culture showed gains on chro-
mosomes 7 and 10. Interestingly, when CAF cultures 
without any detectable somatic changes were injected 
in xenografts, tumor growth occurred more efficiently 
compared to normal breast stromal fibroblasts.

Although genomic alterations could not be demon-
strated, epigenetic alterations cannot be ruled out. Qiu 
et al. (2008) showed in the same study that CAFs from 
primary cultures showed different methylation and 
expression patterns compared to normal counterparts, 
implying an abnormal phenotype of CAF cultures in 
the absence of somatic genetic changes (Qiu et al. 
2008). Furthermore, genomic methylation profiling, 
bisulfite sequencing, and anti-5-methyl-C immunohis-
tochemistry have been used to show global hypom-
ethylation in myofibroblasts. Studies in a transgenic 
mouse model from gastric carcinoma indicate its early 
occurrence in cancer progression; however, the cause 
of genomic demethylation in cancer cells remains 
unknown (Jiang et al. 2008).

Hence overall, there is little doubt that normal tis-
sue harbors molecular alterations and that epithelial 
cells do show genetic mutations; but whether stromal 
cells show mutations or whether they show changes in 
expression without DNA alterations remains to be 
clarified. What is clear is that changes in the normal 
cell compartments play an important and interesting 
role in breast cancer development.

4.8  Hypothesis

Taking together the totality of evidence relating to 
molecular alterations involved in the multistep model 
of breast cancer and the finding of changes with nor-
mal luminal and myoepithelial cells of the breast, it is 
plausible that the first alterations giving rise to tum-
origenesis may occur in stem/progenitor cell popula-
tions. Since most mutations occur during the process 
of cell division when DNA replication occurs, it is 
also likely that mutations in these progenitor popula-
tions are occurring at a time of greatest cell division, 
i.e., at puberty when there is prolific cell division to 
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produce the adult breast. Alterations in the stem/ 
progenitor cells at that time could conceivably give 
rise to large clonal patches with genetic alterations, 
which subsequently predispose the tissues to further 
changes and hence begin the journey toward tumor 
formation. Such a hypothesis would certainly explain 
the segmental distribution of many forms of breast 
diseases, e.g., DCIS, although it would not by itself 
explain multifocal disease such as seen with LCIS. 
Presumably, in these cases, there is a combination of 
germ-line predisposition and a somatic predisposition 
coming together to produce the risk and disease dis-
tribution seen in clinical practice. Current data on 
molecular alterations within the stroma and the 
increasing recognition of the importance of stromal–
epithelial interactions raise the possibility that the 
stromal component as well as the epithelial compo-
nent may be abnormal within the “sick lobe.”

4.9  Conclusion: Is There Any Relevance 
to Clinical Practice?

This is a difficult question to answer other than that if 
the hypotheses are correct, it would suggest that recur-
rences may be new tumors arising from the already 
unstable clonal patch that has been left behind since 
the excision is currently done to excise the cancer 
without knowledge of the topography of the abnormal 
patch. It is not possible at present to excise in such an 
anatomically precise manner. Perhaps in the future, if 
these abnormal patches could be identified in vivo, 
intraductal or external methods to ablate the ductal tree 
may be feasible. This of course does not take into 
account the role that the stroma may play and hence in 
reality, the management could be a lot more compli-
cated than we envisage.

The next decade will be critical as new technology 
combined with traditional pathology comes together to 
unravel the biology of breast tumorigenesis and hence 
provide insights into how we should manage our 
patients with breast disease.
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5.1  Introduction

Nearly one hundred years ago, the English surgeon 
and author, Sir Geoffrey Keynes, wrote “the breast is a 
gland which throughout life is exhibiting some secre-
tory activity, the difference between a lactating and a 
non-lactating breast being one partly of degree and 
partly of the chemical constitution of the secretion” 
(Keynes 1923). While knowledge about the histopa-
thology of breast cancer has progressed significantly in 
the subsequent years, the intraluminal cells and secre-
tions of the ductal system in the non-lactating or  
resting breast have received little attention. Most 
pathologists have considered these cells and secretions 
to be sloughed off degenerating epithelium and pro-
teinaceous material and of little biological interest 
(Petrakis 1986). However, there has been isolated inter-
est in looking more carefully at this fluid and determin-
ing its physiology and its clinical significance.

5.2  Nipple Aspirate Fluid (NAF)

Papanicolaou in 1958 (Papanicolaou et al. 1958) 
described applying suction to the nipple using a mater-
nal bulb type breast pump to obtain small drops of 
fluid from the milk ducts (NAF). There was hope that 
this fluid could be used for early detection much like 
the Pap smear. However, due to poor cellularity and 
few positive results, the technique was not widely 
adopted.

In the 1970s, several researchers reevaluated and 
revived Papanicolaou’s approach (Buehring 1979; 
Sartorius 1973; Sartorius et al. 1977). They were able 
to obtain fluid from a greater percentage of women by 
using a suction cup over the nipple that was attached to 
a 10cc syringe by a short plastic tube. They also found 
it useful to cleanse the nipple to remove any keratin 
plugs that could be sealing the pores. This breast pump 
was found to generate higher negative pressures and 
with repeated visits, they were able to elicit NAF from 
nearly 70% of women. Fluid yielders tended to be 
premenopausal, white and with a wet-type cerumen. 
Asian-Americans and post-menopausal women were 
the least likely group to be fluid yielders. NAF was also 
found to contain lipids, cholesterol, hormones, and 
diverse substances such as barbiturates, caffeine, nico-
tine, and pesticides (Petrakis 1986). Cytopathological 
examination of NAF shows ductal epithelial cells, apo-
crine cells, and foam cells now usually referred to as 
macrophages (King et al. 1975). Research has focused 
on epithelial cells in NAF as the progression from nor-
mal epithelium through hyperplasia, atypical hyperpla-
sia, carcinoma in situ to cancer became well understood 
in breast pathology.

Wrensch and Petrakis demonstrated epithelial cells 
found in NAF correlate with a 21% increased risk for 
developing breast cancer over 30 years. Furthermore, 
cytological atypia in NAF results in an increased rela-
tive risk of 2.8 compared to women with no fluid 
(Wrensch et al. 2001). However, atypia in NAF is not 
an obligate precursor of breast cancer since only 11% 
of women with atypia in NAF went on to develop 
breast cancer. Three large clinical studies with 20-year 
follow-up have now confirmed that fluid yielders and 
especially those with atypical cytology in their fluid 
are at higher subsequent risk of breast cancer develop-
ment (Wrensch et al. 2001; Buehring et al. 2006; Baltzell 
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et al. 2008) (see Table 5.1). However, use of NAF as a 
risk factor for screening was limited by the technique 
and the number of non-yielders and, perhaps more sig-
nificantly, by the relatively poor epithelial cell count 
obtained and the need for a trained cytopathologist to 
read the sample.

5.3  Ductal Lavage (DL)

The idea of studying the ducts and ductal fluid through 
cannulating orifices in the nipple was actually first 
mentioned over 60 years ago by Leborgne, a 
Uruguayan doctor (Leborgne 1946). He described a 
way to pass a small catheter into a breast duct through 
the nipple and instill saline, remove the catheter, mas-
sage the breast manually and express and collect the 
fluid that returned. He termed this procedure “ductal 
rinse.” With the advent of radiological imaging in this 
country, contrast mammography was pursued as a 
preoperative evaluation for nipple discharge (Love 
and Barsky 1996). While impressive X-rays of the 
ductal trees were obtained (Fig. 5.1) difficulty with 
the procedure and contrast reactions in women lim-
ited its use. Interest surged again however with the 
results from cytology stains of the cervix. Otto 
Sartorius, a surgeon and colleagues combined con-
trast ductography and ductal rinsing to collect fluid 
after imaging. Positive yields were higher with this 
technique (Sartorius et al. 1977). However, it was not 
until the development of a unique microcatheter by 
Love with a double lumen to maintain patency of the 
duct while lavaging that the procedure received wide-
spread use (Love and Barsky 1996) (see Fig. 5.2). DL 
and the Cytyc catheter were developed and commer-
cialized as a method and tool to sample a specific 
duct, based on the observation that DCIS and invasive 
ductal cancer are limited to one ductal system 
(Holland et al. 1985; Mai et al. 2000).

Evidence suggests that lavage procedures are 
capable of delivering fluid (dye or saline) to, and  
harvesting cells from, the junctions of the terminal 

ductal lobular units of the mammary tree. Several 
studies involving the intraductal delivery of dyes to 
demarcate the path of lavage fluids have demon-
strated permeation of the lobular-alveolar portion of 
the ductal systems (Love and Barsky 1996; Brogi 
et al. 2003; Khan et al. 2004). Moreover, the proce-
dure has collected exfoliated cells exhibiting cyto-
logical features of lobular carcinoma in situ (LCIS) 
from a patient with pathology-confirmed LCIS (Brogi 

Study N Follow up (years) No fluid Fluid Cells Atypia

Wrensch et al. (2001) 3,627 21 1.0 (3.7%) 1.2 (7.5%) 1.3 (6.6%) 2.1 (11%)

Buehring et al. (2006) 972/1,744 25 1.0 2.27

Baltzell et al. (2008) 946/1,706 20 1.0 1.4 1.7 2.0

Table 5.1 Major prospective NAF studies demonstrating relative risk of cancer

Fig. 5.1 Radiogram with dye (contrast medium) in one ductal 
system showing extent to lobules

Fig. 5.2 Ductal lavage microcatheter
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et al. 2003). In addition, lavage study participants 
have reported feeling the cooler (room) temperature 
of the lavage saline circulating within chest wall and 
axial regions (King and Love 2005). Collectively, 
these data suggest that epithelial cells can be col-
lected from the terminal reaches of the mammary 
trees. The first multicenter study with 507 high risk 
women reported that large numbers of ductal cells 
could be collected by DL and that the procedure was 
safe and well-tolerated and found to be a more sensi-
tive method of detecting cellular atypia than nipple 
aspiration (Dooley et al. 2001).

5.3.1  Superficial Nipple Anatomy

The fact that fluid, breast milk comes out of the nip-
ple through several orifices like a watering can and 
not a hose is quite obvious to anyone who has 
observed a lactating woman. The nipple orifices how-
ever do not allow any substances naturally back into 
the breast and are thus seen as a one-way conduit. 
Gross examination of the surface of the nipple shows 
multiple clefts but the openings to the ducts are not 
always evident. In fact, the number of these openings 
is debated. Sir Astley Cooper (Cooper 1845) injected 
wax through the nipple at autopsies of women who 
had died from childbirth sepsis. He described being 
able to inject at most 12 lactiferous ducts and more 
commonly 7–10 per nipple. Love and Barsky (2004) 
observed over 200 lactating women in order to map 
milk duct orifices and indentified an average of 5–9 
openings. There appeared to be consistently a central 
group of 4–5 orifices and a peripheral ring of 4–5 
also. Teboul and Halliwell (1995) reported on over 
6,000 ultrasound studies of the breast ducts and 
described 5–8 “milk pores” in the nipple. Ramsay 
et al. (2005) studied 21 lactating women with ultra-
sound and described 6–12 main ducts. The often-
quoted finding of 15–20 ducts appears on pathological 
sectioning of the nipple and counting of the lumens 
(Rusby et al. 2007). The exact anatomy of the nipple 
is still being investigated as to whether some of these 
lumens are rudimentary or straight ducts or whether 
several lumens join at the nipple surface. Also, as the 
cross sections were not traced distally into the breast 
parenchyma, it is unclear what they represent. 
Whether each ductal tree is clonally unique is dis-
cussed elsewhere in this textbook.

5.3.2  The DL Technique

Because of the difficulty in identifying ductal orifices, 
lavage was initially performed only after the demonstra-
tion of fluid from one or multiple discharging pores with 
the use of a nipple aspiration suction device (Dooley 
et al. 2001). The nipple is first de-keratinized using a 
mild abrasive gel; the breast is then massaged by the 
subject or the physician for at least 1 min. A suction cup 
fitted with a 10–20 ml syringe is placed over the nipple 
and a small amount of suction (approximately 7–15 ml) 
is applied. If no fluid appears on the nipple, the lactifer-
ous sinus at the base of the nipple is manually com-
pressed. Repeated efforts at breast massage and suction 
are attempted until fluid is elicited or until the investiga-
tor determines the breast to be non-fluid yielding.

The first large study of DL (Dooley et al. 2001) 
used local or topical anesthesia (EMLA cream: 2.5% 
lidocaine and 2.5% prilocaine; Astra USA) to the nip-
ple in the majority of cases. Twenty-eight percent of 
subjects underwent the procedure in an operating room 
while under general anesthesia or sedation.

Subcutaneous periareolar injections or nipple blocks, 
using a 30-gauge needle, of 1% lidocaine were attempted 
but were subsequently abandoned because of subject 
discomfort. DL is then usually attempted immediately 
after nipple aspiration on all ducts that yield fluid. The 
woman is placed in the supine position, the skin and 
nipple area are cleansed with 70% alcohol. After nipple 
anesthesia, ductal orifices are gently enlarged with 
microdilators to facilitate cannulation. To facilitate 
insertion 2% zylocaine jelly is used on the dilator tip .  
A separate microcatheter is used for each duct cannula-
tion to prevent cellular cross-contamination between 
individual ductal systems. The microcatheter has been 
primed with 1% lidocaine or saline before insertion to 
eliminate air infusion. The catheter is inserted to a maxi-
mum depth of 1.5 cm and then 2 ml of normal saline, 
Plasmalyte or lactated ringers is infused. Then the breast 
is compressed or massaged to facilitate recovery of duc-
tal fluid into the collection chamber. The lavage proce-
dure (infusion, compression, and effluent collection) is 
repeated multiple times instilling a total volume of 
approximately 10–20 ml of normal saline and recover-
ing approximately 5–10 ml of ductal effluent per duct. 
The effluent is then centrifuged at 2,500 rpm for 10 min 
and the cell pellet resuspended in 20 ml of Preservcyt 
(Hologic, MA) for cytological examination and the 
supernatant frozen for other biomarker analysis.
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5.3.3  Modifications

More recently, Tondre et al. (2008) have used direct 
nipple injections with a 30-gauge needle of 1% lido-
caine buffered with sodium bicarbonate (Fig. 5.3). 
Additional lidocaine and or marcaine can be injected 
depending on the subject’s level of discomfort and the 
length of the procedure. Pain scores were low with this 
technique. This procedure also allows the nipple to 
become engorged and the ductal orifices are then more 
prominent. The dilators and stiffeners can also be used 
to identify non-discharging ducts. Pulling up on the 
nipple also permits the dilator and catheter to fall more 
easily into position. The use of a magnifying light also 
facilitates cannulation. With minimal instruction and 
practice, up to 6–8 non-fluid-yielding ducts can be can-
nulated in a short amount of time (Love et al. 2009).

Several investigators (Visvanathan et al. 2007; Loud 
et al. 2009) have reported poor tolerability for the pro-
cedure and a relatively high attrition rate (25%) when 
follow-ups were due. These procedures were done as 
part of high risk screening in BRCA1 and BRCA2 
mutation carriers or other high risk women and it was 
seen that women with greater pre-existing emotional 
distress experience more DL-related discomfort than 
they anticipated (Loud et al. 2009). Others (Tondre 
et al. 2008) had a much higher (near 90%) 6-month 
return rate with healthy volunteers and with a 95% 
return rate in high risk women (Twelves and Gui 2008). 
Naturally, there is some contribution from subject 
involvement and understanding and clinician input and 
enthusiasm for DL. With some subjects finding DL to 
be more tolerable than a mammogram while others 

experiencing it to be more uncomfortable, it’s utility as 
a routine screening tool is again questioned.

The DL technique can be used with ultrasound to 
identify ductal structures or perforations. It can also be 
used after ductoscopy again to identify and confirm 
that the structure cannulated is a duct not a perforation 
(Tondre et al. 2008) (see Figs. 5.4 and 5.5). Danforth 
et al. present a feasibility study where they followed 
DL with breast endoscopy and in 11 subjects per-
formed endoscopic sampling with a brush, coil, or 
aspiration device (Danforth et al. 2006). The later 

Fig. 5.3 Nipple block utilizing 30-gauge needle, note upward 
direction and site of injection

Fig. 5.4 A ductal trifurcaction visualized by ductoscopy (a) and 
its distention during lavage on ultrasound (b)
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techniques obtained increased cells/sample with mini-
mal trauma to the duct. This study was done under 
intravenous sedation.

5.4  Studies and Lessons Learned

Initial reports of the success of DL led multiple centers 
to undertake studies investigating its utility for risk 
assessment. Most centers involved subjects from their 

breast cancer high risk centers. Management recom-
mendations for DL were published in early 2003 
(Danforth et al. 2006). The interpretation of lavage 
cytology as benign was seen as a basis for repeat lavage 
in 1–3 years. Mildly atypical cytology would warrant 
repeat lavage within a year or raise consideration of 
 prevention therapy (see Fig. 5.6). Markedly atypical or 
“malignant” cytology would be the basis of additional 
studies to confirm the results, such as magnetic reso-
nance imaging (MRI), ductoscopy, or performance of a 
ductograms. These procedures might lead to a tissue 
biopsy if a lesion were found or the lavage results could 
lead to the use of prevention therapy. It was not recom-
mended that major surgical intervention be based on DL 
results. However, the initial enthusiasm with DL has 
waned as a number of the early hypotheses on which DL 
was based were found not to be completely accurate.

5.4.1  The Significance of Fluid  
Yielding Ducts

Initially the presumption was made that the duct that 
secreted most actively and therefore would be the 
most readily accessible would be the sentinel duct 
and represent the status of the whole breast (Dooley 
et al. 2001). In fact, if NAF represents a field defect 
within the whole breast, one would expect that sam-
pling any duct with NAF in a breast with cancer 
would demonstrate atypical cells. Studies by Khan 
et al. (2004) and Brogi et al. (2003) demonstrated that 
this is not the case. Another assumption made was 
that the fluid yielding ducts would be the ones most 
likely to harbor atypical and malignant cells and that 
NAF and DL fluid would therefore be similar. Based 
on the previous NAF studies mentioned above, an 
assumption was made that ducts yielding NAF would 
be the duct most likely to be abnormal. However, sev-
eral investigators have recently demonstrated that dry 
ducts are as likely to contain atypical cells as fluid 
yielding ones (Kurian et al. 2005; Bhandare et al. 
2005; Maddux et al. 2004) have shown atypical cells 
in non-discharging ducts at a rate similar to their inci-
dence in discharging ducts and Khan et al. (2005) 
showed that most ducts with ductal carcinoma in situ 
(DCIS) did not produce NAF. These findings are not 
surprising since spontaneous serosanguinous or 
watery discharge represents in situ or invasive cancer 
only about 5% of the time (Cabioglu et al. 2003).

Fig. 5.5 A perforation appears as irregularity and increased 
light on the scope (a) and pooling on the ultrasound (b)
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5.4.2  The Meaning and Clinical Utility  
of the Presence of Cytological 
Atypia

While atypical ductal hyperplasia from breast tissue 
biopsies has been shown to be a known risk factor by 
Dupont and Page in 1985 (Dupont and Page 1985) and 
cytological atypia in NAF has also shown an increased 
risk, although lower than histological in several studies 
by Wrensch, Buehring and Baltzell (Wrensch et al. 
2001; Buehring et al. 2006; Baltzell et al. 2008), the 
risk of atypia in DL had only been presumed. While it 
may be intuitively reasonable and biologically plausible 
that atypia detected in DL specimens would be associ-
ated with a comparable measure of association, docu-
mentation of this assumption still awaits maturation of 
prospectively accumulated data. The one multicenter 
study, the “Serial Evaluation of Ductal Epithelium” 

(SEDE) trial looking at this risk and designed to answer 
many of the questions surrounding DL was prematurely 
closed (Linder 2004). DL samples had been collected 
from women at high risk at 6-month intervals and 
assessed for both cytological features and supernatant 
fluid was frozen for future biomarker analysis. Attempts 
at follow-up of these subjects and their specimens are 
underway.

Cytological atypia in a DL sample was initially felt 
to merit clinical management. However, the repro-
ducibility of atypia on DL over time has not held up 
so that its usefulness in risk assessment has been 
questioned. A study by Johnson–Maddox found that 
less than half of women producing atypical DL sam-
ples on the first attempt were found to have atypical 
samples on a subsequent attempt (Johnson-Maddox 
et al. 2005). In the Patil study (Patil et al. 2008), 58% 
of women showed a change to benign cytology at 
6-months after being diagnosed with benign atypia at 

Fig. 5.6 Ductal lavage 
cellular cytologies. (a) Benign. 
(b) Mild atypia. (c) Marked 
atypia. (d) Malignant
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baseline, while 20% of women with benign cytology 
at baseline went on to mild atypia over 6-months. In a 
smaller study by Hartman et al. (2004), only one 
repeat DL in four women with mild atypia was persis-
tent. Visvanathan et al. (2007), evaluated the reliabil-
ity of NAF versus DL at two time points 6-months 
apart in women at increased risk for breast cancer 
where 24 ducts in 14 women were lavaged twice. 
Among these ducts, cellular yield for the two time 
points was inconsistent, and only fair cytologic agree-
ment was observed. In our study of 100 community 
women of unspecified risk who underwent lavage of  
3 ducts which were repeated in 6 months, only one of 
the initial 17 ducts with atypia remained atypical. The 
absence of reproducibility was seen in women at all 
risk levels.

One theory emerging from these and other studies 
is that the ductal epithelium requires more than  
6 months to fully regenerate – a contradiction to the 
notion that atypia on exfoliative cytology represents a 
proliferative process. Euhus et al. (2007) recently 
reported on a series of 514 ductal fluid samples in 150 
women where both atypia and DNA methylation were 
evaluated and found that both methylation and marked 
atypia were independently associated with risk. These 
observations led us to question whether all cytologi-
cal atypia is in fact representative of a proliferative 
premalignant state or whether it is alternatively more 
indicative of another process that may also be related 
to subsequent cancer development such as a low 
grade state of chronic inflammation exiting in the 
breast. Thus, we would now propose that DL mild 
atypia be interpreted more as similar to an ASCUS 
cervical Pap smear and viewed as an interpretation of 
uncertainty.

5.4.3  Cytology and Other Biomarkers  
for Use as Indicators for Screening 
for Risk or Chemoprevention

While the reproducibility of atypia is being questioned, 
there are few mature studies of DL to answer the ques-
tion if cytological atypia does indeed suggest increase 
risk. Only one study of 116 high risk women has fol-
lowed their patients for 1–4 years. While 25 women had 
atypia on DL, none had atypical pathology on further 
examination or developed breast cancer. Two women 
did develop breast cancer but both had benign lavages. 
This group no longer utilizes DL as part of their screen-
ing of high risk patients (Carruthers et al. 2007).

As the field of biomarker discovery has mush-
roomed over the last 10-years, several groups have 
explored both NAF and DL as a means to identify a 
panel of breast markers for detection of risk, disease, 
response to therapy, and/or reoccurrence (Dua et al. 
2006). Cytology, genomic changes, and protein profil-
ing techniques have been analyzed; however, the 
results have been discouragingly variable and not 
reproducible, perhaps due to lack of precise measure-
ment technology and reagents. A few studies have 
examined and compared cytology and biomarkers in 
paired DL studies (Table 5.2). Again, cytological eval-
uation consistently demonstrated low sensitivity while 
some biomarkers, particularly FISH had higher sensi-
tivities and specificities. Other markers such as DNA 
methylation have been examined in DL samples. Euhus 
found that atypia and methylation were independently 
associated with Gail risk and independent risk factors 
(Euhus et al. 2007). Fackler et al. (2006) reported  
that quantitative multiplexed methylation-specific PCR 

Fluid 
Collection

Cytology Biomarker Ref.

Sensitivity (%) Specificity (%) Assay Sensitivity (%) Specificity (%)

Lavage 33 89 FISH 100 100 Yamamoto et al. (2003)

Lavage 47 79 FISH 71 89 King et al. (2003)

Lavage 31 100 SELDI- 
TOF MS

75 NA Mendrinos et al. (2005)

Table 5.2 Comparison of cytology and biomarkers in paired studies of ductal lavage

Comparison of cytology and biomarkers in paired studies in which breast fluids were collected presurgically from women scheduled 
for excisional breast biopsies or mastectomies. Sensitivities reflect the detection of invasive and/or ductal carcinoma in situ (DCIS), 
except when noted. FISH, fluorescence in situ hybridization; NA, not available; SELDI-TOF MS, surface-enhanced laser desorption 
and ionization-time of flight mass spectrometry
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when used to detect tumor suppressor gene silencing 
in DL samples doubles the sensitivity for cancer iden-
tification compared with cytomorphology alone.

Reproductive hormones have been studied in NAF 
and DL and found that the concentrations of estrogens 
in breast fluids are significantly higher than in serum 
with little variation with the menstrual cycle or meno-
pause (Petrakis et al. 1993; Chatterton 2005). The use 
of a hormone as a biomarker of risk or response has not 
yet been established.

Khan et al. (2009) has looked at biomarkers in DL 
as part of a study of high risk women who had been 
offered Tamoxifen. They found over the study period 
that cytology was not an adequate marker of response 
to Tamoxifen. They also found that a 53% attrition 
rate, the expense of the catheter, the time required for 
the procedure, and the analysis of multiple samples per 
woman rendered DL an extremely expensive method 
of breast epithelial sampling. The variability of find-
ings over time about put into question the utility of this 
procedure for biomarker assessment over time in high 
risk women.

The quest is still ongoing for a reliable marker or 
markers of success of a chemoprevention and how to 
best sample tissue. That DL will have a niche in risk 
stratification is not clear and the information to date 
would appear not to support it use in that arena (Fabian 
2007). However, in the research field, it would seem 
that there is still a role for DL and the collection of 
cells, be they epithelial or histiocytes, and or other 
markers, such as endogenous hormones, proteins or 
exogenous carcinogens in the supernatant.

5.4.4  All Ducts Are the Same  
or Are They Unique

The breast has been looked upon as one organ with a 
right and a left side. Recent textbooks identify the 
ducts laid out radially in equal distributions of a pie. 
This is in direct opposition to anatomical studies by 
Cooper (Cooper 1845) and Going (Going and Moffat 
2004) who showed variation in the size of the lobes 
and that the six largest ductal systems constituted 75% 
of the volume of the breast.

One area not analyzed in many studies is the inter-
class coefficient of cytology, hormones, and other 

markers between ducts and between women. We have 
found that ducts from the same breast were no more 
similar than ducts from different breasts (Tondre et al. 
2006). More data is currently still being analyzed. 
Moreover, this would support the hypothesis of unique 
ducts within the breast, rather than a field defect. 
However, if every duct is indeed unique and breast can-
cer a lobar disease (Tot 2005) this makes epithelial sam-
pling difficult without a standardized anatomical map of 
the breast and nipple. It would seem imperative for 
imaging or other methods to be recognized as accurately 
directing and identifying which duct is abnormal.

5.4.5  Patient Selection

Candidates for DL were originally thought to be those 
who were at increased epidemiological risk of breast can-
cer, by the Gail model, women who have had contralat-
eral breast cancer or have genetic risk such as BRCA1 or 
BRCA2 mutations. DL was not seen as a screening test 
but a method to more precisely quantify breast cancer 
risk. It was hoped that women could be advised by their 
DL result to choose a risk-reduction drug or other strat-
egy. It was also hoped that DL could serve as an effective 
method of serial epithelial sampling to measure specific 
biomarkers to aid in the intermediate assessment of new 
preventive interventions (Fabian 2007).

While initially only high risk women were deemed 
candidates for DL, and primarily those with fluid yield-
ing ducts, it has become evident that the value of DL 
may lie in understanding the basic anatomy and physi-
ology of the breast and in future noninvasive treatment 
of the breast with ductoscopy and intraductal therapy.

5.5  The Future

The unsatisfying experience with cytological atypia  
has led us to pursue other facets and utility of DL. The 
Dr. Susan Love Research Foundation (DSLRF) is cur-
rently looking at macrophages and cytokine production 
in ductal fluid to see if we can identify a more promising 
risk factor. As the breast oncology field is looking at the 
tumor microenvironment, we are also looking more 
carefully at the ductal microenvironment. Our initial 
investigation of reproductive hormones in the ductal 
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fluid is showing little correlation between ducts thus, 
suggesting that each ductal tree is its own system.

We are also reexamining the physiology and secre-
tory activity of the non-lactating breast or resting 
breast. Bonser et al. (1961) found that mature non-
lactating breasts contained secretion in the alveoli, 
tubules, ductules, and ducts and injected suspensions 
of India ink into the breast ducts of rabbits and found 
that the injected material moved out of lumen through 
the walls and eventually into the lymphatics. They felt 
that this supported their hypothesis that secretion and 
reabsorption were constantly taking place. Few studies 
in the last 50 years have been reported on the physiol-
ogy of the resting breast. Our foundation is currently 
studying membrane transport mechanisms in the rest-
ing breast using several agents, including caffeine, 
cimetidine, aspirin, and mannitol. We are looking at 
the absorption of these ingested substances into parous 
and nulliparous women’s breast over a 12-h period 
using DL and then comparing the curves to those of 
lactating women’s breast milk.

Preliminary results showed significant and intriguing 
differences (Mills et al. 2009). In lactating women, caf-
feine passively diffuses into milk rapidly within 1 h and 
reflects serum levels. In resting breasts, caffeine levels 
generally peak at 6 h or later after injection. Cimetidine, 
on the other hand, is known to be concentrated in milk 
in the lactating woman but was not detected in ductal 
fluid from the resting breast. Since cimetidine is known 
to be actively transported in the lactating woman, this 
pattern is consistent with a transporter protein that is 
transcribed only during lactation. The concentrations 
and time course of drugs in NAF and DL also seem to 
differ suggesting some physiological difference other 
than dilution. There was a significant difference between 
parous and nulliparous women in terms of caffeine con-
centrations and uptake. Finally, preliminary analyses of 
injected mannitol into breast ducts are still undergoing 
investigation to better understand the bidirectional trans-
fer of drugs as well as the study of other safe drugs that 
can be used with volunteers.

The experience with DL and the ability to cannulate 
non-discharging ducts has opened up the field to the 
possibility of intraductal therapy. While once assumed 
that the breast was impenetrable through the nipple, we 
have now been successful in instilling saline, lactated 
ringers, and mannitol through the orifices of the nipple 
in non-discharging ducts without sequelae. Success in 
the intraductal field starting with the animal model is 

discussed elsewhere in this textbook. Two human safety 
trials have been conducted with women undergoing 
mastectomies. The DSLRF is supervising the first clini-
cal trial in a rural area looking at intraductal therapy of 
DCIS with liposomal doxorubicin (PLD). This study is 
testing the safety and feasibility of this neo adjuvant 
approach in women with ductal carcinoma in situ prior 
to definitive surgery. To date, with nine patients, we 
have been able to demonstrate our ability to correctly 
identify the orifice of the affected duct, and safely deliver 
20 mg of PLD demonstrating histological changes. 
Further evaluation of markers, MRI changes, and pathol-
ogy will be performed once accrual (30 women) has 
been completed (Mahoney 2009).

While the initial enthusiasm about DL for risk assess-
ment has not been sustained, its use has led to an impor-
tant reinvestigation into the field of the resting breast’s 
anatomy and physiology. Every other year since 1999, 
the DSLRF has held an international symposium on the 
intraductal approach to breast cancer. Symposium high-
lights, abstracts and a listing of pilot grants given out are 
available on line at www.dslrf.org or in publication (Sixth 
international symposium on the intraductal approach to 
breast cancer 2009). The sixth symposium was held in 
2009 and was attended by over 120 clinicians, research-
ers, and advocates who expressed a growing interest and 
excitement for this field. This basic knowledge of the 
ductal/lobar systems intraductal approach to breast can-
cer would appear to be essential if the treatment and pre-
vention of breast cancer is to evolve and to be applied in 
a more logical and less invasive way.

While the excitement with the new tool of a micro-
catheter and a novel technique of DL might have led 
clinicians to jump ahead of the basic knowledge, it 
does not seem in vain and we have presented the les-
sons learned in this cautionary tale. It should be appar-
ent that the details of Keynes quote on the degree and 
constitution of the breast secretions are still elusive 
and need further exploration.
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6.1  Introduction

The pathological workup of breast specimens has dra-
matically changed in recent years since the increasing 
use of large (macro) sections (Foschini et al. 2006, 2007; 
Tot 2003, 2005, 2007a). Large-format histology sections 
were applied for the first time to human tissue by Cheatle 
(1921) and by Ingleby and Holly (1939) to visualize the 
relationship between neoplastic lesions and the sur-
rounding tissue. Subsequently, the method was improved 
(Wellings and Jensen 1973; Sarnelli and Squartini 1986; 
Faverly et al. 1992; Foschini et al. 2002) and studies 
based on large sections have evidenced important cor-
relations between mammography and pathology, first of 
all regarding tumor extent (Egan and Mosteller 1977; 
Faverly et al. 1994; Gallager and Martin 1969).

Large sections are also useful in assessing the status 
of the excision margins and in facilitating the correct 
measurement of the size of the tumor (Foschini et al. 
2002). Accordingly, the issue was addressed by 
Jackson et al. (1994) who compared two series of oper-
ated breast carcinomas, one studied with conventional 
histology method and the other with large sections. 
The size of the lesion could be determined in all cases 
using large sections, while size could be measured in 
only 63% of the cases studied with conventional small 
blocks. Further advantages of using large sections are 
proper assessment of the extent of the tumors, and 
assessment of the unifocality of in situ and invasive 
lesions and of multiple (multifocal and multicentric) 
lesions (Foschini et al. 2006, 2007; Tot 2005).

6.2  Mural Spread of Neoplastic Cells

The genesis of ductal carcinoma in situ (DCIS) from 
terminal ductal lobular unit (TDLU) was proposed by 
Wellings and Jensen (1973) using large sections. This 
view has been accepted for decades and only recently 
challenged by Tot (2005).

Since the seminal papers by Going and Moffat 
(2004), Mai et al. (2000) and Ohtake et al. (1995), it is 
well established that the breast is constituted of 11–48 
lobes which are independent microanatomic struc-
tures. Three dimensionally, breast lobes can be depicted 
as cones with apex directed toward the nipple and their 
base, which contain most of the lobules, facing the 
deep fascia. Some lobes (dominant lobes) can be 
extremely widespread over more than a quadrant and 
cannot be individually separated from the other lobes 
because the branches of the ductal system intermingle 
with those of adjacent lobes. This is well known to 
radiologists who frequently observe such spread of 
injected contrast medium into a collecting duct over 
more than one quadrant. Ohtake et al. (1995) have sug-
gested the existence of branching anastomoses between 
different lobes, a view that is not confirmed by radiolo-
gists who never see retrograde spreading of the con-
trast medium into branches of different lobes.

Presence of anastomoses would be relevant as it 
would imply diffusion of neoplastic cells from one 
lobe to the next without the necessity of invading 
the stroma. This is pertinent to the knowledge that 
neoplastic cells from poorly differentiated carcino-
mas may climb along the duct walls on their way to 
the epidermis, which is finally cancerized in the form 
of Paget’s cell carcinoma (Marucci et al. 2002). This 
phenomenon is mostly evident in cells that express 
HER-2 and show dendritic features (Fig. 6.1), a 
morphological hallmark of a cell that is capable of 
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movement (Marucci et al. 2002; Tavassoli and Eusebi 
2009). An additional feature of intraductal spread is 
the so-called pagetoid spread, classically observed  
in lobular carcinomas in situ (LCIS). This form of 
“mural” ductal spread was described by Fechner 
(1973), but is not exclusive to lobular carcinomas 
being present also in duct carcinomas of poorly differ-
entiated type (Fig. 6.2a and b) as well as in neuroen-
docrine DCIS (Tsang and Chan 1996). The spread 
of the cells along duct walls is not unanimously 
accepted (Tot 2005); nevertheless, it would be dif-
ficult to justify the presence of individual neoplas-
tic cells located in the ducts far away from the main 
DCIS, a phenomenon that would not been explained 
even by the field effect theory (Slaughter et al. 1953; 
Braakhuis et al. 2004).

DCIS have been traditionally classified according to 
their histological architecture and were named clinging, 
micropapillary, papillary, cribriform and comedo carci-
nomas (Rosen and Oberman 1993). Such subdivision of 
DCIS, however, was not practically useful as about 50% 
of the cases were of mixed type (Patchefsky et al. 1989), 
and in addition, it did not provide any prognostic or pre-
dictive information. After the publication of the seminal 
paper by Holland et al. (1994), the structural criteria to 
classify DCIS were abandoned and intraductal neo-
plasms were mostly classified according to their cyto-
architectural differentiation. This led to establishing the 
category of well-differentiated DCIS when neoplastic 
nuclei were monotonous and cells were oriented along 

lumina; of poorly differentiated DCIS showing pleo-
morphic nuclei and no orientation along lumina, and 
finally, of intermediately differentiated DCIS with irreg-
ular pleomorphic nuclei and cells oriented along lumina. 
Accordingly, well-differentiated DCIS are estrogen 
receptor (ER) and progesterone receptor (PR) rich, 
while poorly differentiated DCIS are ER and PR poor 
with most of the latter showing HER-2 positivity 
(Bobrow et al. 1994).

After the paper of Holland et al. (1994), as it fre-
quently happens in pathology, classifications of DCIS 
being mostly variations on the theme of the original 
 proposal flourished, as did the terminological disputes. 
A classification very similar to the one of Holland et al. 
(1994) was adopted by WHO (2003) although differ-
ent terminologies were used, i.e., DCIS/DIN (ductal 

Fig. 6.1 Her-2 positive dendritic cells “climbing” along a galac-
tophore duct. These cells were located between a DCIS/DIN3 
present deep in the breast and Paget’s cell carcinoma in the 
nipple

a

b

Fig. 6.2 (a) Mural spread of neoplastic cells located between 
the basal lamina and luminal epithelium. (b) The neoplastic cells 
show pleomorphic nuclei (and were Her-2 and e-cadherin posi-
tive, which is not illustrated in this figure). A clear-cut DCIS/
DIN3 was located nearby
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intraepithelial neoplasia) I, II, and III. This classifica-
tion was also adopted by the AFIP breast tumor fasci-
cle (2009).

6.3  How to Define In Situ  
Neoplastic Lesion?

Historically, the first definition of in situ carcinoma 
was provided by Broders (1932) who illustrated a case 
of what Foote and Stewart (1941) defined later as in 
situ lobular carcinoma. The first acceptable description 
of comedocarcinoma was that of Bloodgood (1934). 
Cheatle (1921) using large sections in 1921 stated for 
the first time that carcinomas initially existed within 
ducts. Dawson (1933) also concluded that the majority 
of cases arise in the terminal, intralobular ducts, a view 
further expanded by Wellings and Jensen (1973) who 
stated that intraductal extension of breast carcinoma is 
a noninvasive continuous proliferation of neoplastic 
cells originating in ductal or lobular epithelium of 
TDLUs preserving the basement membrane (Wellings 
and Jensen 1973). Nevertheless, in the premammo-
graphic era, some cases diagnosed as grade 3 DCIS/
DIN3 were accompanied by simultaneous presence of 
lymph node metastases to such an extent that this led 
to label the primary breast tumors as “infiltrating 
comedocarcinoma” (Stewart 1950). Stewart himself 
stated that “comedocarcinoma is invariably infiltrating 
when its presence is discovered” (1950) and Sirtori 
and Talamazzi (1967) that in situ carcinomas of the 
breast hardly exist.

The current classical view is that in situ lesions are 
invariably surrounded by a continuous layer of myo-
epithelial cells and basal lamina whereas invasive 
lesions show discontinuous or fragmented basal lam-
ina (Azzopardi et al. 1979). To this classical view, 
exceptions probably exist. It has been shown that myo-
epithelial elements can be absent in normal breast with 
apocrine changes (Cserni 2008). If a DCIS originates 
from such structures, it would be devoid of myoepithe-
lial cells. In a case of DCIS of our own in which the in 
situ nature was undisputable (both structurally and 
immunohistochemically, i.e., presence of basal lam-
ina), the myoepithelial differentiation of the basal cells 
could not be proved (Fig. 6.3a–e). Damiani et al. 
(1999) in an immunohistochemical study designed to 
assess whether cases in a series of “comedocarcinoma” 

were in situ or invasive, employed at the same time 
three different markers (actin, laminin ,and collagen 
IV) as only one was not sufficient to establish the cor-
rect diagnosis. The presence of one of these, in con-
junction with appropriate structural features, was 
sufficient to regard the given lesion for being in situ. In 
spite of that, in two cases it was stated that the authors 
did not reach any conclusion and considered them as 
indeterminate for invasion. Intracystic papillary carci-
nomas of large size frequently do not show any myo-
epithelial layer. These same lesions are equated to 
DCIS/DIN as practically never generate nodal metas-
tases. Therefore, it seems that the term “in situ” in the 
breast is a concept of a nonmetastasizing proliferative 
intraglandular lesion not strictly related to stringent 
morphologic features. The same applies to invasion. 
Nerves and vessels including lymphatics, veins, and 
arteries are occasionally “invaded” by “benign” glan-
dular structures and no harm to the patient ensues 
(Davies 1973; Eusebi and Azzopardi 1976; Taylor and 
Norris 1967).

Neoplastic ductoneogenesis is a proliferative not 
yet morphologically well-defined process. It is char-
acterized by digitiform newly formed tubules filled 
by neoplastic cells that sprout from ducts in cases of 
DCIS, most frequently of poorly differentiated type 
(Tabár et al. 2004). This is probably the neoplastic 
counterpart of acinar and tubular proliferation seen 
physiologically in lobules during pregnancy or in 
benign lesions such as sclerosing adenosis of acinar 
and periductal types (Tanaka and Oota 1970). 
Accordingly, newly formed large tubules clump 
together; they appear distended and filled by neoplas-
tic cells. Most of “neogenetic” tubules show a myo-
epithelial cell layer and/or a basal lamina. In some of 
these, the process is defective and consequently myo-
epithelial elements and/or basal lamina are lacking, 
which simulates an “invasive comedocarcinoma.” 
This is so true that in a small series of 11 cases of 
DIN3 with features suggestive of stromal invasion on 
hematoxylin–eosin (H&E stain), it was found that 
immunohistochemistry for smooth muscle actin, col-
lagen IV, and laminin assured the correct diagnosis of 
DIN3 in four cases, of invasive carcinoma in five 
cases. In two, it was not possible to establish the diag-
nosis, in spite of immunohistochemistry. This was 
due to the fact that the “comedo” nests had very het-
erogeneous staining being variably positive in adja-
cent clumps for one or another marker while rare 
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a

b

c

d

e

Fig. 6.3 (a) Well-differentiated DCIS characterized by flat epi-
thelial atypia and cribriform structures. (b) The cells are well 
oriented; the nuclei are monotonous. A cribriform structure is 
well evident. (c) Keratin 14 immunohistochemistry: The basal 
cells are present but not expressing keratin 14 (nor p63 or smooth 

muscle actin, not illustrated in this figure). (d) The same case 
stained on laminin: The glandular neoplastic structures are 
totally devoid of laminin. (e) The same case stained on collagen 
IV: The neoplastic glandular structures are well outlined by 
 collagen IV
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clumps were totally negative for all of them. A final 
situation is constituted by “blunt invasion” in which 
carcinoma infiltrates as round or linear nests that sim-
ulate ducts distended by carcinoma in situ (Koerner 
2009). This type of invasion has probably led Cowen 
and Bates (1984) to state that the diagnosis of inva-
sion is confounded in some instances as invasive car-
cinomas can simulate DCIS. Therefore, it is possible 
to conclude that the diagnosis of in situ lesions, espe-
cially in DCIS/DIN3, is occasionally very difficult if 
not impossible. Immunohistochemistry is often help-
ful, but the use of large sections is mandatory in order 
to examine the entire lesion as in these cases the sub-
gross architecture has consistent diagnostic relevance. 
Ductoneogenesis as described above is a scenario that 
has not been fully proven; nevertheless, if it is true, it 
would explain why DCIS forms a lump. One duct 
only, even if extremely distended by neoplastic cells 
would hardly be palpable. On the contrary, when sev-
eral distended neogenetic ducts clump together and 
are simultaneously distended by neoplastic cells, 
these would make the lump clinically evident.

6.4  Unifocality, Multifocality, 
and Multicentricity of DCIS

Faverly et al. (1994) in a seminal paper published in 
1994 demonstrated that poorly differentiated DCIS/
DIN3 were unifocal proliferations while the opposite 
was seen in well-differentiated DCIS/DIN1 which 
were multifocal. Tot (2007a) stratified DCIS in dif-
fuse (24%) (along major ducts), multifocal (40%) 
(defined as involvement of multiple distant lobules 
with uninvolved tissue in between), unifocal (32%) 
(defined as involvement of single or adjacent lobules 
without uninvolved tissue in between). Tot (2005, 
2007b) suggested that the simultaneous and/or asyn-
chronous multiple in situ tumor foci are usually local-
ized in a single lobe of the breast, and he proposed 
the theory of the sick lobe of one breast stating that 
the sick lobe itself was genetically malconstructed 
from birth and that accumulation of genetic changes 
during the decades following the postnatal period 
would have led to malignant changes of the epithelial 
cell in any part of the sick lobe.

Foschini et al. (2006) in a study of 13 cases of 
lobular intraepithelial neoplasia (LIN) (Tavassoli and 

Eusebi 2009) defined multifocality (Fig. 6.4) as mul-
tiple foci of LIN present in the same lobe and multi-
centricity (Fig. 6.5) as multiple foci of LIN present in 
different lobes (Foschini et al. 2006; Tot 2005), a 
view also shared by Tot (2003). Cases were studied 
using large sections from mastectomies. The number 
of neoplastic foci ranged from 2 to 77 (mean 23.92) 
with 6 cases (46%) showing more than 20 foci. 
Foschini et al. (2006) also measured the maximum 
distance among LIN foci which ranged from 5 to 112 
mm (mean 35 mm) with 9 cases (69.23%) out of 13 
being more than 20 mm. Therefore, it appears that all 
cases of LIN displayed more than one focus, some 
foci (30%) clustered within 20 mm, but the majority 

Fig. 6.4 Extent of DCIS/DIN3: This is a nice example of multi-
focality within the same lobe. Large-format histology slide, 
H&E stain

Fig. 6.5 Extent of DCIS/DIN1: The tumor is spread over at 
least two quadrants. This condition, probably multilobar, might 
be an example of multicentricity. Large-format histology slide, 
H&E stain
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were scattered through all breast quadrants. A lobe 
comprises everything between 2% and 23% of the 
breast volume (Going and Moffat 2004). Some of the 
cases studied by Foschini et al. (2006) showed foci 
distant up to 112 mm. This would make highly unlike 
the fact that more that 60% of LIN arise within a 
“dominant” large lobe, while it is more plausible that 
LIN would arise within different lobes being a multi-
focal and/or multicentric disease.

Foschini et al. (2007) also studied large sections 
from mastectomies of 45 cases of DCIS/DIN. Thirteen 
cases were DIN1. The number of DIN1 foci ranged 
from 1 (one case) to over 100 (mean 35.08). The maxi-
mum distance among multiple foci ranged from 12 to 
55 mm (mean 35.42 mm). In 10 out of 13 cases 
(76.9%), the maximum distance was superior to 
20 mm. Twelve cases were DCIS/DIN3. The number 
of foci varied from 1 (one case) to over 100 (one case), 
mean 24. On the all, DIN3 foci were in lower number 
than DIN1, being in 4 cases out of 12 (33.3%) the 
number of foci lower than 20. The range of the maxi-
mum distance among foci varied from 2 to 51 mm, the 
mean distance being 22 mm. Five cases only out of 12 
(45.4%) displayed a distance superior to 20 mm. The 
20 cases of DCIS/DIN2 were similar to those of DIN3. 
Therefore, it seems that DIN1 is a widespread condi-
tion involving more than a quadrant and hence more 
than one lobe, whereas DIN2 and DIN3 appear to clus-
ter together, probably confined to one lobe. It also 
appears that DIN1 and LCIS show more similarities 
than differences than what has been previously 
recognized.

The fact that LIN and DIN1 are probably multilobar 
conditions with very distant neoplastic foci appearing 
almost simultaneously suggests the existence of a 

genetic “malconstruction” where the oncogenic fac-
tors act. DIN3 seem to be more localized, unilobar 
conditions (Fig. 6.6). These would be more compatible 
with an acquired neoplastic transformation where 
“environmental oncogenic factors” would face the 
tumor.

6.5  Conclusions

Most of the data obtained indicate that DCIS grade 1 
and LIN are very often true multicentric (multilobar) 
diseases, while DCIS grade 2 and 3 are frequently uni-
focal or at most multifocal (unilobar) diseases. A more 
widespread use of large sections in routine pathology 
will give more accurate knowledge on extent and 
growth patterns of breast in situ neoplasms.
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7.1  Introduction

Mammographic screening of asymptomatic women leads to the detection of an unprecedented number of in situ 
and nonpalpable 1–9 mm and 10–14 mm invasive breast cancers. Detecting breast cancer at an earlier phase in 
its development and at a smaller tumor size is, however, no guarantee that the disease will be localized to a small, 
confined volume in every case. In fact, multifocal and/or diffuse breast cancers comprise the majority of breast 
cancers in every size range (Holland et al. 1985; Tot 2007). These studies have also shown that the frequency of 
unifocal and multifocal breast cancers is unaffected by tumor size at detection (Table 7.1).

The unfortunately frequent multifocal/diffuse nature of breast cancer defines the roles of the interdisciplinary 
breast team members:

1.  The radiologist needs to assess the volume of breast tissue that has been affected by the disease, after 
having detected the lesion at screening and reached a diagnosis using a multimodality imaging workup.

2.  Since breast cancer is not a systemic disease in its earliest detectable phase, it is primarily a surgical 
disease when nonpalpable and detected at screening. The benefit of early detection depends upon com-
plete surgical removal of the disease. The full extent of each breast cancer, as outlined by imaging, 
should guide the surgical approach.

3.  The all-too-frequent multifocality and lobar distribution of breast cancer require the routine use of mod-
ern large-section pathology technique, which provides the most comprehensive correlation with the imag-
ing findings. The high-resolution, three-dimensional imaging techniques (MRI and ultrasound examination 
of the breast) expose the limitations inherent to the currently used small histologic glass slides. Failure to 
confirm the nature of lesions detected by imaging leads to underestimation of true disease extent and 
unjustified claims of overdiagnosis by imaging.

4.  The risk-benefit and cost-benefit ratios for the use of adjuvant therapeutic regimens on women with screen-
detected, 1–14 mm breast cancer are highly unfavorable, as demonstrated in Diagrams 7.1–7.6. The 26-year 
survival of 576 women with 1–14 mm invasive breast cancer, who were subjected to breast-conserving sur-
gery and postoperative irradiation, was 88% (Diagram 7.1), while the corresponding figure for 384 women 
who received breast-conserving surgery without postoperative irradiation, Tamoxifen, or chemotherapy was 
89% (Diagram 7.2). These survival curves are, however, a summation of several, diverse survival curves, a 
reflection of the heterogeneous nature of breast cancer within the same tumor size range. Separation of cases 
having casting type calcifications on the mammogram from the remainder identifies cases having a poor 
versus a very good long-term outcome. Diagrams 7.3 and 7.4 show the outcome of these two groups with 
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and without postoperative irradiation (Diagrams 7.3 and 7.4). The use of all five mammographic tumor 
features enables a more precise discrimination between subgroups with good and poor outcome, again with 
and without postoperative adjuvant therapy (Diagrams 7.5 and 7.6). We can conclude that adjuvant thera-
peutic regimens offer little or no demonstrable benefit to the 1–14 mm nonpalpable screen-detected breast 
cancers. A similar conclusion was reached by Cady and Chung: “The reduction in need for radiation and 
systemic adjuvant chemotherapy, which are both expensive and toxic, is made possible by detecting highly 
curable T1a and T1b breast cancers” (Cady and Chung 2005).

Unifocal Nonunifocal All

In situ 29% (23/79) 71% (56/79) 79

1–9 mm 37% (33/90) 63% (57/90) 90

10–19 mm 46% (103/225) 54% (122/225) 225

20–29 mm 36% (36/100) 64% (64/100) 100

30+ mm 18% (13/71) 82% (58/71) 71

All 37% (208/565) 63% (357/565) 565

Table 7.1 The frequency of unifocal versus combined multifocal breast cancers by tumor size in 565 cases diagnosed in Falun 
2005–2007
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Diagram 7.1 Twenty-six-
year cumulative survival of 
576 consecutive women with 
1–14 mm invasive breast 
cancer. Women aged 40–69 at 
diagnosis, who received 
breast-conserving surgery and 
postoperative irradiation. 
Dalarna County, Sweden
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Diagram 7.2 Twenty- 
six-year cumulative survival 
of 384 consecutive women 
aged 40–69 at diagnosis with 
1–14 mm invasive breast 
cancer who received 
breast-conserving surgery but 
no chemotherapy, Tamoxifen 
or postoperative irradiation. 
Dalarna County, Sweden
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six-year cumulative survival of 
576 consecutive women with 
1–14 mm invasive breast 
cancer according to the 
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40–69 at diagnosis, who 
received breast-conserving 
surgery and postoperative 
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Diagram 7.5 Twenty- 
six-year cumulative survival 
of 567 consecutive women 
with 1–14 mm invasive breast 
cancer according to the five 
mammographic tumor 
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at diagnosis, who received 
breast-conserving surgery 
and postoperative irradiation. 
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7.2  The Multifocal Nature of Breast Cancer and the Imaging Methods of Choice

The two comprehensive histopathologic analyses of the extent and distribution of breast cancer published from two 
separate institutions 2 decades apart (Holland et al. 1985. Tot 2007) arrived at the same conclusion that multifocal and 
diffuse breast cancers account for approximately 60% of the cases. According to the recent study of Tot, based on 
large-section histology, approximately 40% of breast cancers are unifocal, irrespective of tumor size; 20% are multifo-
cal, but limited to a region measuring less than 40 mm; 40% of breast cancers are either multifocal or diffuse, when 
the invasive and/or in situ foci occupy a region larger or equal to 40 mm. The arbitrary cutoff point of 40 mm has been 
adopted to guide the choice between breast-conserving surgery and mastectomy.

Multimodality breast imaging has been developed over the past 2 decades for the following reasons:

The heterogeneous and often multifocal nature of breast cancer•	
The difficulty of detecting small breast cancers in dense breasts•	
The need to describe the true extent of the disease for appropriate surgical management•	

Each imaging method reflects the underlying normal anatomy and pathology, but with its own capabilities and 
limitations. The method or combination of methods chosen for imaging benign and malignant breast diseases 
will depend upon which method or combination of methods will be able to visualize:

The nature of the underlying disease•	
The extent of the pathologic tissue•	
The lesion in question against the background of breast parenchyma•	

Mammography is at its best in demonstrating all forms of pathology in the fatty replaced breast as well as dem-
onstrating microcalcifications, irrespective of the mammographic parenchymal pattern (Tabar et al. 2005). 
However, the majority of breast cancers do not present with calcifications on the mammogram, and there is a 
high priority for detecting invasive, noncalcified breast cancers, when smaller than 15 mm, also in dense breasts 
(Yen et al. 2003). Breast ultrasound, while inferior in revealing calcifications, excels in demonstrating invasive 
tumors regardless of the nature of the surrounding tissue, and has thus become an invaluable complementary 
imaging tool. Ultrasound is also the most convenient method for image-guided percutaneous biopsy. 
Galactography retains its unique ability to image the underlying cause of spontaneous bloody or serous breast 
discharge, especially in the absence of mammographic or palpatory findings. Magnetic resonance imaging adds 
the new aspect of functional imaging, which is particularly useful for describing the full extent of the disease. 
MRI can also detect additional ipsi/contralateral tumor foci not detected by mammography. Other functional 
imaging methods using radioactive isotopes are under evaluation.

7.3  The Diverse Imaging Appearances and Long-Term Outcome of Unifocal, 
Multifocal, and Diffuse Breast Cancers

The histologic diversity of breast cancer is reflected in the diversity of its imaging appearance at mammography, 
ultrasound, and MRI. The individual and/or combined imaging findings are illustrated with representative examples 
(Examples 7.1–7.15).
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Unifocal breast cancers, accounting for approximately 40% of all breast cancer cases, are invasive in most 
cases and may appear as a solitary stellate (spiculated) or circular/oval density (Examples 7.1 and 7.2). In our 
material, in situ carcinoma was unifocal in 29% of all in situ cases. In some of these cases, a single TDLU is 
distended by the accumulating cancer cells, central necrosis, and associated amorphous calcifications 
(Example 7.3). In the absence of calcifications, unifocal in situ breast cancer may present as a tumor mass 
(Examples 7.4 and 7.5). Multifocal/diffuse breast cancers are categorized as either limited (approx. 20%) 
(Examples 7.6–7.9) or extensive (approx. 40%) (Examples 7.10–7.15). Their imaging appearance is similar 
in nature but differs in extent, the cutoff point being arbitrarily set at 40 mm.

Four of our survival curves demonstrate the survival advantage inherent to tumor unifocality regardless of 
tumor size range (Diagrams 7.7–7.10). These data quantify the deleterious effect of multifocality and emphasize 
the importance of detecting this entity. The thorough preoperative multimodality imaging approach, including 
mammography, breast ultrasound and especially breast MRI, offers the best opportunity for detecting the unifocal/
multifocal/diffuse nature and describing the true extent of breast cancer. Multifocality is a negative prognostic 
factor, independent of tumor size, although its effect becomes more significant with increasing tumor size.
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 Example 7.1 A 69-year-old asymptomatic woman, screening examination

Figs. 7.1.3 and 7.1.4 Photographic magnification of the region in the right MLO projection containing the tiny ill-defined lesion 
(1.3). Microfocus magnification: the mammographic finding consists of a <10 mm solitary, ill-defined, mammographically malig-
nant tumor with no associated calcifications (1.4)

Figs. 7.1.1 and 
7.1.2 Right and left 
breasts, details of the MLO 
projections. The mammo-
grams show adipose 
breasts. There is a tiny 
asymmetric density in the 
axillary tail of the right 
breast (within the 
rectangle)
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Figs. 7.1.8–7.1.13 Series 
of breast MRI images 
confirm the solitary nature 
of the lesion

Figs. 7.1.5–7.1.7 Breast 
ultrasound: The lesion 
measures about 6 mm 
(1.5). Image taken during 
ultrasound-guided 14-g 
core biopsy (1.6)

Figs. 7.1.14 and 7.1.15 Operative specimen radiograph 
(7.1.14). The lesion is centrally located in the specimen. 
Low-power histologic image (7.1.15) of the solitary 6 × 7 mm 
well-differentiated invasive ductal carcinoma

Comment: This case is representative of unifocal invasive breast cancers, which account for approximately 40% 
of all breast cancer cases.
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 Example 7.2 A 64-year-old asymptomatic woman, called back from screening for further 
assessment of the mammographically detected tiny, solitary, ill-defined lesion in the upper 
inner quadrant of her left breast

Figs. 7.2.1–7.2.6 Left breast, mediolateral (7.2.1) and craniocaudal (7.2.2) projections. There is a <10 mm lesion in the upper 
inner quadrant. Microfocus magnification images (7.2.3, 7.2.4) show a solitary, spiculated, mammographically malignant tumor. 
Breast ultrasound examination (7.2.5, 7.2.6) confirms the mammographic diagnosis
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Figs. 7.2.7 and 7.2.8 Radiograph of the surgical specimen following preoperative localization using the bracketing technique

Fig. 7.2.9 Large-section 
histology. The solitary 
stellate invasive tumor 
measures 9 mm

Comment: This case is representative of unifocal stellate invasive breast cancers. Stellate/spiculated tumor shape is 
the most frequent mammographic appearance of invasive breast cancers in the tumor size category 1–14 mm.
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Figs. 7.3.1–7.3.3 Left breast MLO projection (3.1), lateromedial horizontal projection (3.2), and microfocus magnification (3.3): The 
15X10 mm solitary cluster of malignant-type microcalcifications vary in shape, density, and size. No associated tumor mass is 
demonstrable

Figs. 7.3.4 and 7.3.5 Left breast craniocaudal projection (3.4) and microfocus magnification (3.5): There is a mixture of crushed 
stone-like and short casting-type, mammographically malignant-type microcalcifications in a large cluster

 Example 7.3 A 54-year-old asymptomatic woman, screening examination. She was called 
back to the assessment center for further workup of the cluster of microcalcifications 
detected on the screening mammograms of the left breast
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Figs. 7.3.6 and 
7.3.7 Breast MRI: There 
is a 15x10 mm focal area 
with contrast enhance-
ment in the lateral portion 
of the left breast, 
suggesting malignancy

Figs. 7.3.8–7.3.11 Breast MRI, sagittal views: The 
contrast enhancement is localized in the upper outer 
quadrant and measures 13x10x7 mm

Figs. 7.3.12 and 7.3.13 Breast 
ultrasound: Corresponding to the 
mammographically detected region 
with the malignant-type calcifica-
tions, ultrasound examination 
shows a hypoechoic, ill-defined 
lesion measuring 15 mm. The 
lesion also contains tiny calcifica-
tions. A tiny simple cyst is seen 
adjacent to the tumor



100 L.K. Tabár et al.

Figs. 7.3.14–7.3.17 Image 
taken during ultrasound-
guided 14-g biopsy (7.3.14) 
and radiographs of the 
percutaneous biopsy 
specimen (7.3.15, 7.3.16). 
Histology of the core 
specimen, immunohis-
tochemistry, smooth muscle 
actin: In situ carcinoma 
(7.3.17)

Figs. 7.3.18–7.3.20 Preoperative 
localization using the bracketing 
technique (7.3.18). Specimen 
radiograph containing the microcal-
cifications (7.3.19) and large-section 
histology (7.3.20). The pathologic 
area measures 15 x 10 mm at 
histology
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Figs. 7.3.21 and 7.3.22 Microfocus 
magnification of one of the specimen slices. 
Both casting-type and crushed stone-like 
calcifications are seen within the cluster 
(7.3.21). The histologic image demonstrates 
the cancer-filled, extremely distended acini 
with central necrosis and amorphous 
calcifications (7.3.22)

Figs. 7.3.23–7.3.26 Specimen 
radiographs show a large cluster 
of malignant-type calcifications 
(7.3.23, 7.3.24). Low- and 
high-power histology images of 
the solitary, 15 x 10 mm TDLU 
distended and deformed by Grade 
2 in situ carcinoma (7.3.25, 
7.3.26)

Comment: This case is typical of unifocal in situ carcinoma, where the TDLU is dilated by the accumulating 
cancer cells, central necrosis, and amorphous calcifications.
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 Example 7.4 A 47-year-old asymptomatic woman, screening case. She was called back 
for further assessment of the right retroareolar lesion

Fig. 7.4.1 Right breast, details of the CC projection. There is a 
low density, circular lesion with no associated calcifications in 
the retroareolar region

Figs. 7.4.2 and 7.4.3 Breast ultrasound (7.4.2) shows an 
intracystic papillary growth. Low-power large-section 
histology image (7.4.3): The intracystic papillary carcinoma in 
situ is surrounded by a thick fibrous capsule

Comment: This case is typical of unifocal in situ carcinoma, where the mammographic finding is a dominant 
mass; however, ultrasound examination reveals an intracystic papillary growth which proves to be an intracystic 
in situ carcinoma at histologic examination.
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Figs. 7.5.5–7.5.8 Microfocus magnification, MLO projection (7.5.5) of the ill-defined, mammographically malignant density. 
Ultrasound (7.5.6) and MRI (7.5.7) images and specimen radiograph (7.5.8)

Figs. 7.5.1–7.5.4 Right and left breasts, MLO (7.5.1, 7.5.2) and CC (7.5.3, 7.5.4) projections. There is a tiny, low density, nonspe-
cific asymmetric lesion in the lower portion of the left breast at the 6 o’clock position. No calcifications are associated with the 
asymmetric density

Figs. 7.5.9 and 7.5.10 Microfocus magnification of 
the specimen slice containing the tiny ill-defined 
tumor (7.5.7). Histology (immunostaining on 
estrogen receptors) of the TDLU distended by the 
12-mm Grade 2 in situ carcinoma (7.5.8) Histology 
examination courtesy: Pia Boström, M.D., 
Department of Pathology, Turku University Hospital, 
Turku, Finland

 Example 7.5 A 64-year-old woman, called back from screening for evaluation of the tiny 
asymmetric density in the lower portion of the left breast
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Figs. 7.6.1–7.6.4 Detail of the right MLO (7.6.1) and craniocaudal projections (7.6.3). There is a cluster of calcifications with no 
associated tumor mass in the lower inner quadrant. Microfocus magnification images (7.6.2, 7.6.4) show a mixture of fragmented 
and dotted casting-type, mammographically malignant-type calcifications

Figs. 7.6.5 and 
7.6.6 Microfocus magnification 
of one of the surgical specimen 
slices demonstrating the 
fragmented and dotted casting-
type calcifications (7.6.5). 
Large-section histology (7.6.6) 
image of the surgically removed 
tissue

 Example 7.6 A 71-year-old asymptomatic woman, screening examination. Called back for 
assessment of the microcalcifications found on the mammograms of her right breast
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Figs. 7.6.7 and 7.6.8 Mammographic–histologic correlation: The amorphous calcifications, corresponding to the dotted casting-
type calcifications on the mammogram are localized within a duct distended by cancer cells and necrosis

Figs. 7.6.9–7.6.12 Further details of the histologic findings: Grade 3 micropapillary cancer in situ (7.6.9), a duct-like structure 
distended by necrosis and amorphous calcifications (7.6.10), cross section of a duct with an incomplete layer of malignant cells and 
with periductal fibrosis (7.6.11) and extensive desmoplastic reaction surrounding a duct (7.6.12) containing a few cancer cells and a 
large, fragmented amorphous calcification

Final histology: 15 x 10 mm Grade 3 in situ carcinoma with no signs of invasion.
Comment: This case represents a <40 mm high-grade in situ carcinoma. The corresponding mammographic 

image shows casting-type calcifications.
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Fig. 7.7.3 Large-section histology. The 
multiple foci of in situ carcinoma are 
localized within the rectangle

Figs. 7.7.1and 7.7.2 Detail of the right MLO projection (7.7.1) shows multiple cluster crushed stone-like calcifications (in rect-
angles). No associated tumor mass is demonstrable. Microfocus magnification image of one of the clusters (7.7.2). The calcifications 
are of the mammographically malignant type

 Example 7.7 A 54-year-old asymptomatic woman, called back from screening for 
assessment of the multiple cluster crushed stone-like calcifications in the lower portion 
of the right breast
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Figs. 7.7.4–7.7.9 Detail of a specimen radiograph with two clusters of crushed stone-like calcifications (7.7.4). Details of the his-
tologic examination (H&E) (7.7.5–7.7.9): Grade 2 in situ carcinoma distends the acini. Central necrosis and amorphous calcification 
are seen in some of the acini

Comment: In this case the multiple cluster, crushed stone-like calcifications represent a multifocal but limited-
extent (<40 mm) intermediate grade in situ carcinoma.
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Figs. 7.8.1–7.8.3 Detail of the left MLO projection (7.8.1). There are very faint calcifications in the axillary tail of the left breast. 
Microfocus magnification images (7.8.2, 7.8.3) reveal multiple clusters of powdery/cotton ball-like calcifications without an associ-
ated tumor mass

 Example 7.8 A 66-year-old asymptomatic woman who attended mammography 
screening. She was called back for further assessment of the microcalcifications  
detected on the mammograms of her left breast
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Figs. 7.8.4 and 7.8.5 Left CC projection (7.8.4) and microfocus magnification (7.8.5) demonstrate the faint calcifications near the 
chest wall
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Fig. 7.8.7 Specimen radiograph following large-bore 
percutaneous needle biopsy using radio frequency. The 
specimen contains tissue including some of the calcifications

Figs. 7.8.8 and 7.8.9 Low-power histology images of the percutaneous biopsy: Several terminal ductal-lobular units (TDLUs) are 
involved by a Grade 1 in situ carcinoma of clinging and micropapillary type

Fig.7.8.6 Breast ultrasound examination does not 
show an invasive tumor, only a simple cyst hidden 
in the dense fibrous tissue
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Figs. 7.8.10 and 7.8.11 Surgical specimen radiograph (7.8.10). Large-section histology outlines the 30 x 20 mm region with the 
mammographically detected calcifications (7.8.11)
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Figs. 7.8.12 and 7.8.13 Microfocus magnifica-
tion images of the surgical specimen showing the 
cotton ball-like calcifications

Fig. 7.8.14 Histology image with a single TDLU with 
clinging and micropapillary Grade 1 in situ carcinoma
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Figs. 7.8.17 and 7.8.18 Histology images of cystically dilated TDLUs containing secretion and microcalcifications

Fig. 7.8.15 and 7.8.16 Higher power histology images demonstrating dilated acini with clinging in situ carcinoma and intralumi-
nal microcalcifications

Final histology: 30 X 20 mm area with Grade 1 micropapillary/cribriform/clinging carcinoma in situ. No inva-
sive focus was found.

Comment: This case represents a <40 mm low grade in situ carcinoma. The corresponding mammographic 
image shows powdery, cotton ball-like calcifications.
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Figs. 7.9.3–7.9.5 Microfocus 
magnification image (7.9.3) on 
the CC projection. A bridge 
connects the two stellate 
lesions. Ultrasound examina-
tion (7.9.4, 7.9.5) confirms the 
mammographic diagnosis

Figs. 7.9.1 and 7.9.2 Lateromedial horizontal projection (7.9.1) and microfocus magnification (7.9.2). There are two mammographi-
cally malignant spiculated tumors adjacent to each other in the lower portion of the left breast. No associated calcifications are seen

 Example 7.9 A 68-year-old asymptomatic woman, screening examination. She was called 
back for further assessment of the asymmetric density detected on the mammograms of 
her left breast
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Figs. 7.9.7 and 7.9.8 Histology: Two invasive ductal carcinoma foci (10 and 8 mm) are connected with a fibrous tissue containing 
Grade 2 in situ carcinoma. Histology examination courtesy: Associate Professor Pauliina Kronqvist, M.D., Department of Pathology, 
Turku University Hospital, Turku, Finland

Fig. 7.9.6 Radiograph of the surgical specimen 
slice demonstrates the two small tumors and the 
interconnecting bridge

Comment: This case represents multifocal invasive cancers limited to a <40 mm region in the breast.
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Fig. 7.10.2 The crushed 
stone-like calcifications are 
localized in cancer-filled 
terminal ductal lobular units 
(TDLUs), demonstrated on 
this subgross (3D) histology 
image. Also, some of the 
ducts are distended by cancer 
cells

Fig. 7.10.1 Left breast, 
detail of the craniocaudal 
projection. Against a fibrous 
background a large number 
of clusters of crushed 
stone-like and casting-type 
calcifications are seen with 
no associated tumor mass

 Example 7.10 An 86-year-old woman referred to mammography  
for a palpable thickening in her left breast
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Histologic diagnosis: 6 x 5 cm area with multiple foci of in situ carcinoma having solid/cribriform and micro-
papillary architecture.

Comment: This case is an example of extensive (>40 mm) in situ breast cancer with a large number of cancer-
filled TDLUs spread throughout a large lobe. Interconnecting ducts are also filled with cancer cells, necrotic 
debris, and amorphous calcifications, corresponding to the mammographically detected crushed stone-like and 
casting-type calcifications.

Figs. 7.10.3–7.10.7 Low- (10.3), intermediate- (7.10.4–7.10.6), and higher power (7.10.7) large-section histology images as well 
as the detail of a subgross (3D) histology slide (7.7.5) demonstrate multiple cancerous TDLUs and ducts occupying an entire lobe
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1

2

Figs. 7.11.1 and 7.11.2 Right breast, MLO 
(7.11.1) and lateromedial horizontal (7.11.2) 
projections. The two small ill-defined, mammo-
graphically malignant tumors (7.11.1, 7.11.2) are 
associated with malignant-type calcifications

2

1

Figs. 7.11.3–7.11.5 Microfocus magnification of invasive tumor # 1 and the associated casting-type calcifications (7.11.3), 
invasive tumor # 2 (7.11.4) and the associated casting-type calcifications (7.11.5)

 Example 7.11 A 58-year-old woman, called back from mammography screening for 
assessment of the asymmetric density associated with microcalcifications in the upper 
outer quadrant of the right breast
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Figs. 7.11.6–7.11.11 Ultrasound images (7.11.6, 7.11.10) and low-power histology images of the tiny invasive tumors (7.11.8, 
7.11.9)

Figs. 7.11.12–7.11.14 Comparison of the microfocus magnification mammogram of invasive tumor # 2 and the associated casting-
type calcifications (7.11.12) with low-power large-section histology images (7.11.13, 7.11.14)
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Figs. 7.11.17 and 7.11.18 Comparison between an additional specimen slice radiograph (7.11.17) and a low-power large-section 
histology image (7.11.18)

Figs. 7.11.19 and 7.11.20 Comparison between dotted casting-type calcifications on the mammogram (7.11.19) and subgross, 3D 
histology (7.11.20)

Figs. 7.11.15 and 7.11.16 Comparison of the large-section histology image of invasive tumor # 2 and the associated Grade 3 in 
situ carcinoma (7.11.15) with the specimen slice radiograph (7.11.16)
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Figs. 7.11.21–7.11.23 3D histology images of 
additional cancer-filled ducts with solid and cribriform 
cell architecture

Figs. 7.11.24–7.11.26 Large thick-section (3D) histology showing both the tiny invasive cancer (rectangle) and the in situ compo-
nent (ellipse) (7.11.24). Photographic magnification of the invasive (7.11.25) and the in situ components (7.11.26)
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Fig. 7.11.31 Lymph node metastases

Final histology: Two moderately differentiated invasive ductal carcinomas measuring 9 x 8 mm and 8 x 8 mm. 
Grade 3 invasive carcinoma coexists with Grade 3 in situ carcinoma, which is seen both within the invasive 
tumors and also surrounding them. The total extent of the malignant tumors is 60 x 50 mm. There were 5/13 
affected axillary lymph nodes, as well as lymph vessel invasion (LVI).

Figs. 7.11.27–7.11.30 Detail of 
the surgical specimen slice 
radiograph (7.11.27), low-power 
histology of the associated Grade 
3 in situ carcinoma (7.11.28) and 
the moderately differentiated 
invasive ductal carcinoma 
(7.11.29, 7.11.30)
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Fig. 7.11.32 Lymph vessel invasion (H&E staining)

Comment: This extensive, metastatic malignant process spread over most of a lobe is nevertheless given a 
TNM classification of T1b, as if it were a single focus measuring from 6 to 10 mm. A full evaluation of the true 
extent of the disease is necessary to guide appropriate therapy.

Fig. 7.11.33 Lymph vessel invasion (D2-40 immuno staining)

Fig. 7.11.34 Lymph vessel invasion (H&E staining)
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Figs. 7.12.1 and 7.12.2 Left 
breast MLO (7.12.1) and CC 
(7.12.22) projections. These 
mammograms were taken 20 
years before the current 
examination and show large 
cysts that were drained 
several times

 Example 7.12 A 66-year-old woman who had her last mammogram 20 years ago.  
At that time, she was examined for extremely large, bilateral cysts that have been 
emptied on several occasions

Fig. 7.12.3 A few weeks before the current 
examination, 20 years after her previous mammo-
gram, she noticed a considerable change in the 
appearance of her left areola and periareolar 
region. She also felt a thickening in the upper 
outer quadrant of her left breast
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Figs. 7.12.4–7.12.7 Right (4) and left MLO projections (7.12.5), microfocus magnification of the left axillary lymph nodes (7.12.6) 
and ultrasound examination of one of the pathologic axillary lymph nodes (7.12.7)

Figs. 7.12.8 and 
7.12.9 Microfocus 
magnification images show 
extensive casting-type, 
mammographically 
malignant-type calcifications 
occupying most of the upper 
outer quadrant
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Figs. 7.12.12–7.12.14 Right CC (7.12.12) and MLO (7.12.13) microfocus magnification images of the architectural distortion. 
Microfocus magnification image in the left CC projection (7.12.14)

Figs. 7.12.10 and 7.12.11 Right (7.12.10) and left 
CC projections (7.12.11). The malignant-type 
calcifications are seen in the lateral portion of the 
left breast (rectangle). There is also a focus of 
architectural distortion in the medial portion of the 
right breast (circle)
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Figs. 7.12.15 The ultrasound image (7.12.15) of the right breast lesion combined with the microfocus magnification images 
(7.12.12, 7.12.13) suggest hyperplastic breast changes rather than malignancy. Figs. 7.12.16 and 7.12.17. Ultrasound examination 
of the left upper outer quadrant reveals several invasive cancer foci. Figs. 7.12.18 and 7.12.19. Ultrasound-guided core needle biopsy 
confirms the diagnosis of invasive ductal carcinoma associated with the in situ component

Figs. 7.12.20–7.12.22 This series of 
2-mm thick, reconstructed coronal 3D 
ultrasound sections through the left 
breast demonstrate multiple irregular, 
hypoechoic foci corresponding to 
individual invasive tumors



128 L.K. Tabár et al.

Figs. 7.12.20–7.12.22 (continued)

Figs. 7.12.23–7.12.27 Breast MRI demonstrates alteration of the breast shape. The extensive malignant process occupies much of 
the breast. The thickened skin is due to lymphatic obstruction in the axilla
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Figs. 7.12.28–7.12.30 The clinical and ultrasound manifestation of the lymph stasis in the peri- and subareolar region
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Figs. 7.12.31–7.12.36 Correlative mastectomy specimen radiograph, large-section subgross (3D), and conventional histologic 
images
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Figs. 7.12.37–7.12.43 Mammographic and histologic demonstration of this extensive, high-grade intraductal malignant process
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Figs. 7.12.44–7.12.50 Radiographs of additional slices from the mastectomy specimen (7.12.44, 7.12.45, 7.12.49) demonstrate 
architectural distortion, corresponding to invasive foci. Histology (7.12.46–7.12.48, 7.12.50) shows the combination of in situ and 
invasive foci
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Figs. 7.12.51–7.12.57 Mammographic–histologic correlation of the intraductal malignant process. The encircled, ill-defined den-
sity with a radiating structure corresponds to a poorly differentiated invasive ductal carcinoma on histology (7.12.57)
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Figs. 7.12.58–7.12.62 The 
extensive malignancy also 
infiltrates the skin and 
subareolar tissue

Histology of the left breast: Multifocal poorly differentiated breast cancer (5 x 5, 3 x 3, 1 x 1 mm) associated with 
Grade 3 in situ carcinoma on an area measuring 70x60 mm. Total disease extent: 70 x 60 mm pN 6/7. LVI
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Comment: Extensively multifocal and diffuse breast cancers currently provide the greatest challenge for both 
diagnosis and therapy. Despite all our efforts, these cancers account for most breast cancer deaths.

Unfortunately, the tumor burden in these cases is systematically underestimated by the current classification 
system. Multimodality imaging can accurately map the true disease extent.

Figs. 7.12.68–
7.12.70 Right breast, 
CC projection (7.12.68), 
and microfocus 
magnification (7.12.69) 
of the focus of 
architectural distortion. 
Histology (7.12.70): 
Radial scar and 
fibrocystic change

Figs. 7.12.63– 
7.12.67 Mammographic, 
ultrasound, breast MRI, 
fine needle aspiration 
cytology, and low-power 
histologic demonstration 
of the axillary node 
metastases
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Figs. 7.13.1 and 
7.13.2 Right and left MLO 
projections: There is an 
asymmetric density with no 
associated microcalcifica-
tions, occupying the upper 
portion of the right breast

Fig. 7.13.3 Right breast, MLO projection, microfocus magnification: 
The asymmetric density has some architectural distortion

 Example 7.13 A 61-year-old woman with bloody nipple discharge from the right breast. 
No tumor mass was palpable at physical examination



1377 The Implications of the Imaging Manifestations of Multifocal and Diffuse Breast Cancers 

Fig. 7.13.4 Right breast, galactography: The 
main duct and its branches are filled with 
contrast media. There is an abnormally large 
number of duct branches close to the chest wall

Fig. 7.13.5 Specimen slice radiograph demonstrating the tortuous, 
 distended ducts

Fig. 7.13.6 Subgross (3D) histology. The unexpectedly large number of 
ducts are distended and crowded together

Fig. 7.13.7 Specimen radiograph. The mammo-
graphic image is a good reflection of the tightly 
packed, cancer-filled, distended ducts shown on the 
subgross (3D) histology image
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Fig. 7.13.11 Tiny invasive ductal carcinoma focus associ-
ated with the extensive micropapillary in situ process

Fig. 7.13.10 Higher power magnification histology image: 
micropapillary cancer in situ with a thick periductal desmo-
plastic reaction

Final histology: Many microinvasive cancer foci, the largest focus measuring 5 mm (moderately differentiated 
invasive ductal carcinoma). In addition, micropapillary cancer in situ over a large area (>70 mm). pN 0/2

Fig. 7.13.12 Subgross (3D) histology image. The ducts are 
filled with micropapillary cancer in situ and with fluid 
produced by the cancer cells

Fig. 7.13.13 The in situ component is marked (A) and the 
small invasive focus is marked (B)

A

B

Fig. 7.13.8 Large thin-section histology, low power. The 
cancerous ducts are packed closely together as in neoduct-
genesis cases

Fig. 7.13.9 Intermediate magnification of the cancerous 
ducts
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Comment: Although the primary tumor was classified as a T1a carcinoma, in reality the tumor burden was 
enormous, as it involved the entire lobe. In addition to the multiple invasive foci, each <5 mm, the entire lobe was 
filled with a malignant, micropapillary process, which can be considered to be neoductgenesis.

Fig. 7.13.14 Three years following mastectomy multiple foci of recurrent tumor are demonstrated on the MLO projection from the 
site of the mastectomy. Fig. 7.13.15. Histology image of the invasive and in situ components of the recurrent carcinoma

Fig. 7.13.16 and 7.13.17 Core needle biopsy showed liver metastases 10 years following treatment. The patient died of breast 
cancer 11 years after treatment
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 Example 7.14 A 67-year-old woman, called back from mammography screening for an 
assessment of the asymmetric density in the upper outer quadrant of her left breast. The 
patient noticed slight skin retraction over the left upper outer quadrant, and intended to 
seek care for it, but an invitation to screening arrived at about the same time

Figs. 7.14.1–7.14.3. Detail of the right and left MLO projections (7.14.1, 7.14.2) and microfocus magnification of the area marked 
with the rectangle (7.14.3). The spiculated tumor is mammographically malignant. It also contains malignant-type calcifications

Figs. 7.14.4 and 7.14.5. Right and left 
craniocaudal projections. The spicu-
lated tumor demonstrated on images 2 
& 3 is localized in the upper outer 
quadrant (rectangle). There are two 
additional lesions with convex, 
ill-defined contours, suspicious for 
malignancy (marked with circles)
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Figs. 7.14.6–7.14.13. Left craniocaudal projection (7.14.6). Microfocus magnification (7.14.7) and ultrasound image (7.14.8) 
of the spiculated tumor (A) marked with the rectangle. Microfocus magnification (7.14.10) of the region containing the second 
tumor focus (B). Ultrasound images (7.14.11, 7.14.13) of the second (B) and third tumor foci (C)

A A

A

B

C

B

B

C
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Figs. 7.14.17–7.14.18 14-g core biopsy of 
two separate tumor foci

Fig. 7.14.21 This series of 2-mm 
thick, 3D automated coronal ultrasound 
slices in multiview format demonstrate 
the presence of a large number of 
hypoechoic cancer foci, some of which 
are encircled

Figs. 7.14.19 and 7.14.20 3D automated coronal ultrasound image, skin level (7.14.19). The encircled, hypoechoic finding is seen 
as shadowing at the skin level in the conventional ultrasound images (rectangles). The large wart (7.14.20) causes the shadowing

Figs. 7.14.14–7.14.16. Additional cancer foci detected in the left breast with hand-held ultrasound
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Figs. 7.14.22–7.14.25 The crosshairs indicate the 
selected hypoechoic lesion on the 3D coronal ultrasound 
image. The orthogonal conventional ultrasound images in 
the axial and sagittal planes correspond to the position of 
the crosshairs and provide the ultrasound diagnosis
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Figs. 7.14.26–7.14.35 Breast MRI image series demonstrate the large number of breast cancer foci spread over a region measuring 
100 x 75 x 45 mm. (7.14.26, 7.14.27): Maximal intensity projections (MIP) without (left image) and with (right image) angiomap. 
(7.14.28–7.14.35): Thin MIP images without (left image) and with (right image) angiomap
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Figs. 7.14.36–7.14.39 Breast MRI 
images, sagittal views. The large number of 
breast cancer foci spread over a region 
measuring 100 x 75 x 45 mm

Figs. 7.14.40 and 
7.14.41 Specimen radiographs of 
two mastectomy specimen slices. 
Casting-type calcifications can be 
seen both within the large stellate 
tumor (7.14.40) and in the slice 
without an associated tumor mass 
(7.14.41)
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Final histology: Multiple poorly differentiated invasive and Grade 3 in situ ductal carcinoma foci were found 
over a region measuring 180 X 60 mm. The largest invasive foci measured 24 X 15, 15 X 12, 14 X 11 mm. 
Four of the nine surgically removed axillary lymph nodes had metastases at histologic examination.

Comment: This case is an example of breast cancers with significant multifocal invasive tumors where the 
multimodality imaging technique and the subsequent large-section histologic examination demonstrate a large 
number of invasive and in situ cancer foci involving a region larger than 40 mm. The tumor burden will be 
large in multifocal invasive breast cancer cases, despite the small size of the individual tumors.

Figs. 7.14.42 and 7.14.43 Specimen radiographs, detailed view of two of the many cancer foci

Figs. 7.14.44–7.14.46 Large-section histology images demonstrating the three largest invasive tumor foci
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 Example 7.15 A 73-year-old woman who felt a hard tumor in her left breast and was 
referred to mammography

Figs. 7.15.1–7.15.4 Right and left MLO (7.15.1, 
7.15.2) and CC (7.15.3, 7.15.4) projections. One 
cannot distinguish a tumor mass corresponding to the 
palpatory finding, due to the extensive homogenous 
fibrosis

Figs. 7.15.5–7.15.7 Breast ultrasound demonstrates a large, irregular, hypoechoic lesion, suggesting malignancy
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Figs. 7.15.8–7.15.15 A series of axial and sagittal breast MRI images. The left breast is grossly deformed by the extensive, diffuse 
malignant process
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Comment: The most common and challenging example of diffusely infiltrating breast cancer is the classic form 
of invasive lobular carcinoma. Mammography consistently underestimates or even misses this subtype of breast 
cancer, even when palpable. However, breast ultrasound and MRI provide excellent visualization of this decep-
tive breast cancer subtype.

Figs. 7.15.16–7.15.24 Radiologic–histologic correlation using radiographs of specimen slices, large-section histology, and low-
power histologic images
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7.4  The Practical Importance of Determining the Unifocal Versus Multifocal/Diffuse 
Nature of Breast Cancer

The TNM classification system relies upon the diameter of the largest tumor focus when describing multifocal 
breast cancer cases. Thus, a solitary, 10 × 10 mm invasive carcinoma will belong to the same size category as 
a case with multiple tumor foci, provided that the largest focus measures no more than 10 × 10 mm. But, the 
tumor burden of the multifocal case may be many times greater, contributing to a significantly higher fre-
quency of lymph node and lymph vessel involvement than observed with unifocal tumors within the same 
tumor size category (Chua et al. 2001; Coombs and Boyages 2005; Andea et al. 2002; Tot 2009). The study 
by Tot described the presence of LVI (lymph vessel involvement) and axillary lymph node metastases accord-
ing to tumor size categories and found a linear relationship in both multifocal and unifocal tumors, but the risk 
of LVI and lymph node metastases was approximately double for the multifocal tumors in each tumor size 
category (Table 7.2).

In addition, the local recurrence rate was only 3% in unifocal in situ carcinoma cases, whereas multifo-
cal and diffuse in situ carcinomas had local recurrence rates of 13% and 12%, respectively (17% in those 
showing signs of neoductgenesis and 8% in cases without the histologic signs of neoductgenesis) (Tot and 
Tabar 2005). In clinical practice, these histologic tumor characteristics have an important prognostic role 
and influence patient management (Woo et al. 2002). Indeed, a higher rate of LVI and axillary lymph node 
positivity is associated with poor long-term patient outcome; Egan observed 15% annual fatality rate in 
multifocal cases compared with a 2.5% annual fatality rate in unifocal cancers (Egan 1982). These observa-
tions have been recently confirmed by Tot, who found a 1% fatality rate among the unifocal in situ and 
1–14 mm invasive carcinoma cases (2/134) during an average 5-year follow-up time, while the correspond-
ing figure was 5% in the multifocal carcinoma group of the same size category (6/108). These data (Table 7.3) 
emphasize the importance of diagnosing the multifocal nature of breast cancer using the multimodality 
approach, with particular emphasis on breast MRI.

In diffuse invasive breast cancer cases, such as large invasive lobular carcinomas, there is an even higher 
frequency of lymph node metastases and poorer long-term outcome than in extensive multifocal invasive 
breast cancers. Another subset of diffuse breast cancer with a surprisingly poor prognosis is characterized by 
casting type calcifications of the mammogram. In these tumors, there is a striking discrepancy between the 
TNM classification (1–9 mm, 10–14 mm tumor size) and the poor long-term outcome. This discrepancy is 
best explained by the presence of neoductgenesis or duct-forming invasive carcinoma, which produces a large 
tumor burden and frequent vascular invasion (Tabar et al. 2007). Although this diffuse breast cancer mimics 
the characteristics of an in situ process at histology, it often behaves like an advanced invasive breast cancer 
with difficult local control and highly unpredictable long-term prognosis.

Vascular Invasion Lymph Node Macrometastasis

Unifocal Multifocal  
or Diffuse

Sum Unifocal Multifocal  
or Diffuse

Sum

1–9 mm 13% (8/61) 17% (16/93) 16% (24/154) 3% (2/61) 14% (13/93) 10% (15/154)

10–14 mm 15% (11/71) 27% (26/95) 22% (37/166) 11% (8/71) 29% (28/95) 22% (37/166)

15–19 mm 33% (20/61) 43% (35/82) 38% (55/143) 26% (16/61) 37% (30/82) 32% (46/143)

20–29 mm 26% (14/53) 51% (47/92) 42% (61/145) 23% (12/53) 53% (49/92) 42% (61/145)

30+ mm 40% (8/20) 53% (40/76) 50% (48/96) 45% (9/20) 64% (49/76) 60% (58/96)

Sum 23% (61/266) 37% (164/438) 32% (225/704) 18% (47/266) 39% (169/438) 31% (217/704)

Table 7.2 The frequency of lymph vessel involvement and lymph node invasion in 704 breast cancer cases diagnosed at Falun 
Central Hospital, Sweden
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7.5  Conclusions: A Flaw Inherent to the Current TNM Classification  
of Malignant Tumors

The current TNM classification system, which predates the screening era, uses the size of the largest invasive 
focus as a major descriptive factor, and fails to take multifocality into account. However, treatment planning, 
including the surgical approach, should be determined by the extent of the tumor, but this essential information 
is not included in the TNM classification. The preoperative imaging workup using the multimodality approach 
has the capability of describing the full extent of the disease. The best way of assessing tumor burden is to 
describe the overall tumor volume and also estimate the tumor surface area (Andea et al. 2004). Application of 
this information during the treatment planning process of each individual case will help to ensure complete 
removal of the malignant tissue. The use of dogmatic treatment guidelines, such as “lumpectomy and postopera-
tive irradiation” for most breast cancer cases, has led to overtreatment of unifocal cases and undertreatment of 
multifocal cancers. Also, the failure of taking multifocality into account places the unifocal tumor with excellent 
long-term prognosis and the multifocal tumors with the same maximum individual tumor size, but with poor 
prognosis, into the same TNM category. To offset this deficiency, we propose that a quantitative evaluation of the 
tumor burden, in terms of total tumor volume and tumor surface area, be integrated into Cancer Registry data-
bases. The resulting information will provide a more reliable outcome measure and will also serve as a solid 
database for therapeutic guidelines.
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In situ

Unifocal  
Unifocal

Unifocal  
Nonunifocal

MF Inv Any  
In situ

Diffuse Inv  
Any In situ
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8.1  Introduction

The radiological diagnosis of breast carcinoma is based 
on three different techniques today: mammography, 
magnetic resonance imaging (MRI), and breast ultra-
sound (echography). A major disadvantage of mammog-
raphy is the lack of precise anatomical references. In 
fact, the radiologist using this technique makes a global 
analysis of the connective and fatty tissues containing the 
fibro-glandular block but the lobes of the breast are not 
outlined on the normal mammogram. MR mammogra-
phy is based on contrast enhancement dependent on 
angiogenesis and as such gives no opportunity to relate 
the lesions to lobar anatomy of the breast. Conventional 
breast echography with orthogonal vertical and horizon-
tal scanning is only a transcript of the mammographic 
findings from the radiologist’s point of view. It does not 
allow viewing anatomical structures, and only a limited 
part of the breast volume can be studied. Description of 
lobes, lobules, and ducts, or the localization of specific 
terminal ductal-lobular unit (TDLUs) groups never 
appears in an echography report.

As the first consequence of these observations, one 
could ask whether the mammary gland is the only organ 
of the human body which radiological images should 
not be interpreted relying on the knowledge of its nor-
mal anatomy. The second question is how to detect a 
“millimetric” (a few millimeters in size) lesion if one 
does not know how to search for it and where and how 
it develops. For these purposes, we aimed to introduce 
a new concept taking large-format histology sections of 

the breast as a model (Fig. 8.1). This concept was 
termed ductal echography. The accuracy and the repro-
ducibility of the results using this approach give us a 
new alternative for breast imaging, improve our diag-
nostic skills, and allow better understanding of the lobar 
breast morphology and its physiologic variations.

First of all, we will underline the complexity and 
variability of the lobes regarding their origin, their 
size, and shape, raised and discussed previously in this 
book. The possibility of detecting “millimetric” lesions 
increases parallel to improved understanding of the 
modifications of lobar morphology at the earliest 
phases of breast cancer natural history. It all becomes 
simple if we understand where exactly the cancer could 
appear, how it would evolve, and which method should 
be used for detecting it.

After many years of utilizing ductal echography in 
diagnostic routine and thousands of analyzed cases, 
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we can postulate that we have been able to enhance our 
diagnostic accuracy, particularly in detecting multifo-
cal, multicentric, and diffusely growing cancers. The 
detection rates for these tumors are superior to those of 
mammography itself or mammography combined with 
conventional echography. Tumors can also be detected 
earlier this way as the stromal reaction, which facili-
tates the detection with mammography, is initially 
absent. In the meantime, it is important to recall that 
ductal echography is not an anatomo-pathology tech-
nique and that it does not allow detecting all the “mil-
limetric” lesions, a few of them will still be missed.

The multimodality radiological approach combin-
ing mammography with ductal echography (and dop-
pler sonography, elastography, 3D ultrasound images) 
is the best possible approach today in routine diagno-
sis of early breast carcinomas. MR mammography is 
a valuable complement to these techniques in some 
precisely defined indications.

8.2  Anatomical Background

Detailed analysis of the large-format histology image 
in Fig. 8.2a–c gives us the basis for comparing ana-
tomical structures with findings on ductal echography. 
Beginning from the surface of the skin and proceeding 
toward the chest wall, we will find the nipple, the are-
ola, and the other structures of the skin (from left to 
right side of the image) with a thin layer of subcutane-
ous fatty tissue below. Next, we can see the linear con-
nective structure of the superficial layer of the 
subcutaneous fascia (fascia superficialis). The typical 
fatty lobes are interrupted by the Cooper’s ligaments, 
which connect the fascia and the upper surface of the 
breast lobe. The lobe itself is a very well-defined struc-
ture being in connection with the nipple in the upper 
left part of the section, and ending up at the right mar-
gin of the image (partially represented in the image). 
The ductal axis and lobular groups are also visible 
within the lobe. The inferior surface of the lobe is bris-
tled up by the inferior Cooper’s ligaments (giving a 
mirror pattern of the front lobe surface), which cross 
the fatty tissue on their way to the deep layer of the 
fascia (fascia inferior).

Our aim was to image breast anatomy in details as 
perfectly as this exceptional histology section. We 
asked whether it is possible to completely or at least 
partially reproduce this model with echography. Breast 

is an external organ particularly well suitable for ultra-
sound examination. However, the choice of the ultra-
sound technique proved to be crucial. Should we use 
orthogonal scanning of all the breast quadrants from 
the top to the bottom, from internal to external zones, 
or, alternatively, radial scanning around the areola with 
the objective of rediscovering the lobar and ductal 
architecture? Which ultrasound probe is best adapted 
to the analysis of the different lobes and to exploration 
of the axillary tissue?

8.3  Ductal Echography

As described for a long time ago, the breast has 15 to 
20 lobes organized all around the nipple just like the 
daisy petals. The importance of this description 
remained for a long time purely theoretical as none of 
the imaging techniques could reveal such a disposi-
tion. The anatomical variations that the length of some 
of the lobes can be 14–16 cm indicated that only the 
use of the longest possible echography probe could 
image all the lobes. Since a dedicated probe of 9.5 cm 
has been designed, using 10 MHz frequency and an 
adapted water-bag, imaging of all the breast lobes has 
become a reality. Concentric scanning and/or a transla-
tion probe movements along the ductal axis and the 
axillary areas are required to image the largest lobes.

Using this approach, we can present all the lobes in 
equal echography projections on the same way, irre-
spective to the variations in their size and shape and to 
their localization within the breast. Indicating their 
position clockwise allows us to localize them very pre-
cisely (for example R.10 corresponds to the lobe at 
10 o’clock in the right breast, L.6 indicates its position 
in the left breast at 6 o’clock).

This echographic presentation gives the opportunity 
to analyze breast tissue on the same way as using the 
large-format histology image in Fig. 8.2. Viewing from 
the skin toward the chest wall and from the left hand 
side to the right, the nipple (with some ducts within it) 
is seen at the upper left part of the images in Fig. 8.2b 
and c, the areola, and the skin right to it. The hyper-
echogenic fibrous tissue of the superior Cooper’s 
ligaments connects fascia superior and the front of  
the lobar surface, with a hyperechogenic small cone 
implantation. Likewise, the inferior Cooper’s ligaments 
connect the lower lobe surface, through the fatty lam-
ina, to the inferior fascia, which itself parallels the 
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surface of the pectoralis muscle. The lobe corresponds 
to a hyperechogenic area with different ductal axis vis-
ible within it, the largest one at the top of the lobe, the 
smallest in its depth. The lobules correspond to small 
hypoechogenic structures located along and mainly at 
the front part of the ducts.

The comparison of the histology and echography 
images resulted obviously in perfect matching proving 

that ductal echography is the method of choice among 
the noninvasive approaches for studying breast anat-
omy. No other imaging modality can generate compa-
rable information. Getting more experienced, exploring 
the advantages of using appropriate equipment, and fol-
lowing Dr. Teboul’s teaching (Teboul 2004; Teboul and 
Halliwell 1995), we have become able to better under-
stand the variations of the lobar breast morphology 

a

b

c

C. Ligament

Fascia

Peau
Fig. 8.2 (a–c) Large-format 
histology section (a) showing 
a cross section of an entire 
breast lobe (Courtesy 
of Dr. Tibor Tot, Falun 
Sweden). Inverted (b) and 
original (c) ductal echogra-
phy images produced with 
radial lobar scanning; note 
the perfect correlation of the 
echographic image and the 
histology image in Fig.8.2a
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regarding the topographic position of the lobes, their 
age-related physiologic modifications, their changes 
under therapeutic and hormonal influences as well as 
under pathological conditions. We have also realized 
that our observations are concordant with the lobar 
character of breast cancer conceptualized by Dr. Tot 
(2007b).

8.4  Morphologic Variations of the Lobes

The sonographic variations of lobar breast anatomy are 
numerous, and some of them may be difficult to ana-
lyze. Using a strict and reproducible protocol allows us 
to visualize all the lobes with the same accuracy irre-
spective to their dimensions or localization, to mini-
mize the technical difficulties, and also to slightly 
reduce the examination time. The protocol makes the 
method less dependent of the skills of the examiner; 
larger number of cases can be analyzed this way but the 
results are dependent on thorough knowledge of the 
anatomic variations.

There are three main echographic types of the breast 
lobes:

The mainly fibrous lobe, which is hyperechogenic •	
and contains only very few detectable epithelial 
structures
The mainly epithelial lobe, which is hypoecho-•	
genic, with much less connective tissue
The intermediate lobe with approximately equal •	
amount of epithelial and fibrous tissue

The age-related variations of the lobar morphology are 
also numerous with two basic extremes:

The young women’s breast lobes rich in glandular •	
tissue, with minimal amount of fatty tissue (illus-
trated in Fig. 8.3), and
The adult type breast lobe of women with a balance •	
between the amount of parenchyma and fat (illus-
trated in Fig. 8.4)

Most of the lobes undergo involution, which is only 
partial in premenopausal women (Fig. 8.5) and more 
advanced in postmenopausal women. With progres-
sion of the involution, structures of the lobe may dis-
appear leaving behind delicate residual connective 
structures, the lobar “skeleton” (illustrated in Fig. 8.6) 
or may be totally lost. As underlined above, the lobes 

also vary in their size and topographic localizations. 
The lobes in the medial quadrants of the breast and in 
the lower quadrants are smaller, the largest are the 

Fig. 8.3 Ductal echography image of a large breast lobe in a 
young woman showing signs of physiological epithelial prolif-
eration within the lobules and in ductal axis

Fig. 8.4 Echographic section of an adult woman’s lobe with 
some hypoechogenic lobules and ducts in the hyperechogenic 
background of the lobe

Fig. 8.5 Premenopausal echographic pattern of the breast with 
reduced lobar size and increased amount of fatty tissue
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lobes in the upper outer quadrants; some of them may 
reach the axilla.

Variations also occur regarding the origin of the lobes. 
The largest lobes are first to develop during the adoles-
cence in the upper outer quadrants, while the smaller 
ones in the medial inner quadrants appear later during 
the young women’s life. On the opposite, the smaller 
lobes are the first to disappear during and after the meno-
pause, while those developing earlier located in the upper 
outer quadrants remain active for a longer time.

Additional variations can be observed regarding the 
orientation and the distribution of the periareolar lobes. 
Most of them are well orientated all around the nipple 
in radial fashion, but some of them have a circuitous 
way of approaching the nipple and they may overlap 
each other. This partial superposition of some of the 
lobes may give the false impression of existence of 
interlobar connections (anastomoses), and may lead to 
over- or underestimation of the real dimensions of the 
observed lobe. It is also difficult to separate the lobes 
within the retro-areolar area because of their short con-
nection to the nipple. However, studying the mammary 
gland in adolescents, the partially involuted lobes in 
postmenopausal women, or in male gynecomastia, 
demonstrates that the lobes are totally independent of 
and well separated from each other and represent indi-
vidual units.

Ductal echography represents an ideal tool of visu-
alizing lobar breast anatomy; however, the normal 
ducts and lobules are hardly visible because of their 
small size. Proliferation of the epithelium inside the 
ducts and lobules causes local or diffuse distension as 
well as distortion of these structures, and modifies their 

acoustic impedance. Then they become “echo-detect-
able”: The hypoechogenic structures correspond to the 
luminal content of ducts and lobules; the walls of these 
structures remain invisible. Pathological processes 
lead to echographic changes that replace the echo-
graphic signs of the epithelial proliferation.

8.5  Lobar Implications  
in Mammary Pathology

The major target in ducto-radial echography is the 
modification of the normal patterns inside the ductal 
and lobular structures as well as in the surrounding 
connective tissue elements of the lobe. Nakama (1991) 
described the migration of the malignant cells accom-
panied by lymphocytes, histiocytes, and fibroblasts 
toward the skin inside the Cooper’s ligaments and fas-
cia superficialis. These connective structures are then 
involved in cancer development at an early stage. (We 
illustrated the concept with a drawing in Fig. 8.7) This 
publication confirms Dr. Gallager’s conclusions in his 
article published in December 1969, particularly his 
conclusion number 2 that “the supportive connective tis-
sue of the breast is also affected by carcinogenic agent” 
(Gallager and Martin 1969). Teboul (2004); Teboul and 
Halliwell (1995), as well as Stavros (2006) have also 
described involvement of the connective tissue and 
ligaments in cancer development at early stages. They 
have also underlined the multifocal nature of breast 
cancer in certain cases. Thanks to the precise echo-
graphic anatomy background, Teboul (2004) identified 
the specific ducto-lobular terminal unit groups, their 
localization as well as their involvement in the initial 
steps of the pathological alterations. As he stressed out, 

Fig. 8.6 Echographic image showing global lobar involution 
with small duct axis in a residual hyperechogenic lobe and some 
Cooper’s ligaments

Cooper’s ligament
Fascia

Cancer
cells

Fig. 8.7 Our drawing illustrating the migration of the cancer 
cells from the TDLUs into the Cooper’s ligament, to the fascia 
superficialis, and to the skin
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the cross section of the ductal axis and the axis of the 
ligament is the key zone where these groups are located 
and where our attention should be focused if aiming to 
study the early pathological modifications of the epi-
thelial structures and of the connective tissue.

These observations are essential in the history of 
breast echography: radial echographic sections, lobar 
analysis, search for ductal axis, identification of liga-
mental ways, and analysis of fascia and skin element 
alterations. Understanding the origin of the lesion and 
their development is essential for this analysis. The con-
cept of ductal echography has radically changed the 
way of examination of the breast. One should not focus 
on to discover the lesion(s) itself using systematic 
orthogonal echographic projections in different breast 
quadrants. Instead, the observer should carry out a lobar 
analysis (according to the well-established protocol 
above). The lesions are then usually detectable within 
the expected structures, within the expected areas, and 
their development will follow the expected pattern.

The abnormalities should be studied in comparison 
to the normal lobar anatomy. All the epithelial lesions 
(both anechogenic/liquid and hypoechogenic/solid) are 
linked either to a duct, or to a lobule: for example, to a 
duct in case of ductal ectasia/dilatation and papillomas 
and to lobules in supraductal alterations. Differentiation 
between ductal and lobular microcysts will become 
possible this way. Intralobular localization of fibroade-
nomas will also become evident. Overlapping of many 
small fibroadenomas developed in lobules close to each 
other explains the lobulated silhouette of larger fibroad-
enomas. Similarly, detection of ductal dilatation due to 
epithelial proliferation will be possible routinely as well 
as discovering multifocal lesions near the specific 
TDLUs. It is crucial to underline that the indirect liga-
mental signs, often associated with cancer, are absent in 
benign lesions. These delicate early echographic signs 
precede the radiological signs related to stromal reac-
tion and, of course, they also precede the clinical signs.

A typical case is demonstrated in Figs. 8.8a–d. The 
initial diagnosis of breast cancer has been made with 
mammography regarding a palpable nodule. Echographic 
examination and MR mammography detected five addi-
tional foci of invasive carcinoma. The multifocal and 
multicentric character of the tumor indicated mastec-
tomy, which was analyzed by Professor Di Marino 
(Anatomic Laboratory, Marseille Medical University). 
The specimen was also documented using a large-format 
histological section by Dr. Rojat-Habib on the Pathology 

Department of the same University. The pathohisto-
logical section corresponded to a 10 cm long radial 
echography sections. The comparison of the histology 
section and the echography sections reveals a per-
fect correlation between these two techniques. 
Analysis of the different ductal axis shows the signs 
of duct ectasia. At the distal part of the lobe, two 
cancer foci are seen (one centimetric and the other 
millimetric), localized in connection to the Cooper’s 
ligaments. Some ligaments are difficult to study at 
histology because they are partially represented in 
the very thin section. Additional tumor foci were 
detected in other cutting levels, not shown in Fig. 8.8. 
Like mammography, ductal echography allows a 
quick, precise, and cheap analysis of multifocal and 
multicentric lesions. The method allowed a real prog-
ress in diagnosing early breast cancer.

8.6  Multifocality, Multicentricity,  
and Diffuse Lesions

Breast radiology has imaged breast carcinoma for decades 
like a lesion being most often unifocal and sometimes 
multifocal. Multifocal and multicentric lesions were dis-
tinguished on the basis of the distance between two foci 
(4 cm). With introduction of ductal echography, a new 
definition of multiple lesions has become possible: 
Multifocal cancers should now be defined as those devel-
oping within the same lobe along the ductal axis, while 
multicentric cancers develop in different lobes (they can 
also be solitary or multifocal). This definition is in agree-
ment with histologic studies.

Figures 8.9a and b illustrate a unifocal breast cancer. 
Multifocal cancer correspond to hypoechogenic foci, 
taking place along the ductal axis (picture of a string of 
pearls), located in the specific TDLUs (Figs. 8.10 and 
8.11). Their size depends on their age, and they are more 
or less associated with indirect anatomic (ligamentary) 
or echographic (posterior absorption shadow) signs. 
Although identifying many foci, ductal echography may 
still underestimate their real number because the small-
est ones (most recently appeared) could possibly not be 
seen. Discovering multiple cancers has become possible 
through technology progress and practicing using fully 
digital machines with dedicated probes and through 
improvement in our way of examination followed by 
increase of our knowledge.
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The rate of detecting multifocal and multicentric 
breast cancer cases started with very low values to 
reach 10–20% a few years ago and to get up to as 
impressive numbers as 45% nowadays (Tot 2007a). 
These numbers were surprising, as we were so far 
away from them in our classical views regarding breast 
carcinoma. However, the numbers are real as they have 
been confirmed by other ductal echography specialists 
and, most of all, by breast pathologists. It seems to us 
that the “sick lobe theory” (Tot 2007b) reflects the 
reality we daily observe “in vivo.”

Diffuse cancers represent a separate and special 
group of lesions (Tot 2003). They are difficult to detect 
and very difficult if not impossible to be differentiated 

from epithelial proliferation zones. Their characteriza-
tion often represents the limits of this method and may 
result in failure of diagnosing (Fig. 8.12).

8.7  Surgical Aspects

The end-result of breast mammographic-echographic 
examination should be a report giving the maximum 
of information considering the presence of abnormali-
ties, the biological nature of the abnormalities, their 
number, and their exact location. A precise mapping 
of the lesions (with an exact clockwise localization) 

a b

c

d

Fig. 8.8 (a–d) Mammography (a and b) and ultrasound (c) images of a multifocal breast carcinoma. Note the perfect correlation 
with the large-format histology section (d) (Courtesy of Professor Di Marino and Dr. Rojat Habib, Marseille, France)



160 D. Amy

will allow the therapists to choose the best treatment. 
Notably, eventual recurrences are not the surgeons’ 
responsibility if the preoperative diagnostic informa-
tion was suboptimal. The role of the diagnostician is 
crucial and the information he or she generates may 
have serious consequences. Surgeons such as Professor 

Dolfin (Dolfin et al. 2008) or Professor Durante (2006) 
have been able to develop a specific surgical proce-
dure of lobectomy technique thanks to this back-
ground of ducto-radial echography (with pre- and 
postoperative but also, if necessary, peroperative con-
trol examinations). This is an absolutely innovating 
way of breast surgery. Close collaboration of radiolo-
gists, surgeons, oncologists, therapeutics, and the 
other members of the breast team is mandatory to 
achieve the best results.

a

b

Fig. 8.9 (a and b) Echography image (a) and inverted echogra-
phy image (b) of a few mm large unifocal carcinoma located at 
the interface of the Cooper’s ligament and the rest of the lobe

a

b

Fig. 8.10 (a and b) Echography image (a) and inverted echog-
raphy image (b) of a bifocal carcinoma with a proximal and a 
distal focus at 5 cm distance from each other located within the 
same lobe

a

b

Fig. 8.11 (a and b) Echography image (a) and inverted echog-
raphy image (b) of a multifocal carcinoma with foci located in 
different TDLUs along the duct axis (like a string of pearls)

Fig. 8.12 Diffuse invasive lobular carcinoma, hardly detectable 
in the Cooper’s ligament cone with the corresponding elastogra-
phy, score 2
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8.8  Conclusion

Ductal echography represents in our opinion an irreplace-
able innovation and a major progress in breast carcinoma 
diagnosis. The concept is based on analyzing lobar anat-
omy, understanding the morphologic and physiologic 
variations of the lobes and understanding the appearance 
and natural history of benign and malignant pathological 
lesions within the breast structures. The perfect correla-
tion between the echographic and histologic observations 
is the best proof of the many advantages of ductal echog-
raphy. Highlighting each lobe individually allows appro-
priate analysis (in contrast to the conventional echography 
looking at single lesion inside a quadrant). In our experi-
ence, the number of the lobes in most of the breasts is  
12 to 15 (less than the 15 to 20 originally described by 
Going and Mohun 2006). Particular attention should be 
paid to specific TDLUs and the zones of their localiza-
tion as this is a very important phase of examination. 
Subtle alterations in connective tissue structures (seem-
ingly accessories, like the Cooper’s ligament, the fas-
cias, and the subcutaneous elements) allow early 
detection of breast carcinoma hardly ever seen with con-
ventional methods (Amy 2005; Amoros et al. 2009).

The modern echographic approach still remains 
limited because of the limited probe resolution as well 
as the availability of special echographic machines. 
Nevertheless, all the thousands of the lobules within 
the breast can never ever be properly examined. But the 
fact that those of them showing the signs of epithelial 
proliferation or pathological alterations are currently 
detectable seems to us to be satisfactory. Histological 
confirmation we had in more or less half of the exam-
ined cancer cases, also multifocal or multicentric, is 
fundamental. Further development is needed for accu-
rate differentiation of breast cancer subtypes, like duc-
tal, lobular, and mixed ducto-lobular.

It is debatable whether we will ever be able to detect 
the earliest changes in cancer development using 
echography, but we are already able to observe altera-
tions of the normal morphological constituents of the 
breast during the disease. Multifocality/multicentricity 
is often explained by migration of the malignant cells, 
a phenomenon that cannot be echographically fol-
lowed; however, observing lesions of different size and 
age within the same lobe may be a consequence of 
local cell migration (Fig. 8.13). Finding early bifocal 
or multifocal cancer foci separated by a distance of 

a

c

b

d

Fig. 8.13 (a–d) Echography image (a) and inverted echography 
image (b) illustrating a sick breast lobe with a large initial can-
cer and several additional new foci on both sides of the ductal 

axis. Elastography score 4 (c) and Doppler positivity (d) in each 
of the new multiple millimetric foci within the distal part of the 
same lobe
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several centimeter within a single lobe (Figs. 8.10 and 
8.11.) as well as the presence of lesions of the same 
size within the same and/or in different lobes leads us 
to the conclusion that multiple malignant foci may 
develop independently from each other as a result of 
simultaneous and/or asynchronous malignant process.

The entire new concept presented in this chapter and 
in this book opens interesting perspectives of surgical 
and therapeutic character: multifocal, progressive, and 
extensive lobar involvement should not be treated the 
same way as a unifocal cancer. The therapeutic strategy 
should be different at the very early stage of breast can-
cer development and in the advanced stage, as well.

The diagnostic improvements achieved with introduc-
tion of ductal echography, with using large-format histol-
ogy section, performing controlled breast lobectomy in 
surgery, introducing new molecular targets in oncology, 
or peroperative contact radiotherapy and cryotherapy will 
only be successful if the synergic effects between all 
these modalities continue. This interdisciplinary approach 
is more important than ever before. The progress of all 
this disciplines depends on improvements of the others.

Regarding echography, new equipment (digital 
machines, new generation of dedicated probes Doppler 
echography, elastography, three-dimensional recon-
struction) have allowed the best of diagnostic perfor-
mances. But it is also crucial to have dedicated and 
competent personnel continuously. Ductal echography 
has become a necessity in specialized breast centers. 
This is the way and the price of being able to give our 
patients the best chances for their recovery.
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9.1  Introduction

Breast ductoscopy is an evolving field of surgical tech-
nical expertise and a new method of access to the earli-
est premalignant and malignant lesions for breast cancer 
researchers. Clinical endoscopy has rapidly improved 
over the last 40 years and offered researchers and clini-
cians access to many epithelial surfaces at risk for can-
cer. In the early 1990s, with the advent of submillimeter 
endoscopes, this approach could finally be used to 
examine the breast ductal epithelium. In a period of less 
than 2 decades, we have through clinical use been able 
to make direct observations of anatomy and the relation-
ship of anatomy to the processes of breast cancer car-
cinogenesis. Whether unifocal or multifocal, breast 
cancers seem to arise within only a single ductal tree. 
The grade and presence or absence of angiogenesis 
seem to be associated with lesions in radically different 
regions of the ducto-lobular tree. Currently, our biopsy 
tools are rudimentary, but as these improve, the ability 
to genetically map the sequence of events during car-
cinogenesis up and down the ductal tree offers perhaps 
one of the most exciting avenues for increasing under-
standing or breast cancer carcinogenesis.

9.2  History of Early Ductoscopy

Early in the 1990s, Okazaki and others began to attempt 
breast ductoscopy for symptomatic pathologic nipple 

discharge using the first endoscopes less than 2 mm in 
diameter (Okazaki et al. 1991; Okazaki et al. 2007). As 
the technology improved and scopes about 1 mm in 
diameter could be fashioned, they met with greater suc-
cess at actually canulating the offending orifice and suc-
cessfully navigating to the lesion of interest present as a 
polyp or change in the intraluminal surface of the breast 
duct (Shen et al. 2000; Shao and Nguyen 2001; Matsunaga 
et al. 2001; Yamamoto et al. 2001a; Yamamoto et al. 
2001b). In the Oriental population, nipple fluid abnor-
malities were a more common presenting symptom of 
breast cancer and these new scopes offered a way to 
superficially localize a lesion for diagnostic biopsy. 
Problems relating to poor image quality and glare/refrac-
tion related to air insufflation of the duct limited this new 
technology’s use. Further, since most identified lesions 
could only be removed via open surgical biopsy, the duc-
toscopy was only serving as the equivalent of needle 
localization for a mammographic abnormality.

Important understandings of ductal involvement by 
cancer and the anatomy of these changes were how-
ever being revealed. Dr. Love and her colleagues went 
on to attempt ductoscopy using the Japanese scopes in 
the first US trial (Love and Barsky 1996; Love and 
Barsky 2004). This directly led to recognition of the 
ability to wash cells from intraductal proliferative 
lesions and the beginnings of modern attempts of duc-
tal lavage. It was out of the evaluation trial of a ductal 
lavage system where I got involved. Quickly in the 
ductal lavage trial participants at my institution, we 
accumulated several with frankly malignant or suspi-
cious cells reproducibly being lavaged from a single 
duct orifice. In spite of our best available imaging 
modalities, we were unable to identify the source of 
the cells more precisely. I searched for available sub-
millimeter scopes and found one made by an American 
manufacturer. Using this scope and the principles of 
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saline ductal distension developed during the ductal 
lavage trial, I was able to identify the lesion of interest 
in each of these cases (Dooley 2000). A short series of 
scope use in patients having surgery with pathologic 
nipple discharge abnormalities quickly demonstrated 
ductoscopy’s potential value to a breast surgeon in 
diagnostic and therapeutic planning (Yamamoto et al. 
2001a).

9.3  Ductoscopy in Breast Cancer  
Cases – Lessons Learned

When I first began ductoscopy in the routine manage-
ment of early-stage breast cancer where a fluid-produc-
ing duct could be identified, I quickly learned some 
important anatomy of the breast and how to identify 
ducts and positions within the ductal tree containing 
cancer (Dooley 2002; Dooley 2003). First was the duc-
tal anatomy and duct distribution, as has been described 
in Dr. Love’s chapter. Most upper outer quadrant lesions 
would be associated with a large branching lobar- ductal 
complex with a single orifice on the periphery of the 
nipple papilla plateau from 8:00 to 2:00 o’clock posi-
tions. Lesions greater than 2 cm in size clinically or 
radiographically rarely had ducts that could be identi-
fied by breast massage and compression to contain fluid 
unless they were associated with extensive intraductal 
component. In general, these lesions with a large halo 
of peripheral proliferative changes were the easiest 
ducts to identify as fluid producing. Core biopsy or 
open biopsy could lead to difficulty in identifying the 
correct orifice of the lobar-ductal unit by fluid produc-
tion on the nipple surface.

Once the target duct had been chosen for endoscopy, 
I used intraductal distension with local anesthetic. The 
ductal branches of the lobar unit, which dilated the 
most under this topical anesthetic use were almost 
always associated with the most proliferative subseg-
ments of ductal breast tissue. Scoping the largest 
branches would take you to the cancer and precancer-
ous changes quickly. Small side branches rarely if ever 
were found to have significant proliferative changes. 
Often invasive cancers would seemingly purse-string 
the duct shut but tapping the obstruction with the 
scope – the palpable or ultrasound visible tumor could 
be seen to move. Some invasive tumors would have 
grossly ulcerated lesions visible but this was rarer. 

Over 40% of early-stage breast cancers had significant 
intraluminal growths arising in the region of the known 
tumor and extending well beyond 1 cm beyond the 
known radiographic and or clinical target cancer 
(Dooley 2002). Most of these cases had frank extensive 
intraductal component (EIC) but some would have 
only multiple foci of atypical ductal hyperplasia (ADH) 
or of florid usual ductal hyperplasia. Unfortunately, the 
visual appearance of the intraductal growths on endos-
copy did not perfectly correlate to the eventual histo-
logic findings if that region was entirely removed.

In general, intraluminal growths fell into several cat-
egories, large spongiform lesions with a distinct stalk 
were usually solitary papillomas (Shen et al. 2000; Khan 
et al. 2002; Dooley 2005; Moncrief et al. 2005; Sauter 
2005; Sauter et al. 2005; Valdes et al. 2005). Ridging 
and furrowing of the ductal wall usually occurred only 
in the larger and more central ducts. These abnormali-
ties usually were either low-grade ductal carcinoma in 
situ (DCIS) or columnar or florid ductal hyperplasia. 
Intraductal growths that were peripheral and had evi-
dence of angiogenesis by localized hyperemia were 
likely to be ADH or DCIS (solid or with comedonecro-
sis). Exophytic growths fitting these categories only 
occurred very distally in the ductal tree. Occasionally, 
sessile hyperemic patches were visible in larger ducts – 
where few and widely scattered ones were associated 
with ADH. In general, if lesions were numerous in a 
region, there was a high chance of diagnosis of DCIS 
when the entire region was excised. Rare patients had 
small frond like growths – usually white – resembling 
sea anemones. These could be either micropapillomas, 
micropapillary hyperplasia, or micropapillary DCIS. 
When present again, the multiplicity of lesions greatly 
increased the chances of DCIS diagnosis. Invasive duc-
tal grade 3 cancers seemed always isolated to a small 
distal ductal branch. In contrast, grade 1 ductal, tubular, 
colloid, etc. seemed much more likely to be associated 
with a large central main ductal trunk.

For the purposes of lumpectomy, I mapped the pro-
liferative activity and resected the known cancer and 
all intraluminal growths associated with it under duc-
toscopic guidance (Dooley et al. 2004). Most cancers 
were peripheral, and all visible proliferative activity 
was limited to a ductal subbranch, which could be eas-
ily resected to the periphery of the breast tissue. Some 
cancers had associated proliferative changes in several 
ductal subunits of the same lobar system. Usually, the 
extent and type of proliferative change was quite 
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different in each subunit. I theorized from this that 
there were stem cells scattered throughout the lobular 
unit having the same initiation events but responding 
locally differently to progression events. I saw a num-
ber of patients described radiographically as either 
multifocal or multicentric on mammography and MRI 
imaging. In over 1,500 cases, I have never found a 
single early-stage breast cancer where additional non-
contiguous cancers were not endoscopically shown to 
be connected to the same lobar-ductal tree. This may 
be an important observation (Okazaki et al. 1991; 
Dooley 2002; Kapenhas-Valdes et al. 2008) supporting 
an alternative breast carcinogenesis model such as the 
lobar theory.

In follow-up of patients managed by endoscopi-
cally directed segmental lumpectomy removing all 
diseased branches of the same lobar-ductal tree as the 
primary cancer, I have been able to drop local recur-
rence to less than 1/10 that of traditional breast con-
servation in those patients without lympho-vascular 
invasion (LVI). This now actually leaves me with this 
subcategory of breast conservation patients approxi-
mating the local failure rates of mastectomy patients 
who also lack LVI.

German ductoscopists have been able to reproduce 
findings similar to mine in breast cancer lumpectomies 
(Hünerbein et al. 2006a; Hünerbein et al. 2006b; 
Hünerbein et al. 2007; Grunwald et al. 2007; Jacobs 
et al. 2007a; Jacobs et al. 2007b). Some American 
groups have not but each made I believe a classic 
assumption error (Louie et al. 2006; Kim et al. 2004). 
These groups believed that if routine pathology did not 
find either DCIS or invasive cancer – the other prolif-
erative activity was unimportant. Their basis seemed 
reasonable in that older pathology series suggest that 
positive margins for ADH or usual ductal hyperplasia 
are unimportant to local recurrence. Unfortunately, 
pathologists are not examining but minute fractions of 
the epithelial surfaces of the ductal tree. Routine 
pathology then greatly underestimates coexistent pro-
liferative disease so as to confuse these other series 
conclusions. Many times I find and photograph intra-
ductal lesions and have to send my pathologist back 
several times for recuts before the visual findings 
I make can be histologically explained adequately. 
More recent studies suggesting the sinister nature of 
widespread noncontiguous ADH for future ipsilateral 
breast cancer events suggest that my endoscopically 
driven assumptions may be closer to reality.

9.4  Conclusions

Using the lobar hypothesis, data are now being gener-
ated, which would substantially change our approach 
to breast lumpectomy. When there is a field defect, 
there may be value in resection of the entire lobar unit 
or subunit involved. This cannot be defined well using 
mere pathologic distance measurements to prove ade-
quacy of lumpectomy. We may need to genetically 
map the extent of carcinogenic changes within the lobe 
to develop the most rational approach to anatomic 
 correct lumpectomy.
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“Progress in breast cancer… usually occurs by ‘gilding 
the lily’ – generating incremental improvements – as 
opposed to the introduction of dramatic new innovations 
(Freya Schnabel, personal communication, 1998)” 
(Lerner 2001).

10.1  Introduction

Tibor Tot has given me an unusual opportunity via his 
request to summarize my work in computed tomogra-
phy (CT), which indeed since 1977 has been directed 
toward eliminating the scourge of breast cancer via 
search and destroy of premetastasis tumors, instead of 
the predominant, century-old magic bullet approach 
(Strebhardt and Ullrich 2008). I have had the strange 
career of a theoretical biologist (Fig. 10.1) on a conti-
nent where theoretical biology as a paid discipline 
died with James F. Danielli, discoverer of the bilayer 
structure of the cell membrane, and once Director  
of the Center for Theoretical Biology at the State 
University of New York at Buffalo and founding  
editor of the Journal of Theoretical Biology (JTB) 
(Danielli 1961; Rosen 1985; Stein 1986). Danielli 
became part of my story, which I will tell in the spirit 
of the wonderful biography of Louis Pasteur written 
by his lifetime laboratory assistant (Duclaux 1920). 
Lacking such a long-term companion to my train  
of thought, this shall have to be unabashedly 

autobiographical, with all the risks attendant to that 
form of literature. I shall try to be honest to you, the 
reader, and true to myself. If we consider the vast gos-
samer of activity in science, and CT in particular, my 
own path is but one thread through that web, but the 
one I know best. Nevertheless, when I use “I,” please 
take it as shorthand for “I and my cited collaborators” 
where appropriate. My world line has crossed that of 
many others, who have enriched my journey, and 
made it possible. This includes George Gamow, Mr. 
World Line himself (Gamow 1970), both of us sitting 
in on a meteorology course in Boulder, Colorado 
about 1968, and later his son Igor at Woods Hole and 
Boulder regarding trying to model the growth of 
Phycomyces (Ortega et al. 1974).
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Destroy, Cure, and Watchful Waiting  
of Premetastasis Breast Cancer
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Fig. 10.1 The fate of the theoretical biologist (Hardin 2003) 
(Reproduced with paid permission of CartoonStock)
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10.2  3D Electron Microscopy

I was introduced to the problem of “reconstruction from 
projections” when I met Cyrus Levinthal (Levinthal 
1968), my future postdoctoral supervisor (Department 
of Biological Sciences, Columbia University), at  
the Marine Biological Laboratory, Woods Hole, 
Massachusetts, in 1968, where I took the Embryology 
Course the following summer, a year later. Cyrus very 
wisely posed the problem of getting the 3D structure of 
a protein molecule from a tilt series of electron micro-
scope images, without telling me that anyone else was 
working on it. The intersection of embryology, my first 
career (Gordon 1966), with breast cancer and Tot, is told 
in the Epilogue to this book (Gordon 2010). Let me just 
say that Woods Hole is a cauldron of intellectual activity 
every summer. While there in 1969, I also heard a talk by 
Albert Szent-Györgyi (Szent-Györgyi 1960, 1972) on 
banana peels, redox reactions and cancer, whose story of 
being turned down by NIH for a one-line grant applica-
tion “I want to find a cure for cancer,” after he received 
the Nobel prize, was conveyed to me on a long walk with 
Shinya Inoué (Inoué et al. 1986). This was seminal in  
my long and continuing battle to democratize science 
and prevent peer review from suppressing innovation 
(Gordon 1993; Poulin and Gordon 2001; Gordon and 
Poulin 2009a, b) as a member of the Canadian Association 
for Responsible Research Funding (Forsdyke 2009). 
Indeed, peer review is what has slowed my work on 
detection of breast cancer more than any other factor, 
and forced most of it to be theory rather than testing  
of that theory with real equipment and patients. This 
accounts for the word “imagining” in my title.

To reduce the selectiveness of my memory of events 
and my own thought process, I will go through my rel-
evant papers in roughly chronological order, using them 
to weave this story, commenting on them in retrospect.

The work with Cyrus Levinthal, 1968-1969, was 
done on an expensive computer that would probably 
not stand up to any later handheld electronic calculator 
in speed, the latter device long since absorbed itself 
into laptop computers and cell phones. Thus, I had to 
be satisfied with attempting to reconstruct an array of 
numbers that could barely portray an image: 10 × 10 
pixels. I worked with parallel projections, and came to 
think of the rows of parallel rays as if they were tracks 
for the tongs of a rake pulling pebbles across a Japanese 
rock garden (Fig. 10.2). This conception may have 
come to me before or during a seminar by Aaron Klug 

that Levinthal sponsored, in which Klug talked about 
his Fourier approach to reconstruction from projec-
tions. That was the first time I knew anyone else was 
working on the problem. As Klug was much my senior, 
this created some sense of competition and importance 
of the problem beyond its intrinsic interest. We were to 
cross swords later.

At the time, few proteins could be crystallized, 
a necessary step for 3D reconstruction by the Fourier 
methods of x-ray crystallography championed by Max 
Perutz with his determination of the 3D structure of 
hemoglobin (Perutz 1990, 1998). Levinthal’s goal was 
to open all proteins to structural determination via 3D 
electron microscopy, without the need for crystalliza-
tion. Klug’s approach to reconstruction from projec-
tions clearly grew out of the crystallography tradition, 
as did that of Ramachandran (Ramachandran and 
Lakshminarayanan 1971), but mine did not (Fig. 10.2). 
Perhaps the visit of a Japanese artist to the Art Institute 
of Chicago, where I took lessons when I was in my 
early teens, was in the back of my mind.

10.3  In Search of Phantoms

In CT, we have always been faced with the problem of 
suitable phantoms, that is, images of precisely known 
structure that nevertheless reasonably represent the real 
problem of determining the unknown structure (barring 
vivisection) of tissues within an individual person. 
There were no algorithms for generating complex 

Fig. 10.2 A Japanese rock garden with the pebbles raked into 
rows that, if parallel, would correspond to a projection (From 
Wikipedia Contributors (2009), with permission under GFDL 
(GNU Free Documentation License) + creative commons 2.5)
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pictures in those days, such as we now take for granted 
in 3D animation, rendering, and fractals. In New York, 
I did manage to get access to some of the first satellite 
pictures of clouds, whose textures I imagined might 
roughly represent that of cloud-like electron micro-
graphs of 30-nm wide protein images, which were 
themselves generally casts in uranyl acetate stained 
with osmium tetroxide (a fixative I learned to handle 
with respect in Levinthal’s lab). During that brief aca-
demic year I also learned about nuclear emulsions and 
their ability to track single emitted particles when used 
for autoradiography, and tried to visualize vitamin B

6
 

with a field ion emission microscope, a wonderful 
instrument in which He ions create the image one by 
one of all the activity on the tip of a metal needle on a 
phosphorescent screen, in the laboratory of Eugene S. 
Machlin (Machlin et al. 1975). Individual tip atoms, 
magnified a million times without optics, could be seen 
in real time using a photomultiplier tube. Earlier I had 
viewed the electron microscopy images of single ura-
nium atoms and evidence of their diffusion in the lab of 
Albert V. Crewe (Wall et al. 1974; Isaacson et al. 1977) 
when I was an undergraduate at the University of 
Chicago. He later cited my CT work (Crewe and Crewe 
1984). In retrospect, I can see that these “hands on” 
experiences, watching single atoms move, got me used 
to the idea of building up images from one quantum 
(particle or photon) at a time.

I did not solve the raking problem until I moved on 
to the Center for Theoretical Biology in Buffalo, where 
I postdoced with Robert Rosen because of a mutual 
interest in morphogenesis (Goel et al. 1970). Rosen 
gave me the academic freedom to pursue whatever  
I wanted. Confused about the difference between 
“computer center” and the new field of “computer sci-
ence,” I asked Computer Science Assistant Professor 
Gabor Herman about how to get computer time, and 
told him about the reconstruction problem I wanted to 
continue working on. A week later he was working on 
it, so I decided to collaborate with him.

In this computer science milieu, the raked pebbles 
were replaced by raked bits, whose sums had to add up 
to given projections, and thus we soon submitted our 
first paper on a Monte Carlo approach to reconstruc-
tion from projections that actually worked (Gordon 
and Herman 1971).

For a test pattern (phantom), in the spirit of the 
American civil rights movement of the time, I took a 
photographic print of a young black girl named “Judy,” 

taken by Judith Carmichael, whose husband Jack was 
my host for a 1968 summer postdoc (Gordon et al. 
1972), and found a lab with a photometer. I moved the 
print to 2,500 positions and read the voltmeter 2,500 
times to produce a 50 × 50 pixel image. This was my 
first satisfactory phantom. Faces make good phantoms 
because we are so attuned to seeing distortions in them, 
making artifacts stand out.

While a number of increasingly sophisticated 
 computer-simulated breast phantoms have been pro-
duced (Taylor and Owens 2001; Bakic et al. 2002a, b, 
2003; Bliznakova et al. 2002, 2003, 2006; Taylor 2002; 
Hoeschen et al. 2005; Reiser et al. 2006; Zhou et al. 
2006; Shorey 2007; Han et al. 2008; Li et al. 2009),  
I prefer the real thing (O’Connor et al. 2008). Perhaps 
the best x-ray phantom, the ultimate in “ground truth,” 
would be a 3D map of the atomic composition of a 
breast, because x-ray absorption and scattering are pri-
marily atomic and not molecular quantum phenomena. 
For the same reason, such a phantom would serve 
almost as well for magnetic resonance imaging (MRI), 
but not for ultrasound or electrical impedance tomogra-
phy (EIT) or magnetic resonance spectroscopy (MRS), 
which measure molecular properties. I would like to 
propose that we create such “atomic breast phantoms” 
with petrographic methods. If we sectioned a cadaver 
breast, removing or etching away one planar slice after 
another, and imaged the exposed face of the remaining 
specimen, then we could get 3D data. Cooling or freez-
ing might be needed during sectioning to have suffi-
cient tissue rigidity. This would also preserve the tissue 
from bacterial degradation. To get atomic composition 
and do the etching, the ideal would be to put the open 
face in a large secondary ion mass spectrometer (SIMS), 
and get the full atomic composition at each voxel over 
the whole face (Hallégot et al. 2006). Voxel size should 
be chosen to be below the target resolution of any future 
3D breast imaging modality (see below).

10.4  The Origin of ART

Robert Bender (Bender and Duck 1982) joined the 
Center for Theoretical Biology as a graduate student, 
and we became close friends. I had long been aware of 
the outstanding problem of protein synthesis from the 
University of Chicago work of Victor Fried (Haselkorn 
and Fried 1964) when we were both undergraduate 
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students there in the Department of Biophysics, and 
later graduate students together at the University of 
Oregon. The problem boiled down to the questions of 
what are ribosomes and how do they work? I had done 
a Monte Carlo simulation of ribosomes moving along 
messenger RNA (Gordon 1969). Bender contacted 
David Sabatini (Sabatini 2005) and obtained a tilt 
series of electron micrographs of ribosomes from him. 
In the meantime, I had realized, probably because of 
my thesis work with Terrell L. Hill in statistical 
mechanics, that the Monte Carlo approach to recon-
struction from projections (Gordon and Herman 1971) 
had a deterministic average, which could be expressed 
by a set of simultaneous linear equations. This new 
approach needed a name.

Bender and I loved to pun incessantly. He came up 
with Fast Algebraic Reconstruction Technique, which I 
toned down to ART, pleased with that acronym because 
I had been reared by an artist (Gordon 1979a). Boris K. 
Vainshtein (1972, personal communication) (Vainshtein 
1971) later told me with delight that the acronym ART 
works in Russian too (and that he too was Jewish, while 
I used my opportunity in the Soviet Union to attend a 
Refusnik seminar with other members of the Committee 
of Concerned Scientists). ART Intended for Storage 
Tubes (ARTIST) later became the name of my first PET 
(positron emission tomography) algorithm (Gordon 
1975c, 1983a). ARTIST used coincidence events (pairs 
of simultaneously emitted gamma rays traveling in 
opposite directions) and was my first published foray 
into imaging with single quantum events, producing a 
plausible reconstruction of a phantom with only 1,000 
events. It was later made more sophisticated, using den-
sity estimation methods, by Barbara Pawlak (Pawlak 
and Gordon 2005, 2010). See below.

10.5  Youth Pursuing a Nobel Prize

There was urgency to our work, because we felt we 
were about to crack the problem of ribosome structure 
and function, the big molecular biology prize of the 
day. Being in my 20s, a bit more full of myself than I 
think I am now, I rehearsed my Nobel Prize speech in 
my head, or considered the chutzpah of declining it for 
long forgotten reasons associated with my opposition 
to and joining protests against the Vietnam War. In 
fact, Hill and I, earlier, had an escape route to Sweden 

planned for me, to work with physical chemist Hugo 
Theorell, in case I got drafted. I had already just 
escaped the draft with the aid of my first graduate advi-
sor, Aaron Novick (Novick and Szilard 1950).

But Bender and I had a problem: how to display our 
results? I had mastered overprinting to the point of once 
slicing across a half-meter-wide ink ribbon (cf. Gordon 
et al. 1976). Overprinting is the long forgotten skill of 
halting a chain printer so that more than one character 
struck the same spot. But the results were poor in terms 
of image quality. Bender located a prototype computer 
image printer at Xerox headquarters in Rochester, New 
York, which unfortunately only read paper tapes. So we 
drove from Buffalo to Ottawa with magnetic tapes, in 
Bender’s car with a broken radiator that required fre-
quent refilling with water, converted it to paper tapes at 
the National Research Council, and then drove to Xerox, 
where they allowed us to stay overnight reading in the 
paper tapes and printing our pictures.

The result was two papers, back to back, on the the-
ory of ART and its application to ribosomes, in Danielli’s 
JTB (Bender et al. 1970; Gordon et al. 1970), and the 
images for the earlier Monte Carlo work, which appeared 
subsequently (Gordon and Herman 1971). In the course 
of writing these I came to realize that the same method 
should work for x-rays, and thus included the naive “…
and x-ray photography” in the title of the theory paper, 
as “radiography” was not yet in my active vocabulary. 
That was the beginning of my medical career:

“In body-section radiography (Kane 1953) the X-ray 
source and the film are moved in a coordinated fashion so 
that only one plane in the patient in between does not blur 
out. If our methods were used instead, the X-rays need 
only go across the plane of interest. The tissues above 
and below need not be exposed. By photometric reading 
of a fluorescent screen, the intensities could be passed 
directly to a small computer, and the reconstructed sec-
tion displayed on a television screen within a minute or 
so. In effect, our methods provide rapid cross-sectioning 
of an object, without cutting.… The new method is easily 
generalized to nonparallel rays, which may occur in 
X-ray photography” (Gordon et al. 1970).

We did not attract the attention of the electron micros-
copists working on ribosomes. For example, we knew 
we could have reconstructed the structure of various 
subsets of ribosome components (Nomura 1987), to 
build a 3D map of where each was located. But 
divorces, collapse of the Center for Theoretical 
Biology, and dispersion of my collaborators killed the 
project. I moved on to NIH (U.S. National Institutes of 
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Health), with the help of Hill, who had moved there 
himself, and in 1972 became an “Expert” in the 
Mathematical Research Branch, National Institute of 
Arthritis, Metabolism and Digestive Diseases. While I 
made an attempt to deal with arrays of ribosomes with 
Marcello Barbieri (Barbieri et al. 1970), my request to 
set up a densitometer facility at NIH just led to hostil-
ity, as a proper flatbed scanner (now $50) cost a good 
fraction of a million dollars at that time. Although in 
my early 30s (born 1943), with a hiring freeze in long 
effect, I was a mere impudent youngster at NIH.

10.6  Dose Reduction in CT

Important lessons for radiology came out of this work 
from the electron microscopy. The electron beam dam-
aged the ribosomes, which was apparent from the 
decreasing contrast in a tilt series (Bender et al. 1970). 
Thus, I learned directly about the consequences of 
dose, though my attitudes toward ionizing radiation 
had also been set by a high school essay on the first 
nuclear bomb (Gordon 1960).

For reconstruction from tomography, the fewer 
views the better, in terms of dose. On the other hand, 
for a given total dose, this meant that there is an opti-
mization problem to be solved, as:

This brings us right back to the quantum imaging 
problem, as a large number of noisy views, with few 
photons per view (in the limit, just one photon or 
quantum event per view, as in the ARTIST algorithm, 
Gordon 1975c, 1983a), might prove optimal. But this 
requires an algorithm that is less noise sensitive than 
either ART or filtered back projection (FBP). So find-
ing the optimal number of views is still an open prob-
lem. Nowadays, this is seen as a subset of the more 
general compressive imaging or compressive sensing 
problem (Candes and Wakin 2008; Ramlau et al. 
2008; Romberg 2008; Sidky and Pan 2008; Carron 
2009; Pan et al. 2009; Yu et al. 2009).

The idea that CT dose reduction could be achieved 
through better algorithms (Gordon 1976b) rather than 
just adjusting patient positioning, exposure, and col-
limation parameters (Vock 2005), with the onus placed 
on the radiologist (Imhof et al. 2003), has yet to have 
any impact in medical practice, perhaps because the 

CT algorithm (including raw data correction (Pan 
et al. 2009)) is regarded as a proprietary and mathe-
matically obscure black box. The only company 
secret that CT manufacturers may have is that they 
have not done due diligence for dose reduction. 
Governments’ approach seems to be to legislate the 
laws of physics (Krotz 1999).

Most of my work has focused on a few low noise 
views, a regime in which the ART algorithm does well, 
and much better than FBP (Herman and Rowland 
1973; Barbieri 1974; Gordon and Herman 1974; 
Barbieri 1987). I have done CT with as few as three 
views. This was forced by our simple design of the first 
nevoscope to measure the depth of nevi (Dhawan et al. 
1984b), the major prognostic factor for melanoma. 
While using just three views is undoubtedly subopti-
mal, my intuition suggests that for mammography we 
may find that 10–30 views do just fine (Wu et al. 2003; 
Sidky et al. 2006; Herman and Davidi 2008; Pan et al. 
2009; Qian et al. 2009; Jia et al. 2010). If correct, this 
leads to the possibility of a CT scanner configuration 
consisting of a fixed array of a few x-ray sources aimed 
at detector arrays (Gordon 1985b), such as has been 
prototyped for breast tomosynthesis (Qian et al. 2009). 
The Mayo Clinic Dynamic Spatial Reconstructor con-
sisted of 28 rotating x-ray sources (Altschuler et al. 
1980), so these numbers are plausible. The extra cost 
of the x-ray sources might be more than offset by the 
scanner having no moving parts.

Another lesson came from the limited tilt range 
then available for the tilt stage in electron microscopes: 
images could indeed be reconstructed without a full 
180° angle range, but they had anisotropic resolution 
that perhaps could be corrected for. The answer of how 
to do this came some time later, from the nevoscopy 
work, as described below.

10.7  More Equations than Data

It became clear, with the CT problem seen as solving 
simultaneous linear equations, that we had far fewer 
equations than unknowns, yet could still get reasonable 
reconstructed images, as judged by their comparison 
with the original phantom. In other words, when recon-
structing n2 pixels for an n × n picture, we could use m 
projections, where m « n (« means “much less than”). 
In contrast, Klug’s Fourier approach was to interpolate 
in Fourier space, which required uniform sampling of 

Total dose dose per view number of views= ×
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views around the specimen at closely spaced angular 
intervals. The ground was set for conflict:

“DeRosier & Klug (DeRosier and Klug 1968) have given 
a Fourier method for the reconstruction of three-dimen-
sional objects from electron micrographs. Unfortunately, 
there are limitations on their method, which make it prac-
tical only for highly symmetrical objects [for which one 
view provides data for many]. They estimate that in order 
to obtain a 30 Å reconstruction of a 250 Å ribosome, elec-
tron micrographs would have to be taken at approxi-
mately 30 different angles, on a stage capable of tilting 
±90°. This number of pictures, if taken by ordinary elec-
tron microscopy, would destroy the ribosome and cover it 
with a thick layer of dirt from the microscope chamber. 
We will present an entirely new, direct method, an 
Algebraic Reconstruction Technique (ART), which has 
the following advantages over the Fourier method: (1) the 
ART method works readily for completely asymmetric 
objects; (2) it produces considerable detail of such objects 
with only 5 to 10 views; (3) ordinary tilting stages may be 
used, since the views may be taken over a relatively small 
range of angles (±30°); (4) computing time is approxi-
mately 30 seconds per section on a Control Data 6400; 
(5) small computers may be used, since little storage is 
required; (6) ART is directly applicable to macroscopic 
X-ray photography, and should require considerably less 
radiation than present methods of body-section radiogra-
phy (Kane 1953).… 30 views over a 180° span would… 
correspond to solving for the r

ij
’s on an 8 × 8 grid. It is 

clear that we are doing considerably better than this with 
only five views over a 60° span [on a 50 × 50 pixel 
image]” (Gordon et al. 1970).

Klug attacked with a long rebuttal of our work submit-
ted to Danielli for publication, but also widely distrib-
uted as a preprint around the world. Danielli had been 
upset by how his friend, Maurice H.F. Wilkins (Wade 
2004), had been sidelined in the hoopla over the struc-
ture of DNA (even though he received the Nobel Prize 
with James Watson and Francis Crick), and Klug was 
from the same community. But Danielli’s only action 
was to delay publication of Klug’s letter long enough 
to give us a month to respond in the same issue of JTB. 
In the meantime, Klug submitted a much toned down 
version. We responded by quoting from the original, 
because of the preprint distribution. To Klug’s “ART 
and science” (Crowther and Klug 1971) we argued 
forcibly that “ART is science” (Bellman et al. 1971). 
We included a few nonverbal jabs, reconstructing an 
image of Klug taken from a Time Magazine issue, one 
of a fashion model who had accompanied Bender on a 
visit to Klug before this episode, who had unnerved 
him, and mitochondria in the shape of a star of David, 
as Bender, Klug, and I are all Jewish. Finally, S.H. 
Bellman, our lead author, was the bellman in Lewis 
Carroll’s epic poem “The Hunting of the Snark.” He 

had been our mascot, as computer programming errors 
in our SNARK program, of which I wrote the early 
versions in Fortran II (Herman 2009), often produced 
images that were “a perfect and absolute blank” 
(Carroll 1876; Bellman 1970). In retrospect, we may 
have delayed Klug’s Nobel Prize (Klug 1983), which 
was well deserved for much fine structural work on 
viruses, and I think we gained his respect, despite our 
young age, as he was cordial when we finally met years 
later. Klug even published a variant on ART (Crowther 
and Klug 1974). His complicated and dose hungry 
Fourier algorithm was apparently not used beyond his 
own laboratory, and ART was established as one way 
to solve the reconstruction problem.

10.8  Putting ART in Its Place

In the face of our chutzpah, we were to be humbled a bit 
too, when mathematicians later pointed out that ART, at 
least in its linear form, was a special case of Kaczmarz’s 
general method for solving simultaneous linear equa-
tions (Kaczmarz 1937; Groetsch 1999), its publication 
predating our births. However, the nonlinear positivity 
constraint (equivalent to saying that a patient does not 
emit x-rays) has proven to be of paramount importance, 
including in the parallel field of deconvolution of spectra 
(Jansson 1984, 1997). Furthermore, Geoffrey Hounsfield 
came up with an ART-like algorithm independently, 
which was used in the first commercial head scanner by 
his company, EMI (Hounsfield 1973, 1976).

Computers were very slow in the 1970s, and com-
puting time was one roadblock to patient throughput, 
which, given the $1 million price tag on what came to 
be known as computerized axial tomography (CAT) or 
later CT scanners, was of major concern. The ART 
algorithm at that time took 10× as much computer time 
as the FBP algorithm, and furthermore a high-speed 
special purpose computer could be built for the FBP, 
hard wired for the recently discovered fast Fourier 
transform (FFT) (Cooley and Tukey 1965).

The history of FBP went back to physicist  
Allan Cormack (Cormack 1963, 1964) and x-ray 
crystallographer G.N. Ramachandran (Ramachandran 
and Lakshminarayanan 1971; Subramanian 2001). 
This algorithm is a numerical solution to Radon’s 
equation (Radon 1917), which itself is a generaliza-
tion of Abelian integration conceived around 1830 by 
Niels Henrik Abel (Houzel 2004). We can now think 



17310 Stop Breast Cancer Now!

of Abel’s integral equation (Gorenflo and Vessella 
1991) as the math for CT of a cylindrically symmetric 
object, and indeed it has long been used in the investi-
gation of the structure of cylindrical flames (Daun 
et al. 2006), though it is now being replaced by CT 
(Chen et al. 1997). Cormack (1980) got the Nobel 
Prize along with Hounsfield (1980). One group that 
was overlooked designed and built a CT scanner much 
earlier than Hounsfield (Kalos et al. 1961) (Fig. 10.3).

ART was used in the first paper on MRI (Lauterbur 
1973), which led to the Nobel Prize for Paul Lauterbur, 
but it was later dropped for Fourier methods. It is used 
inside of medicine for cardiac imaging (Nielsen et al. 
2005), ultrasonic diffraction tomography (Ladas and 
Devaney 1991, 1993), metal artifact reduction and 
local region reconstruction (Wang et al. 1996, 1999), 

PET (Matej et al. 1994), and nevoscopy (Maganti and 
Dhawan 1997), and outside of medicine for the solar 
corona (Saez et al. 2007), the ionosphere (Cornely 
2003; Wen et al. 2008), plasma physics (Kazantsev 
and Pickalov 1999; Wan et al. 2003), proton tomogra-
phy (Li et al. 2006), crystal grain boundaries 
(Markussen et al. 2004), Bénard patterns (Subbarao 
et al. 1997a), thermally nonuniform fluids (Mishra 
et al. 1999), nondestructive testing (Subbarao et al. 
1997b), spectroscopy (Song et al. 2006a, b), tracer gas 
concentration profiles (Park et al. 2000), electron 
microscopy of thick sections (Jonges et al. 1999), etc. 
Process tomography, in which one images complex 
flows possibly changing over time, also makes use of 
ART (Fellholter and Mewes 1994; Lee et al. 2009; 
Zhang et al. 2009). In answer to the mathematical 

Fig. 10.3 The first CT scanner (Kalos et al. 1961), predating 
the conception of the EMI scanner (With permission of 
Malvin H. Kalos and the Office of Scientific and Technical 

Information, U.S. Department of Energy). The actual proto-
type, unfortunately, was not kept
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purist, one could at least suggest that ART brought the 
Kaczmarz method into wide use.

I never gave up on ART, even as it faded from medical 
practice due to the speed of FBP, because of its versatility 
and demonstrated superiority with small numbers of 
views (Herman and Rowland 1973; Barbieri 1974, 1987; 
Gordon and Herman 1974). These properties of the algo-
rithm may be the key to dose reduction and thus breast 
screening by CT, which later became my primary goal. 
ART persisted mostly as an academic exercise for many 
others, who have generated a literature of over 700 papers 
and some books (such as Marti 1979; Herman 1980; 
Eggermont et al. 1981; Trummer 1981, 1983; Andersen 
and Kak 1984; Byrne 1993, 2004; Watt 1994; Garcia 
et al. 1996; Mueller et al. 1997, 1998; Marabini et al. 
1998; Guan et al. 1999; Mishra et al. 1999; Kak and 
Slaney 2001; Donaire and Garcia 2002; Kaipio and 
Somersalo 2004), many honestly mathematically over 
my head. It made a comeback as “cone beam ART” 
(Donaire and Garcia 1999; Nielsen et al. 2005), because 
of the failure of the Feldkamp FBP algorithm (Feldkamp 
et al. 1984) to handle the increasing cone angles between 
x-ray source and the array of detectors, as the number of 
rows of detectors kept increasing from 2 (Hounsfield 
1973) to 320 (Pan et al. 2009). This is because ART can 
handle any geometry whatsoever (Gordon 1974). It can 
also be run on parallel computers, and my 1970s dream 
(Gordon et al. 1975) of running it on the harbinger 64 
processor Illiac computer has been far exceeded on later 
parallel machines (Fitchett 1993; Garcia et al. 1996; 
Rajan and Patnaik 2001), backed by much new theory 
(Byrne 1996; Censor and Zenios 1997), including some 
I influenced (Martin et al. 2005).

10.9  Selling ART and Proselytizing CT

Bender and I presented our results to electron microsco-
pists (Gordon and Bender 1971a) and started flogging 
our ideas for medical imaging to companies like 
Raytheon, Optronics, and Xerox, but with no takers. In 
retrospect, Hounsfield’s success came about because he 
(Hounsfield 1973) was teamed up with a neurosurgeon 
(Ambrose 1973, 1974) (and did not have to seek grant 
support), whereas we and the earlier group of mathema-
ticians (Kalos et al. 1961) were not then in medical  
circles. While we knew that “looking inside” the body 
was important, we had little depth of understanding 
why. But we learned.

While at NIH I had opportunities to travel to 
Switzerland (Gordon and Bender 1971b; Gordon 1972), 
Vienna (Gordon et al. 1971), and Moscow (Gordon and 
Kane 1972), where I visited crystallographer Boris K. 
Vainshtein. Vainshtein had devised simple optical addi-
tive reconstruction methods using film, mathematically 
identical to classical tomography and rotation tomogra-
phy (Takahashi 1969), but made one crucial observation 
that has yet to be deliberately applied in CT: the point 
spread function (PSF) of fully 3D CT is much sharper 
than that of 2D (Vainshtein 1971): 1/r2 versus 1/r, where 
r is the distance from any given point in the image (mak-
ing deconvolution that much easier) (see Fig. 10.4). Any 
CT where the data is reconstructed plane by plane or 
slice by slice is therefore using far more x-ray dose than 
necessary (Gordon 1976b).

I was involved in two premature attempts to give a 
course on CT (Gordon and Bender 1971c; one with Z.H. 
Cho): no one registered. (Shortly thereafter courses pro-
liferated, as the EMI scanner caught on.) So instead I 
published a tutorial (Gordon 1974), a full review of 
algorithms (Gordon and Herman 1974), a popular article 
(Gordon et al. 1975), and organized a session (Gordon 
and Lauterbur 1974) and then a conference (Gordon 
1975b) on the wide range of applications of CT that 
were developing. The latter included the first compre-
hensive (and perhaps last such possible) bibliography on 
reconstruction from projections (Gordon 1975a). 
Because I was once an amateur astronomer, I was espe-
cially delighted to end up with a world tour of radio 
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Fig. 10.4 Vainshtein’s observation (Vainshtein 1971) that the 
point spread function of 3D reconstruction is sharper than that of 
2D reconstruction (prepared by Michael J.A. Potter). Radius 
units are arbitrary, but the ratio of the two curves is not
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astronomy observatories, a field that used much the 
same math to reconstruct its images (Gordon 1978b). 
Radio astronomers also contributed to medical CT 
(Bracewell 1977). I extended CT to the functioning of 
the brain itself, with visual receptive fields acting like 
rays in mental reconstruction of the image that falls on 
the retina (Gordon and Hirsch 1977; Gordon and Tweed 
1983), and reached out to people interested in any and 
all applications of CT (Gordon and Rangaraj 1981).

My own presentation at the “Reconstruction from 
Projections” meeting (Gordon 1975c) introduced the 
idea of reconstructing an image from one photon or 
particle at a time; that is, a scanner would record one 
quantum event, and alter the image, before going to the 
next. The context was PET. The ordinary approach at 
that time was to place PET on the Procrustean bed of 
ordinary CT algorithms, define a ray as a strip through 
the patient between two detectors, and count the num-
ber of coincidence events falling into that strip. The 
result was a noisy, streaked reconstruction, due to the 
huge Poisson statistical fluctuations in these counts and 
the sensitivity of ordinary CT algorithms to noise. The 
detector widths had to be large (1-2 cm), reducing spa-
tial resolution, not simply because they were expensive, 
but also because smaller detectors would produce noisy 
data well beyond the capacity of the CT algorithms. But 
in the ARTIST algorithm for PET, I envisaged the prob-
lem as one of estimating the location of the annihilation 
event along the coincidence line, an approach very 
much closer to the physics. The location chosen was 
influenced by the locations of the previously placed 
points, in a bootstrap manner. Barbara Pawlak later for-
malized and improved this approach using the now 
matured branch of statistics called density estimation 
(Pawlak and Gordon 2005, 2010; Pawlak 2007). New 
depth-of-interaction (DOI) detectors make it possible 
to localize each gamma ray within the detector (Shao 
et al. 2008), so that the coincidence line is much more 
sharply defined than the detector width.

The ARTIST concept also indirectly inspired a new 
approach to x-ray CT in which the scattered photons 
are additional sources of 3D and tissue composition 
data instead of being discarded (Bradford et al. 2002), 
potentially recorded one by one by energy discriminat-
ing detectors (as I learned was being done in x-ray 
astronomy (Garmire et al. 2003; Porter 2004)), permit-
ting reconstruction of two images: absorption coeffi-
cient and electron density (Van Uytven et al. 2007, 
2008), and further work is in progress on using scat-
tered photons rather than discarding them by collima-
tion or filtering (Alpuche Avilés et al. 2010).

10.10  The Challenge from Classical 
Tomography

It is worthwhile at this point to take a look back at classi-
cal tomography. Based on film, it always had superior 
and exquisite spatial resolution compared to CT. In fact, 
Hounsfield and Ambrose’s first brain section CTs 
(Ambrose 1973; Hounsfield 1973) were inferior to rota-
tional tomography brain sections produced in the 1940s 
(Takahashi 1969). The first prototype breast CT scanner 
(Chang et al. 1977, 1978) washed out the images of 
microcalcifications by a factor of 24,000 because of its 
large volume elements (1.56 mm × 1.56 mm × 10 mm) 
compared to their 0.1 mm diameter. Despite claims that it 
does not matter (Nab et al. 1992; Karssemeijer et al. 1993; 
Pachoud et al. 2005), we still have not achieved the reso-
lution of film in digital mammography let alone CT (Chan 
et al. 1987; Nickoloff et al. 1990; Brettle et al. 1994; 
Kuzmiak et al. 2005; Yaffe et al. 2008) except in microCT 
for small animals, that is, with scanners far too small for 
the human body to fit in, and subjects for whom total 
radiation dose is a secondary consideration. In the late 
1970s, attempts were made to overcome this spatial reso-
lution limitation by doing CT from sinograms recorded 
directly onto film (Gmitro et al. 1980), but film scanner 
technology, then called microdensitometry, was itself 
then very expensive and labor intensive, so this step back-
ward in instrumentation did not bring us forward. I have 
thus formulated a simple rule: if you can see a structure in 
a projection mammogram, there is no excuse not to see it 
in 3D CTM. No CT scanner has yet achieved this goal.

10.11  Underdetermined Equations

My undergraduate degree was in Mathematics from the 
University of Chicago, where I had taken a course on 
linear algebra from Alberto P. Calderón (Christ et al. 
1998). Thus, I was keenly aware that in CT with ART 
we were taking the unusual step of solving for many 
more unknowns than we had equations. It may have 
been his belief that this was “impossible” (1974, per-
sonal communication) that constrained Hounsfield’s 
use of his ART-like algorithm (Hounsfield 1975) to the 
overdetermined case, that is, many more projections 
than necessary, and this attitude may be the original 
cause of the high dose of CT to patients, because com-
mercial medical scanners until recently have not devi-
ated in concept from EMI’s lead in turning away from 
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ART to FBP. In terms of dose for equivalent image 
quality: ART with fewer views « (is much less than) 
overdetermined ART which is about the same as FBP.

The consequences have been a significant increase 
in dose to populations due to CT (Huda 2002; Linton 
and Mettler 2003; Dawson 2004; Prokop 2005; Bertell 
et al. 2007; Colang et al. 2007). I did my own “back of 
the envelope” calculation a few years ago, given below. 
Breast CT may end up being the leader in correcting 
this situation, because no one has advocated any higher 
dose for 3D screening than the 2 mGy that has become 
the practice in ordinary mammography (Spelic 2009). 
(However, if we kept women with ataxia-telangiectasia 
(Hall et al. 1992; Ramsay et al. 1996, 1998) away from 
x-rays, the mean dose for the rest could be raised.) For 
example, Boone demonstrated that high-quality, high-
resolution (0.3 × 0.3 × 1.2 mm3 voxel) CT images of the 
pendant breast could be acquired at a mean glandular 
dose (MGD) equivalent to two-view mammography 
for women with breasts compressed to 5 cm (Boone 
et al. 2003), when using a very high energy x-ray beam 
typical of that of a body CT (120–140 kVp) (Chen and 
Ning 2002), so we have a hopeful, if not yet optimal, 
example. Synchrotron radiation, with the promise of 
future 10× dose reduction, has yielded diffraction-
enhanced imaging CT (DEI-CT) slices with voxels 
0.047 × 0.047 × 0.3 mm3 (Fiedler et al. 2004).

The problem with “underdetermined” equations is not 
that they have no solution, but on the contrary, that they 
have an infinity of solutions. This provides a potential 
source of error and consequences to the patient, if we gen-
erate or select the “wrong” solution. This may not be the 
esoteric problem it seems, for the CT/pathology correla-
tion is not perfect (Turunen et al. 1986; Zwirewich et al. 
1990; March et al. 1991; Murata et al. 1992; Bravin et al. 
2007), and we do not yet understand why and when CT 
misses some features. In fact, Kennan Smith (1980, per-
sonal communication) began his work on CT when a neu-
rologist friend had a patient who he was sure had a tumor, 
but none was revealed by CT (cf. Herman and Davidi 
2008). This observation led to Smith’s Indeterminacy 
Theorem (Smith et al. 1977; Gordon 1979c; Leahy et al. 
1979; Hamaker et al. 1980; Gordon 1985b): “A finite set 
of radiographs tells nothing at all” (Smith et al. 1977), 
which he thought could be overcome by the positivity and 
other a priori constraints (Smith et al. 1978), which was 
later proven (Clarkson and Barrett 1997; Clarkson and 
Barrett 1998). This idea has recently been echoed: “It is 
fine to have an under-determined system of equations as 
long as there are some other constraints to help select a 

‘good’ image out of the possibly large nullspace of an 
imaging equation” (Pan et al. 2009).

The behavior of EMI, which brought it from a 
monopoly in commercial CT to a total collapse of its 
market, was part of my personal experience. Hounsfield 
met with me to sign an agreement letting me have 
access to the raw data from the head scanner at George 
Washington University, where I was an Adjunct 
Professor of Radiology 1974–1978 while working at 
NIH. I found a systematic error in the data, by noting 
that, for parallel rays, the back projections of the cen-
troids of the projection data should intersect at the cen-
troid of a head section. They did not, but instead formed 
a circular envelope a few millimeters in diameter. When 
I told Hounsfield that I had a simple software correc-
tion and wanted to put the corrected data back into their 
computer, to see if the image improved, I never heard 
from him again. Later I was involved in defending the 
Technicare division of Johnson & Johnson (formerly 
Ohio Nuclear Corporation) against the 1976 patent 
infringement suit by EMI (Strong and Hurst 1994). 
Despite a simple to prove case that some of the claims 
were patenting linear algebra itself, and the fact that a 
complete scanner design had long been in the public 
domain (Kalos et al. 1961) (Fig. 10.3), to the disap-
pointment of their Chicago patent attorneys, Johnson & 
Johnson settled out of court. Cormack concluded:

“The genius of EMI’s strategy against those it charged with 
infringing its patents in the US lay in its use of the legal 
system to push its suits as far and for as long as it could 
without their coming to trial, and so avoiding the possibil-
ity that the patents would be declared invalid. There are 
those of us who regret that the great success of this strategy 
was not matched by equal successes in engineering and 
marketing which would have kept the UK a leader in the 
production of CT scanners” (Cormack 1994).

10.12  Walking in Hyperspace

My earlier approach to dealing with underdetermined 
equations (Gordon 1973) harkened back to my electron 
microscopy experience. If we knew a priori that we were 
looking at examples of single protein molecules, then any 
image made of two disconnected parts was a priori an 
artifact. Now, I have generally eschewed the field of pat-
tern recognition, leaving the interpretation of images to 
radiologists, and specified my job as giving them  
the best possible image to look at. Thus, I created an 
approach that would let a radiologist explore a CT image 
to test, to some extent, whether lesions in a CT image 
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reconstructed from underdetermined equations were 
potential artifacts or real. The multiple solutions to the 
ART equations lie in what a mathematician calls a hyper-
plane, so I set off to do what I called “an intelligent walk 
in the hyperplane.” This would allow the radiologist to 
bring to bear knowledge of anatomy and pathology of 
any sort, that is, a priori information well beyond the 
simple positivity constraint. I started with the ART image, 
and then erased one feature in it. The resulting image was 
no longer a solution to the equations, but it could be used 
as the initial image for restarting the ART algorithm, 
which would then converge back to the solution hyper-
plane, but to a different place in it. If the feature disap-
peared, then we could deem it a possible artifact, because 
the x-ray data was consistent with it being there or not. In 
other words, we would discover that there are two solu-
tions, one containing the feature, and one not, solution 
undermining our confidence that the feature might be 
real. On the other hand, if the feature reappeared, that fact 
would increase our confidence that it might be real. While 
this may seem to be a lot of work, modern pattern recog-
nition programs (Gavrielides et al. 2002; Nandi et al. 
2006) could be used to automate the process, creating a 
“confidence map” for each feature seen in a CT image. It 
will be interesting to compare this highly nonlinear pat-
tern recognition approach with recently developed statis-
tical inverse methods that generate alternative solutions 
to the equations from different samplings of matrices 
containing white noise (Kaipio and Somersalo 2004).

10.13  Population Dose of CT

The main disadvantage of x-rays is that they cause 
cancer. Thus, screening must be done with at least the 
guideline that we detect and cure more cancers than 
we cause (Bailar 1976). It is therefore mandatory that 
we find every means to maximize the image quality to 
x-ray dose ratio (Gordon 1976b) while staying within 
acceptable limits to total dose and skin dose. Whether 
this prevents us from attaining the target size of 
2–4 mm (see below) can only be determined by mak-
ing the attempt, by pushing x-ray CT to its limits.

To appreciate the seriousness of the problem of 
maximizing the image quality to x-ray dose ratio, 
consider what is happening in general radiology. 
About 15% of the population exposure to ionizing 
radiation comes from the practice of medicine  
(Ron 2003). CT accounted for 5% of radiological 

examinations in Germany in 1999, but was already 
responsible for 40% of the x-ray dose (Kalender 
2000). US figures rose from 4% of procedures with 
40% dose due to CT in the mid-1990s to 15% with 
75% of the dose due to CT in 2002 (Wiest et al. 2002). 
This means that the average CT study delivers 
16 times the dose of the average non-CT x-ray proce-
dure and that the total x-ray dose to the population 
had by 2002 already increased four times per person 
over that before CT came into significant use.

The calculation proceeds as follows. Let

From Wiest et al. (2002) we have:

These lead to:

which are quite consistent, where we are assuming no 
change in the number n or dose d of non-CT studies. 
We also obtain:

so that

One might anticipate that CT is reducing the use of 
non-CT procedures, making these figures slight over-
estimates. However, there was actually a slight increase 
in non-CT procedures (Rehani 2000).

This rapid increase in the use of x-ray CT (Prokop 
2005) (“CT has become the major source of population 
exposure to diagnostic X-ray” (Hatziioannou et al. 
2003)) is of particular concern in pediatric CT (Linton 
and Mettler 2003), since children are more sensitive than 
adults to induction of cancer by radiation (Brenner et al. 
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2001), especially breast cancer (Li et al. 1983; Rosenfield 
et al. 1989; Donnelly and Frush 2001; Berdon and Slovis 
2002; Brenner 2002; Linton and Mettler 2003). The 
same reservations may apply specifically to the breasts 
of premenstrual women, which contain proliferating 
cells (Ferguson and Anderson 1981; Vogel et al. 1981; 
Going et al. 1988; Dabrosin et al. 1997; Dzendrowskyj 
et al. 1997), suggesting that x-ray imaging should be 
done at a time in the menstrual cycle of minimal cell 
proliferation (Bjarnason 1996). On the other hand, the 
claim that breast surgery should be timed to the men-
strual cycle has been disproved (Kroman 2008; Thorpe 
et al. 2008; Grant et al. 2009). Other reasons to gate 
imaging to the menstrual cycle are to minimize the 
effects of changing volume (Malini et al. 1985; Fowler 
et al. 1990; Graham et al. 1995; Kato et al. 1995; White 
et al. 1998; Hussain et al. 1999) and tissue properties 
(Ferguson and Anderson 1981; Vogel et al. 1981; Nelson 
et al. 1985; Malberger et al. 1987; Going et al. 1988; 
Ferguson et al. 1990, 1992; Graham et al. 1995; Simpson 
et al. 1996; Dabrosin et al. 1997; Dzendrowskyj et al. 
1997; Zarghami et al. 1997; Cubeddu et al. 2000).

10.14  Focus on Breast Cancer Detection

I do not recall exactly what got me started on the appli-
cation of CT to breast imaging, but when I proposed to 
a large NIH audience of 500 or so people that we could 
screen women to detect small tumors, and it would 
take only a week of computing time per exam, I was 
greeted with derisive laughter (Gordon 1976a). One 
must have a thick skin. I suppose that I responded in 
my characteristic way (as I did later (Gordon 1989) 
when shunned for my calculations on the effectiveness 
of condoms to halt the spread of HIV/AIDS (Gordon 
1987)), with the first attempt at an algorithm that tried 
to deal head on with the very high resolution needed 
for breast CT, while keeping the computer time plau-
sible (Gordon 1977) and with the first lesson on dose 
reduction in CT for the medical community (Gordon 
1976b). I did verbal battle with physicists over what 
resolution CT could achieve (Gordon 1978a, 1979c). I 
was thus bitten by the bug of how to catch breast can-
cer early, and by that awful burden of being certain 
that, if only people would listen, so many lives could 
be saved. One must have a skin that is not too thick.

Mammography unfortunately seems to have more 
than its share of opinionated hot heads, who in the long 
run impede the health of the women they serve:

“During my presentation, I described the tough issues of 
balancing the benefits for the few versus the harms for the 
many, and I suggested that maybe screening does not 
benefit the premenopausal woman at all. Despite my role 
in establishing the National Screening Programme when 
I was Chief of Surgery at King’s College London in 1988, 
my comments were not well received, and, as the audi-
ence stormed out on me in a paroxysm of pique, I learned 
a painful lesson that day that some topics, particularly 
breast cancer screening, do not lend themselves to polite 
and rational scientific debate” (Baum 2004).

I moved to the University of Manitoba in 1978 and got 
wound up in the local issue, common also in developing 
countries, of radiologists being in urban centers and the 
need for teleradiology to serve remote and rural com-
munities. As this was well before the Internet, transmis-
sion of images over phone lines using acoustic couplers 
was quite a feat. I upped the ante by proposing we could 
do CT remotely, even of breast, by transmitting just the 
projection data (mammograms acquired over a few 
angles), and doing the reconstructions and diagnoses 
centrally (Rangayyan and Gordon 1982a). We actually 
set up transmission from Brandon to Winnipeg (about 
200 km) and tried it out (Gordon and Rangaraj 1982). 
Failing further local support, I took the project to China, 
where it collapsed when my collaborators there dis-
bursed after the Tiananmen Square massacre. With the 
vidicon TV cameras and 512 × 512 8-bit digitization 
that we could afford then (digital cameras started at 
$50,000), this effort would never have been clinically 
significant. The vain attempt was closed out just before 
the Internet started (Gordon 1990). In retrospect, I had 
taken my own step backward in an attempt to create 
proof of principle for the unconvinced with inadequate 
technology.

10.15  Combining Imaging Modalities

One step forward that was “in the air” was that of com-
bining imaging modalities in one scanner. At first peo-
ple worked on registering, say, an MRI image with the 
CT image of the same slice, but it was obvious that the 
mechanical rigidity of a coaxial or simultaneous scan-
ner was superior. I had proposed such to a visiting group 
of PET/nuclear medicine clinicians while at NIH, and 
we have, for instance, PET/CT scanners nowadays.

I later proposed that, however done mechanically, the 
data itself be taken into a “higher space” (Gordon and 
Coumans 1984). The example I gave was dual-energy 
CT, yielding two absorption coefficients for each pixel, 
(X

1
, X

2
), combined with MRI, say yielding the two 
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relaxation coefficients (T
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). Tissue signatures from 

each modality might be sufficient to identify the tissue 
or tumor in the image. However, the cross product of the 
two 2D spaces is a 4D space, (X

1
, X

2
, T

1
, T

2
), in which 

we could anticipate additional correlations that would 
allow finer discriminations. By analogy with 2D versus 
3D mammography itself, the 2D data spaces are projec-
tions from a higher 4D data space, and as such contain 
overlaps of clusterings that obscure detail. These corre-
lations have to be worked out empirically, a research 
project for the future of image/pathology correlation of 
a higher order.

10.16  Deconvolution of CT Images  
and Adaptive Neighborhoods

Rangaraj Rangayyan, my postdoc on the teleradiology 
project, and I had two other adventures that have 
proved seminal. First, we tackled the problem of 
anisotropy in CT done from a limited angle range, by 
deconvolution methods (Gordon and Rangayyan 1983; 
Gordon et al. 1985; Soble et al. 1985); second, we 
invented adaptive neighborhood image processing for 
suppression of streaking artifacts in CT caused by high 
contrast objects (metal implants, bones, or microcalci-
fications) (Rangayyan and Gordon 1982b) and created 
a similar method to imitate the high-dose xeromam-
mogram from a digitized image of a mammogram, that 
is, at no additional dose (Gordon and Rangayyan 
1984a, b; Dhawan et al. 1986a, b; Dhawan and Gordon 
1986). Adaptive neighborhoods became a subfield of 
image processing (Jiang et al. 1992; Sivaramakrishna 
et al. 2000; Rangayyan et al. 2001; Vasile et al. 2004).

10.17  Wiener Deconvolution

Deconvolution proved most successful in Atam 
Dhawan’s hands, in which he deconvoluted the PSF of 
a CT algorithm itself. This is the blur function that 
Vainshtein clarified (Vainshtein 1971) (Fig. 10.4), but 
now made specific to the algorithm and geometry (set 
of views) at hand. For example, a circular disk phan-
tom reconstructed with a limited angle range of views 
comes out as an ellipse, which it seemed one could just 
“pat” back together into a circle. We made the bold 
(i.e., mathematically false) assumption that the image 

produced by a CT algorithm could be thought of as an 
anisotropic blurring of a single PSF (of the pixel in the 
middle of the image) applied to the whole of the real 
image we sought. We therefore used Wiener filtration 
to deconvolute the PSF from the CT image (Dhawan 
et al. 1984a, 1985). The result was spectacular: Dhawan’s 
wife’s face (Fig. 10.5a), not even recognizable as such 
in the limited range ART reconstruction (Fig. 10.5b), 
sprang forth after Wiener deconvolution (Fig. 10.5c) 
(Dhawan et al. 1985). We had achieved a major 
improvement over ART, itself an improvement over 
FBP, with no increase in patient dose. The algorithm 
was applied to extremely limited projection data using 
light microscopy, for estimating the thickness of a 
nevus (Gordon 1983b; Dhawan et al. 1984a, b, c). No 
one has worked on this algorithmic approach since, 
and I am still waiting to find someone to build a robotic 
skin scanner for screening for early melanomas, which 
should be simpler than breast, because tumors that are 
premetastasis are not obscured by overlying tissue.

There are three problems with our Wiener deconvo-
lution that need further research. First, the PSF is not 
actually spatially invariant, as we had assumed. This 
could be tackled by Toeplitz matrix methods designed 
to correct aberrations in optics (Nagy 1993), such as 
occurred when one component in the Hubble orbiting 
telescope was put in backward, or by other approaches 
(Baker et al. 1992; Beekman et al. 1996). Second, ring-
ing artifacts were introduced into the image, which 
could be suppressed (Ruttimann et al. 1989; Hu et al. 
1991; Zhou et al. 1993; Schlueter et al. 1994; Sijbers 
and Postnov 2004). Third, the deconvolved image is 
not a solution to the projection equations, but perhaps 
by using it as a starting image for an iterative CT algo-
rithm such as ART, convergence to an image that is 
both deconvolved and satisfies the equations may be 
possible (Gordon 1973).

Empirically, all CT algorithms based on solving 
simultaneous equations usually produce images that 
look similar. The Wiener solution is startlingly different. 
ART has been shown to produce the solution that mini-
mizes the Euclidean distance between the unknown 
image and the reconstruction (Kaipio and Somersalo 
2004), while multiplicative ART (MART) yields an 
image of maximum entropy (Lent 1977; Dusaussoy and 
Abdou 1991; Lent and Censor 1991). They thus fall into 
the category of what mathematicians call regularization 
algorithms (Bertero and Boccacci 1998; Engl et al. 
2000). Yet Wiener deconvolution shows that regulariza-
tion actually produces the wrong solution. Thus, CT 
may pay back to mathematics some new insights.
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10.18  Registration of Longitudinal 
Images

Our Wiener filtration work was presented (Dhawan 
et al. 1985) at a workshop on industrial CT that I orga-
nized (Gordon 1985a), which gave me a chance to sum-
marize my thoughts about limited view CT (Rangayyan 
et al. 1985) and how to get to detection of small breast 
tumors (Gordon 1985b). It was becoming clear that a 
3D breast image might have many false-positive 
“lesions,” and a bit later we learned that some small 
tumors regress (Nielsen et al. 1987; Nielsen 1989). 
Furthermore, especially because most are not vascular-
ized, one could assume that the signature of small 
tumors might not be much different from that of the 
adjacent normal tissue. So the only signature that we 
could rely on is consistent growth. To spot this, we must 
accurately register two longitudinal images of the breast 

(taken some time apart, at the “screening interval”), 
a “soft object” that one cannot put into a rigid scanner 
the same way each time, and then digitally subtract the 
images one from the other. I proposed a complex regis-
tration algorithm based on iterative use of a hardware 
geometric warper, a special purpose computer that had 
recently been marketed (Gordon 1985b).

I set off on a long search for a robust 3D image 
registration algorithm that would work for breast using 
only internal, local, 3D texture, which should be unique 
at each neighborhood of a voxel. This involved the 
Ph.D. thesis work of three consecutive students. 
Xiaohua (now Albert) Zhou and I reviewed the field 
(Zhou and Gordon 1989) and then proceeded to 
develop a method to create fiducial marks using 
Zernicke polynomials, which could then be used to 
generate the geometric warping for a pair of 3D breast 
images from multiple fiducial points (Zhou 1991). 

a b

c

Fig. 10.5 The image of a 
face (a) was reconstructed by 
multiplicative ART (b) using 
only five views at viewing 
angles 45°, 67.5°, 90°, 
112.5°, and 135° (0° is 
horizontal). Deconvolution of 
the point spread function by 
Wiener filtration produced  
(c) (Dhawan 1985)
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Andrzej Mazur, looking over Xiaohua’s shoulder, 
decided he could do away with fiducial marks, with a 
simulated annealing approach (Mazur 1992; Mazur 
et al. 1993). Radhika Sivaramakrishna used what we 
called the starbyte transformation to segment a breast 
image into regions that could be matched between lon-
gitudinal images (Sivaramakrishna and Gordon 1997b; 
Sivaramakrishna 1998). We produced a vivid photo-
graphic demonstration, by using the cartoon character 
Waldo, of how registering and subtracting images 
could make a tumor stand out, but only if we dropped 
2D mammography and imaged in 3D (Gordon and 
Sivaramakrishna 1999). Some of this work was carried 
out with Anthony (Tony) Miller as co-investigator on 
the only major grant I ever received for breast cancer 
research. Without such senior support, the general 
impression I had of the peer review process for breast 
cancer imaging was: “show us the pictures, then we’ll 
fund you to produce them,” that is, a Catch-22 (Heller 
1961). Parliamentary testimony (Gordon 1992) had no 
impact on this situation.

By the time I was satisfied that 3D registration of 
longitudinal breast images was practical, we were “also 
rans” (Sivaramakrishna et al. 1999; Sivaramakrishna 
2005a; Guo et al. 2006). But there is still registration 
work to do. It is “plausible to compare the two images 
during data collection, so that a difference-image is 
acquired at considerably lower dose than the original. 
If the patient’s digital image records were preserved, 
she or he could be subject to such incremental radiol-
ogy from then on” (Gordon 1979b). This is analogous 
to efficient transmission of video (Burg 2003) or com-
pression of serial sections (Lee et al. 1993), in which 
only the parts of the image that have changed from one 
frame to the next are sent. Methods for reduction of 
structural registration noise in the difference image 
(Knoll and Delp 1986; Gong et al. 1992; Bruzzone and 
Cossu 2003) could also be useful during such incre-
mental radiography.

Longitudinal registration might make it possible 
(Mazur et al. 1993; Liu et al. 2006) to detect zero  
contrast tumors by the local distortion of breast tissue 
texture (Chang et al. 1982; Shaw de Paredes 1994; 
Stomper et al. 1994; Goldberg and Dwyer 1995; Maes 
et al. 1997) of normal tissue that they cause. This 4D 
(four dimensional: 3D + time) approach might extend 
the detection of architectural distortion, which has 
been shown to be an often missed sign of early breast 
tumors using longitudinal pairs of unregisterable 2D 

mammograms (Ayres and Rangayyan 2007; Rangayyan 
et al. 2007; Banik et al. 2009).

One curiosity of the period up through the early 
1990s was a resistance to 3D imaging for breast from 
the biggest protagonists of standard projection mam-
mography. Their publication records demonstrate their 
late awakening to 3D, with the zeal of new discovery, 
though most breast imaging investigators still genu-
flect to standard mammography by calling it the “gold 
standard.” I call it the lead (Pb) standard (below silver 
and bronze). But the net result of the standard mam-
mography enthusiasts’ attitudes was to suppress fund-
ing for 3D imaging of breast for decades, not just for 
me but for others quite independent of my work, so 
that breast imaging joined the 3D world much later 
than just about any other branch of radiographic imag-
ing, and is still in its infancy. For example, “No trials 
of screening average-risk women specifically evaluat-
ing the effectiveness of [2D] digital mammography 
[let alone of 3D x-ray CT] or [3D] MRI have been pub-
lished” even though they “have become widely used” 
(Nelson et al. 2009). Two mass delusion phenomena, 
of stasis in the flatland (Abbott 1899) of standard 2D 
mammography, and the role of women’s breast cancer 
activist groups in ignoring the delay in 3D breast imag-
ing, are worthy of study by the sociologist of science:

“To the extent that current methods of detection and 
treatment fail or fall short, America’s breast-cancer cult 
can be judged as an outbreak of mass delusion, celebrat-
ing survivorhood by downplaying mortality and promot-
ing obedience to medical protocols known to have limited 
efficacy” (Ehrenreich 2001).

As image quality of standard mammography has satu-
rated, apparently reaching its limits (Spelic 2009) 
(Fig. 10.6), we can anticipate that further progress  
in image quality per x-ray dose requires a switch to 3D 
CT.

I used to support and help out at “runs for the cure” 
but stopped when I realized that most of the money 
goes for the status quo, and tried to suggest to women 
that they have to do the research themselves. Those 
few who understood what I was saying soon died of 
their breast cancers. The other trouble with such “runs” 
is that they focus on women with advanced breast can-
cer. Few get excited about prevention or screening, 
because those who need these approaches have no 
symptoms, nor have they generally had to deal with 
breast cancer in their lives. Yet “the cure” may lie in 
focusing on asymptomatic women.
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10.19  Faster and Better ART

We learned how to speed the ART algorithm itself, so 
that it almost converges in three or so iterations (Guan 
and Gordon 1994, 1996; Guan et al. 1998; Colquhoun 
and Gordon 2005b). It is amazing how many decades 
it took to discover the simple trick of reordering the 
projections so that consecutive ones were nearly per-
pendicular, instead of processing them sequentially by 
angle, and so FBP was unchallenged for decades in 
speed. Now, in a twist of the tale, my collaborator Glen 
D. Colquhoun has preliminary evidence that full 3D 
ART does not require any analogous trick.

Elzbieta Mazur found that rotating each pixel so 
that its projection was a simple rectangle rather than a 
trapezoid surprisingly improved ART reconstruc-
tions. This of course had to be done to a different 
angle for each projection (Mazur and Gordon 1995). 
Our blatant disregard for the usual assumption of 
rigidity of a pixel led to the notion that, as in pointil-
lism (Düchting 2001), the exact shape, size, orienta-
tion, and position of a pixel hardly matter when an 
image is viewed from a far enough distance. We plan 
to put this concept to work.

We also found that MART images could be sharpened 
by raising the correction to a power (PMART = Power 
MART), which to our surprise had a critical value at which 
the computation became chaotic (Badea and Gordon 
2004). This effect was later explained, leading to an 
“extended PMART” algorithm (Yoshinaga et al. 2008).

10.20  Extrapolating Epidemiology 
to Take Aim at Small Breast 
Cancers

Watching Miller’s battle defending the results of the 
Canadian National Breast Screening Study (Baines et al. 
1986; Burhenne and Burhenne 1993; Mettlin and Smart 
1993; Miller 1993; Baines 1994; Tarone 1995; Bailar 
and MacMahon 1997) made me aware of the importance 
of epidemiology to solving the breast cancer problem. I 
was also aware of the huge impact on the practice of 
standard mammography made by epidemiologist John 
Bailar in the 1970s (Bailar 1976; Lerner 2001), resulting 
in a sevenfold reduction in dose (Spelic 2009) (Fig. 10.6). 
I thus came to use epidemiological data, extrapolated to 
smaller breast tumor sizes than were observable, to try 
to understand how small a tumor we should aim at imag-
ing to have an impact on the disease. The result was star-
tling: detecting 4 mm tumors with 100% efficiency and 
destroying them should halt breast cancer 99.6% of the 
time (Sivaramakrishna and Gordon 1997a). As commer-
cial x-ray CT was approaching 0.5 mm resolution, and 
detectors at 0.05–0.1 mm were becoming common in 
digital radiography, this seemed an attainable goal. To 
bolster my confidence in the result, as extrapolations of 
data are always dangerous, I collaborated with epidemi-
ologists to check it against alternative data sets (Sun 
et al. 1998; Chapman et al. 1999; Sun et al. 2002; 
Verschraegen et al. 2005; Vinh-Hung and Gordon 2005). 
The result held: if we could search for and destroy breast 
tumors in the 2-4 mm size range, we would, in effect, 
eliminate the disease as a major killer. Most such tumors 
have not yet, or not yet successfully, metastasized.

10.21  Planning a Race Between  
Imaging Modalities

I conceived of a race between imaging modalities to 
target premetastasis tumors, and got involved in MRI 
(Tomanek et al. 2000) and EIT (Murugan 2000). While 
the cost of breast MRI and the poor resolution of breast 
EIT (which I think may be due to using orders of mag-
nitude too few electrodes, recently only 128 (Ye et al. 
2008) to 256 (Cherepenin et al. 2002)) are obstacles to 
their adoption for 3D screening mammography, as 
both are harmless compared to x-ray CT, I believe they 
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Fig. 10.6 “This graphic displays average values for mean glan-
dular dose [decreasing curve] and estimates of image quality in 
[standard] mammography [increasing curve] for the period from 
the early 1970’s to 2005” (Spelic 2009) (With permission of the 
U.S. Food and Drug Administration)



18310 Stop Breast Cancer Now!

should be pursued to their physical limits. Here is a 
sampling (cf. Suri et al. 2006) of mostly recent refer-
ences to an undoubtedly incomplete list of the incred-
ible variety of physics being (or perhaps that should 
be) applied to breast imaging:

CT laser mammography (Yee •	 2009)
EIT (Cherepenin et al. •	 2002; Prasad and Houserkova 
2007; Chen et al. 2008; Halter et al. 2008; Steiner 
et al. 2008; Ye et al. 2008), including current recon-
struction magnetic resonance EIT (Gao and He 
2008; Ng et al. 2008) and EIT spectroscopy (EIS) 
(Choi et al. 2007; Kim et al. 2007a; Poplack et al. 
2007; Karellas and Vedantham 2008)
Microwave imaging (Fang et al. •	 2004; Chen et al. 
2007, 2008; Hand 2008; Kanj and Popovic 2008; 
Karellas and Vedantham 2008; Pramanik et al. 2008), 
radar (Poyvasi et al. 2005; Flores-Tapia et al. 2008), 
microwave imaging spectroscopy (MIS) (Poplack 
et al. 2007; Lazebnik et al. 2008), and dual polariza-
tion methods (Woten and El-Shenawee 2008)
Microwave-induced thermoacoustic scanning CT •	
(Nie et al. 2008)
Molecular and nanoparticle imaging (Rayavarapu •	
et al. 2007), including quantum dots (Park and 
Ikeda 2006; Chang et al. 2008)
MRI (Kuhl et al. •	 2005; Park and Ikeda 2006; 
Brenner and Parisky 2007; Kim et al. 2007b; Hand 
2008; Karellas and Vedantham 2008; Yee 2009) 
and MRS (Smith and Andreopoulou 2004)
Multi-frequency transadmittance scanning (TAS) •	
(Oh et al. 2007)
Near-infrared spectral tomography (NIR) (Poplack •	
et al. 2007)
Neutron-stimulated emission computed tomogra-•	
phy (Bender et al. 2007)
Optical imaging (Huang and Zhu •	 2004; Park and 
Ikeda 2006; Karellas and Vedantham 2008; 
Konovalov et al. 2008; Lazebnik et al. 2008; Fang 
et al. 2009) including transillumination (Blyschak 
et al. 2004; Simick et al. 2004)
PET or positron emission mammography (PEM) and •	
PET/CT (Pawlak and Gordon 2005; Jan et al. 2006; 
Park and Ikeda 2006; Aliaga et al. 2007; Brenner and 
Parisky 2007; Prasad and Houserkova 2007; Shibata 
et al. 2007; Tafra 2007; Thie 2007; Yang et al. 2007; 
Zhang et al. 2007; Karellas and Vedantham 2008; 
Bowen et al. 2009; Wu et al. 2009; Yee 2009), per-
haps combined in MagPET with strong magnetic 

fields to constrain the range of the positrons before 
annihilation (Iida et al. 1986; Rickey et al. 1992; 
Hammer et al. 1994; Burdette et al. 2009), which 
could be used to increase the resolution of PET/MRI 
(Cherry et al. 2008; Judenhofer et al. 2008)
Photoacoustic tomography (Pramanik et al. •	 2008)
Proton and heavy ion CT (IonCT) (Holley et al. •	
1981a, b; Muraishi et al. 2009)
Single photon emission CT (SPECT) (More et al. •	
2007; Karellas and Vedantham 2008) and scinti-
mammography (McKinley et al. 2006; Li et al. 
2007; Prasad and Houserkova 2007; Spanu et al. 
2007; Thie 2007)
Superconducting Quantum Interference Device •	
(SQUID) (Anninos et al. 2000) and SQUID MRI 
(Clarke et al. 2007)
Thermoacoustic tomography (Pramanik et al. •	 2008)
Tomosynthesis (Karellas et al. •	 2008; Karellas and 
Vedantham 2008; Dobbins 2009; Gur et al. 2009; 
Yee 2009)
Ultrasound (US) (Huang and Zhu •	 2004; Brenner 
and Parisky 2007; Karellas and Vedantham 2008; 
Yee 2009)
Ultrasound elasticity imaging (elastography) •	
(Bagchi 2007; Garra 2007) and vibro-acoustogra-
phy (Alizad et al. 2005; Silva et al. 2006)
Ultrasound reflection tomography (Steiner et al. •	
2008)
X-ray CT by diffraction-enhanced or phase- sensitive •	
imaging (Bravin et al. 2007; Karellas and Vedantham 
2008; Zhou and Brahme 2008; Kao et al. 2009; 
Parham et al. 2009)
X-ray CT using scattered photons with energy •	
 discrimination (Van Uytven et al. 2007, 2008)
X-ray CT (Chen and Ning •	 2003; McKinley et al. 
2006; Kalender and Kyriakou 2007; Kwan et al. 
2007; Li et al. 2007; Karellas et al. 2008; Karellas 
and Vedantham 2008; Lindfors et al. 2008; Nelsona 
et al. 2008; Yang et al. 2008; Yee 2009), potentially 
with monochromatic (McKinley et al. 2004) or dual 
energy imaging (Kappadath and Shaw 2005; 
Bliznakova et al. 2006), especially using synchro-
tron radiation (Fabbri et al. 2002; Pani et al. 2004)

These references include many dual imaging tech-
niques, some of them iterative with interlacing of two 
modalities to improve the images from each. A matrix 
of methods would reveal that only a few potential 
pairs of imaging modalities have been considered so 
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far. Combining three or more modalities at once 
would also be technically feasible, though a chal-
lenge (Cherry 2006).

Some researchers are inhibited by the current costs 
of these novel methods. On the one hand, such worries 
come from a lack of historical perspective, in that all 
high technologies cost much to develop, after which 
the unit cost plunges. But even if, for example, an MRI 
screening continues to cost $1,000, the argument boils 
down to: what’s a woman’s life worth?

With the motivation of establishing a race between 
breast imaging modalities (the real “run for the cure”), 
I organized what I hoped would be a series of confer-
ences, the Workshops on Alternatives to Mammography 
(WAM), that would terminate when the scourge of 
breast cancer ended. Unfortunately only two were 
held, in Winnipeg in 2004 (Colquhoun and Gordon 
2005a; Sivaramakrishna 2005b, c) and Copenhagen in 
2005, the latter led by Tibor Tot. Perhaps a profes-
sional society with a focus on breast cancer, prepared 
to take aim at search and destroy of premetastasis 
tumors, should take this on.

10.22  Future 0: Foxels and Seventh 
Generation CT for Breast 
Screening

At WAM2 Colquhoun and I introduced what we 
called “reverse cone beam” imaging (Colquhoun 
et al. 2004; Colquhoun and Gordon 2005a). This is 
based on the observation that over the past decades, 
while the focal spot of an x-ray tube has not decreased 
much, the size of the detector elements has fallen pre-
cipitously. Thus, while x-ray imaging is generally 
conceived of as a cone of radiation coming from a 
point source spreading over the patient, from the 
point of view of a detector pixel, it “sees” a focal spot 
often 10× wider than itself. The ray shape is thus that 
of a reverse cone beam. To take advantage of this 
situation, we divided the focal spot into an array of 
emitting pixels, about the same size as the detector 
elements, called them foxels, and our current research 
is to write computer code to carry out this very fine 
deconvolution during iterative reconstruction, which 
promises to substantially increase the spatial resolu-
tion, with no increase in dose. Michael J.A. Potter has 
joined us as a collaborator on this problem (Potter 

et al. 2009). Note that reverse cone beam CT is dis-
tinct from “inverse-geometry CT” (Schmidt et al. 
2006; Mazin and Pelc 2008; Bhagtani and Schmidt 
2009) in that the latter uses multiple, widely spaced 
positions of the x-ray beam to image onto a small 
detector array, with no attempt to deconvolute the 
focal spot image.

We have also gone back to my old approach of  
the intelligent walk in the hyperplane of solutions 
(Gordon 1973), and conceive of CT as a meta-algo-
rithm, in which standard CT algorithms (ART, MART, 
perhaps even FBP, etc.) are interleaved between itera-
tions with each other and various image processing 
and pattern recognition operations. This metapro-
gramming approach may permit us to combine 
Wiener filtration, alternative ART and other algo-
rithms, image enhancements, image segmentation, 
foxel deconvolution, determination of feature reli-
ability, etc., for optimal search and eventual destruc-
tion of premetastasis tumors. Finally, in order to come 
as close as possible to Vainshtein’s ideal of isotropic 
imaging with 1/r2 PSF (not quite achievable for breast 
because of the chest wall), our code allows arbitrary 
positioning of the x-ray source and a 2D detector 
array. Until we settle on the optimal set or program of 
positionings (including alternate data space subsets 
or “partitions” (Pan et al. 2009)), the gantry may be 
thought of as independent robot arms carrying the 
source (with its possibly dynamic and/or encoded 
collimation (Pan et al. 2009)) and the detector array. 
Our computer coding work on this has been greatly 
simplified by the use of homogeneous coordinates 
(Schaller et al. 1998; Karolczak et al. 2001; Alpuche 
Avilés 2004).

Note that this approach to improving CT imaging 
is opposite to the “plug-and-play” cooperation with 
industry that has been recommended, in which  
algorithm developers are exhorted to “take actual 
CT-scanner data and produce useful images” (Pan 
et al. 2009), though they do look forward to the  
day “…when engineers have real experience with 
advanced image-reconstruction algorithms and can 
use this knowledge to design more efficient and effec-
tive CT scanners. This development will likely occur 
first in dedicated CT systems such as head/neck CT, 
dental CT and breast CT.”

We call our approach seventh-generation CT,  
then, because it incorporates four novelties: (1) a geo-
metrically accurate 3D reconstruction algorithm that 
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exploits foxels and handles any 3D x-ray source/
detector array positioning; (2) metaprogramming that 
allows choice of different CT algorithms and image 
processing and pattern recognition steps in the course 
of image calculation; (3) feedback between the recon-
struction algorithm and the scanning system to plan 
the next positioning of x-ray source and detector 
array based on the 3D image obtained so far; (4) dis-
tinction between the 3D computer memory array used 
for a particular gantry position and a master computer 
memory array containing the 3D picture being recon-
structed, with appropriate 3D transformations to go 
between them.

I have labeled seventh-generation CT “Future 0” 
because every component needed for it can be built 
now or written in computer code, given the will and a 
little cash.

10.23  Future 1: The Intelligently 
Steered X-Ray Microbeam

There are more generations of x-ray CT that can be 
conceived, but require breakthroughs in technology or 
physics. One is the intelligently steered x-ray micro-
beam. Richard L. Webber organized a workshop on 
this approach 3 decades ago (Webber 1979):

“An aimed beam allows one to attain a uniform signal-
to-noise ratio by holding the beam at each point for an 
appropriate length of time. If the peak of the x-ray spec-
trum could also be dynamically tuned to the optimum 
energy for each local optical thickness [cf. Kalender 
et al. 2009], further dose reduction could be achieved” 
(Gordon 1979b).

The original invention dates back to 1950 (Moon 
1950), and was tried for CT by Hitachi, using electron 
microscope technology to steer an electron beam, 
which produced a moving x-ray focal spot (Tateno and 
Tanaka 1976; Tateno et al. 1976). The x-rays were in 
turn steered by blocking all emitted x-rays except for 
those going through a pinhole.

One way to reduce dose via intelligently steered 
x-ray microbeams is to incorporate that pattern rec-
ognition that I originally eschewed, but in retrospect 
have always been drawn back to. All present-day 
x-ray imaging modalities splatter x-ray photons at all 
angles through the patient, except where constrained 
by collimators. Features are struck by photons 

indiscriminately. Suppose that we do this with a light 
sprinkling of photons, to obtain a 3D “scout” image. 
That image would contain real features and spurious 
ones due to noise fluctuations. We then aim the beam 
at features of possible interest (defined by image 
characteristics or a priori criteria). They should either 
fade away if they are actually due to noise fluctua-
tions, or sharpen up if real. The x-ray microbeam is 
thus “intelligently” guided to where it is needed, and 
the overall dose greatly reduced. This method awaits 
development of a compact steerable x-ray laser  
(Fill 1992) or refracted and focused x-ray beam 
(Cederstroem et al. 1999; Jorgensen et al. 1999; 
Gorenstein 2007) or an x-ray beam steered by graz-
ing incidence reflection (Signorato et al. 1997; Harvey 
et al. 2001) of sufficient energy per photon and inten-
sity to be of use for body or breast imaging. While 
synchrotrons (Burattini et al. 1995), now in experi-
mental use for x-ray diffraction imaging of breast 
(Bravin et al. 2007), have the beam intensity needed 
to test these ideas, they are rather large (typically 
600 m), requiring 3D 2-axis rotation of the patient for 
full 3D imaging. Even the “compact” versions of syn-
chrotrons under development are “room size” 
(Lyncean Technologies 2009) (cf. Yamada et al. 2004; 
Hirai et al. 2006) (Fig. 10.7), but given the precedent 
of the 5-m diameter Mayo Clinic CT scanner 
(Altschuler et al. 1980), it is not absurd to think of 
rotating a whole room of equipment around a wom-
an’s pendent breast.

Fig. 10.7 A “compact” synchrotron x-ray source (From Yamada 
et al. (2004), with permission of Elsevier)
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10.24  Future 2: Turnstile and Entangled 
Photons: Breast Imaging  
as a Game of Battleship

Primary x-ray photons are randomized twice, by the 
Poisson statistics of their emission from the anode, and 
then by the Poisson statistics of their scattering or 
absorption. For visible light photons ways have been 
invented to emit them on command, so-called turnstile 
photons, on changing a voltage, for quantum level 
communications and optical computing, where each 
bit is one photon (Imamoglu and Yamamoto 1994; 
Law and Kimble 1997; Kim et al. 1998, 1999; Benjamin 
2000; Michler et al. 2000; McKeever 2004; Oxborrow 
and Sinclair 2005; Dayan et al. 2008), and aim them in 
a particular direction (Taminiau et al. 2008), even 
polarized (Lukishova et al. 2007). If we could do this 
for x-ray photons, then the photon statistics would be 
significantly improved, because we would be dealing 
with one Poisson process rather than the convolution 
of two of them (Melvin et al. 2002). X-ray imaging 
would then be analogous to the game of Battleship 
(Hasbro 2004) in which one drops a “bomb” (photon) 
onto the unseen opponent’s board (a breast) and is told 
whether or not a “ship” (tumor) was hit (Foo 1999). 
Better statistics implies reduced dose. The challenge 
here is to construct a nanostructured material that 
would emit turnstile x-ray photons.

There is an alternative to turnstile photons that gives 
the equivalent effect (Edward H. Sargent, personal 
communication) (Sargent 2005). A method called 
parametric downconversion, a nonlinear optical pro-
cess, could produce a pair of time-correlated, entan-
gled photons (Abouraddy et al. 2001). One could be an 
x-ray photon and the other could be a visible photon. 
When a visible light photon is detected, we would 
know that an x-ray photon had been simultaneously 
launched toward the breast.

10.25  Stop Breast Cancer Now!

The ultimate breast screening scanner would detect all 
premetastasis tumors by comparing the current image 
with previous 3D images of the same breast, and then 
automatically destroy any suspicious lesions by any of a 
wide variety of ablation techniques presently under 

development (Noguchi 2003; Simmons 2003; Singletary 
2003; O’Neal et al. 2004; Roubidoux et al. 2004; Vargas 
et al. 2004; Agnese and Burak 2005; Glaiberman et al. 
2005; Huston and Simmons 2005; Lobo et al. 2005; 
Morrison et al. 2005; Nields 2005; Bao et al. 2008; 
Barnett et al. 2009), with thresholds for whether or not 
to ablate perhaps determined by therapy operating char-
acteristic (TOC) curves (Barrett et al. 2010). My model 
is that used by dermatologists in handling suspicious 
nevi: first cut them out, and then ask questions (such as 
whether the resection margin was adequate). This atti-
tude would eliminate breast biopsies, the major cost in 
present-day 2D mammography. Any device that auto-
matically finds and destroys small potential tumors can 
also be set to pay special attention to the region of any 
previously ablated tumor, to look for recurrences. This 
is an effective form of watchful waiting, but one that 
does not wait too long. Watchful waiting replaces the 
pathology report.

I am well aware that what I am proposing, if it proves 
successful, would eliminate the radiologist, the radiol-
ogy technologist, the surgeon, the medical physicist 
planning radiation treatment, the oncologist, the pat  h-
ologist, the breast cancer molecular biologist, and ulti-
mately the theoretical biologist. We have had enough of 
breast cancer wars (Lerner 2001), and should all dis-
band when we succeed in making breast cancer a man-
ageable problem. The components to attempt this now 
are all in existence: quantitatively predicted tumor target 
size that we need to detect and destroy (2-4 mm), many 
imaging modalities that singly or in combination would 
seem capable of reaching that target, and ablation tech-
niques able to destroy them with small resection mar-
gins. The small proportion of recurrences expected 
could almost all be caught before metastasis by the same 
protocol. Research could switch to how to achieve com-
pliance, whether we can safely and effectively extend 
the protocol to younger women with radiographically 
dense breasts (Law et al. 2007), whether “surgery-driven 
escape from dormancy” (Retsky et al. 2008) applies to 
partially ablated premetastasis tumors, honing of the 
protocol with experience, the search for induced tumors 
(Heyes et al. 2009; Shuryak et al. 2009), and further 
reduction of x-ray dose.

The difficult questions of prevention of the initia-
tion of breast tumors, presumed by many to be due to 
artificial environmental toxins or lifestyle choices, or 
improving the immune response to nascent tumors,  
or intervening in the genetics of aberrant oncogenic or 



18710 Stop Breast Cancer Now!

radiation sensitivity genes, such as women with ataxia-
telangiectasia, a radiation-sensitive genetic condition 
(Hall et al. 1992; Ramsay et al. 1996, 1998), could be 
pursued in subsequent decades, with a firm data set 
from the search and destroy approach of how many 
small tumors are being detected across populations. If, 
in the interim, the magic bullet for breast cancer is 
found (Hubbard 1986; Strebhardt and Ullrich 2008), 
we might choose to pack up the whole search and 
destroy protocol, but that may be in the distant future, 
if ever: “…despite an avalanche of knowledge in 
molecular biology in recent years, not a single cancer-
specific cell surface antigen has yet been discovered” 
(Gonenne 2009), though the author now claims:

“MabCure has successfully generated hybridoma librar-
ies for three different cancers that produce, respectively, 
antibodies to melanoma, to an aggressive form of pros-
tate cancer and to ovarian carcinoma. These antibodies 
have been shown to be specific and ‘universal’ to each 
cancer respectively, i.e. they recognize every cancer from 
different individuals having that particular disease and do 
not react with any normal antigen tested so far. These 
Mabs [monoclonal antibodies] are the first candidates for 
the development of novel diagnostic tools, imaging 
agents and drugs to treat the corresponding cancers” 
(Mabcure 2009).

The contrast of this magic bullet approach to search 
and destroy is startling. For search and destroy we do 
not want specificity, diagnosis, or treatment, but rather 
to detect all cancers at early stages, destroying any sus-
picious lesion without confirming whether or not it had 
malignant potential. But nevertheless, through molec-
ular imaging, they may prove complementary.

Will my message “Stop Breast Cancer Now!” be 
taken seriously? One could take the cynical view that 
each of us involved in breast cancer research has a 
vested interest in not seeing the problem solved. But I 
think the difficulty lies elsewhere, in how scientific 
and medical research is organized, and how we police 
each other through innovation suppressing peer review. 
Perhaps we need the old approach of the Longitude 
Prize offered by the British Parliament in 1714 (Sobel 
1995), this time for solving breast cancer once and  
for all. While this might seem winner take all, the  
real winner would be the women (and a few men)  
who would no longer anticipate a life shortened by 
breast cancer.

The idea of prizes rather than grants has been 
renewed by the USA National Aeronautics & Space 
Administration:

“In December 1903, Wilbur and Orville Wright, two 
bicycle mechanics working with no government support, 
initiated the age of powered flight with their success at 
Kitty Hawk. NASA’s Prize Program honors the spirit of 
the Wright Brothers and other independent inventors by 
acknowledging the centennial of the first powered flight 
in 2003. The NASA Centennial Challenges program also 
recognizes that the rapid and dramatic progress in aero-
nautics in the early years of the first century of flight was 
often driven by prize competitions” (NASA 2009a).

But the present cash prize is not big enough: “…the 
resources that are expended in research and develop-
ment by competitors are typically many times the value 
of the prize itself” (NASA 2009b).

10.26  The Sick Lobe: “A paradox,  
a paradox, a most ingenious 
paradox” (Gilbert and  
Sullivan 1879)

Except for our collaboration on the second Workshop 
on Alternatives to Mammography, Tibor Tot and I have 
not worked together. So when he asked me to say a few 
words about his sick lobe hypothesis in this chapter, 
I was suddenly confronted by what my collaborator 
Vincent Vinh-Hung recognized as a paradox:

One the one hand: extrapolation of epidemiological data 
suggests that killing one small primary premetastasis 
breast tumor should be able to cure breast cancer.

On the other hand: premetastasis tumors are frequently 
mulifocal, perhaps all in one sick lobe.

This is a universal predicament, as noted in Fiddler on 
the Roof:

“Avram: (gestures at Perchik and Mordcha) He’s right, 
and he’s right? They can’t both be right.

“Tevye: You know... you are also right” (United Artists 
Corporation 1971).

At this point we can only speculate. Here I record our 
first thoughts as a dialogue extracted from e-mail:

Tibor Tot:

The ‘lobar disease’ theory means, in its simplified form, 
that breast cancer develops not on a single point in the 
breast, but within a several cm large area, often on several 
places in this area at the same time. In fact, according to 
our studies, carcinomas <10 mm are unifocal in 37%, 
multifocal in the rest and in about 50% of the cases foci 
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are seen in an area larger than or equal to 40 mm (‘exten-
sive cases’). It means that you will need to ablate not a 
2–3 mm large lesion but several such lesions together 
with their genetically altered environment. I believe that 
one should ablate a sick lobe, but it can also be called the 
‘field of cancerization.’

Richard Gordon:

I would like to see an extrapolation of the probability of 
metastasis to smaller sizes for each # of foci found, and 
perhaps versus their distances apart. At least that is my 
first guess as to a proper analysis of the relationship 
between our previous extrapolations to obtain target size 
and your sick lobe hypothesis.

I would also like to see the evidence that multiple foci are 
actually in the same lobe. While I’m fully aware of your 
hypothesis, it is now time for a detailed understanding of 
exactly what you measured, and how you drew your 
conclusions.

It is also not clear to me how many of our target foci 
(<4 mm) must be found (and where) to conclude that one 
is dealing with a sick lobe, and whether, given >99% (pre-
dicted) success rate, it would be advisable to surgically or 
by ablation remove a lobe, or just do watchful waiting of 
it? The uncertainty is compounded by the fact that, for 
now, none of our imaging methods can reliably outline the 
breast lobes. For x-ray CT in particular, this might require 
increased dose, and therefore be counterproductive.

Tibor Tot:

While the [sick lobe] hypothesis is a hypothesis, the mul-
tifocal nature of the majority of breast carcinomas, also at 
the beginning of their development, is a morphological 
fact. I have studied and published this fact several times, 
and people before me using similar histology technique 
have reported similar results. This multifocality is evi-
dent already in the in situ phase, before the cancer invades 
and before it gives the metastases.

Now to my main point. We have a practical problem here: if 
a surgeon will read the first chapters of this book, he or she 
will get the impression that the correct surgery at early stage 
breast cancer is to cut big, remove a several cm area. Reading 
your chapter, they will have the impression that it is suffi-
cient to cut small, 4 mm with a minimal margin. I am con-
vinced, looking at early breast carcinomas every day, that 
the limited approach is not sufficient for the majority of the 
cases, but may be sufficient for a about 30–40%, the unifo-
cals. I still believe that one should cut big even in these cases 
as small multiple foci are often missed on radiology.

Vincent Vinh-Hung:

I’m not sure how modeling could be handled. But I like 
paradoxes. The concept of lobe disease or field cancer-

ization, and that of very early detection, are not necessar-
ily mutually exclusive.

Richard Gordon

I think that Vincent has hit the nail on the head, by calling 
this a paradox:

1.  The extrapolated epidemiological data suggests that 
search and destroy of single premetastasis tumors 
should cure breast cancer.

2.  The mutifocal data suggests that more tissue should 
be removed or ablated than one would ordinarily 
think for a <4 mm tumor.

So let’s see if we can formulate some hypotheses consis-
tent with both results, and then ways of testing them.  
Let me throw these out for your consideration:

1.  The extrapolation is correct, but larger resection 
margins (perhaps the whole sick lobe) would 
decrease the chance of later disease (not just recur-
rence) even more. This is logically consistent with 
the extreme action: total mastectomy (Mokbel 
2003). (This is in essence a refinement of the old 
battle between total mastectomy and lumpectomy, 
Lerner 2001.)

2.  Removal of a single premetastasis tumor delays the 
occurrence of additional tumors in the same lobe. 
But if it’s not removed, multifocal disease occurs.

3.  The reason that premetastasis tumors can be multifo-
cal, yet be consistent with the extrapolations, is that 
most of them regress (Nielsen et al. 1987; Nielsen 
1989). In this case, since we don’t know which will 
regress and which won’t, we should ablate them all. 
This also suggests a possible competition between 
multifocal tumors, perhaps the larger one(s) actively 
suppressing the smaller.

I realize, and perhaps Vincent now agrees, that there is 
some serious new research to be done to resolve this 
paradox.

Vincent Vinh-Hung

Thinking aloud, can a tumor grow without some kind of 
cooperation from the host? There has been more atten-
tion given to the stroma/microenvironment where the 
tumor is growing (Hu and Polyak 2008). The concept of 
a lobe might be appropriate. It would make sense 
(Ellsworth et al. 2004). A lobe in which a first tumor 
appeared that grew beyond a few millimeters would be 
more permissive to additional tumors (cascade and/or 
recruitment of host facilities by the tumors). Removing 
the first tumor early enough would reduce the propen-
sity of multifocality, rejoining your point #2B.

This is a terribly challenging topic that would take years.
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So, we three have agreed to take on the challenge 
(Vinh-Hung et al. 2010).

10.27  Conclusion

The century-old magic bullet approach to cancer has 
not served us well. It became part of the hegemony of 
biochemistry and later molecular biology, genomics, 
and a massive pharmaceuticals industry with an atti-
tude that there is a drug for every malady. In parallel, 
over the past century, x-ray and other forms of imaging 
developed and improved. These are now ready to over-
take magic bullets precisely because they are nonspe-
cific, that is, potentially capable of detecting all tumors. 
The target size for >99% of premetastasis breast tumors 
has been estimated at 2–4 mm diameter by extrapola-
tion of three independent sets of epidemiological data. 
High-resolution, possibly multimodal imaging, per-
haps combined with magic bullet molecular imaging, 
followed by co-registered ablation immediately after 
and in the same gantry as the screening, should be able 
to search and destroy most breast cancers at this early 
stage, with small resection margins. We need only the 
collective will to make it so. The sick lobe hypothesis 
is at first glance seemingly at odds with this epidemio-
logical extrapolation, presenting a paradox that we will 
have to resolve.
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The debate over whether cancer starts in a single cell 
(Hahn and Weinberg 2002) or is a multifocal disease 
(the latter variously referred to as the multicellular 
model [Attolini and Michor 2009] or field theory [Soto 
et al. 2008]) has a long history. This book, Breast 
Cancer: A Lobar Disease, may be a stepping stone 
toward trying to resolve this long-standing issue. My 
own work on breast cancer detection has been based 
on the assumption, at first sight contrary to Tibor Tot’s 
sick lobe hypothesis, that targeting a single small 
lesion will halt breast cancer, and the epidemiological 
evidence would seem to point that way. And yet, as can 
be seen by the dialogue with Tot and Vincent Vinh-
Hung at the end of my chapter (Gordon 2010), more 
subtle considerations may let us see breast cancer both 
ways, i.e., that they are not mutually exclusive. It may 
be that one could either stop breast cancer recurrence 
for an extended time by ablating a single small tumor, 
or for the remainder of a women’s life by removing the 
whole of a sick lobe, difficult outcomes to distinguish. 
As in the debate over total mastectomy versus lumpec-
tomy (Lerner 2001), both may prove clinically equiva-
lent in terms of prolongation of life. At least, lobectomy 
is less disfiguring than mastectomy, so passions need 
not run as high. Much work remains ahead to deter-
mine the outcome of this debate, though we will see 
what we can tease out of retrospective epidemiological 
data (Vinh-Hung et al. 2010).

I was taught, by a physics high school teacher at 
John Dewey’s Laboratory School of the University of 
Chicago, that the ideal in science controversies is for 
each protagonist to ride the other’s horse. It’s a tough 

thing to do, because so many of us get wrapped up in 
our own ideas and confuse them with the greater reality 
outside our own minds. Fortunately, in this case, I have 
also developed a tissue perspective on disease out of 
my work in embryology (Gordon 1999). Tibor Tot’s 
request for me to write this Epilogue has thus jarred me 
into riding his horse, albeit with my own saddle.

If we look at variegated plants with green and white 
areas, we see clones of cells that do or do not synthe-
size functional chlorophyll (Yu et al. 2007). The cells 
all come from a single zygote, so something epigenetic 
occurs during plant development (Linn et al. 1990; 
Hoekenga et al. 2000; Iida et al. 2004). For a plant, 
partial lack of chlorophyll generally reduces its growth 
(except perhaps in bananas [Zaffari et al. 1998; TyTy 
Nursery 2010]) and presumably, therefore, fitness 
(Funayama et al. 1997; Funayama-Noguchi 2001), so 
we could regard each of those white areas as “sick 
lobes.” Indeed, variegated plants are rare in nature, and 
survive long-term only as cultivars, their fitness 
restored by a symbiotic relationship with humans.

In variegated color phenotypes in mice (Lyon 1961, 
2003) and calico cats (Davidson 1964; Osgood 1994), 
there is also an epigenetic effect that leads to spottiness 
in their pigmentation. This almost always (Lyon 2003) 
occurs only in females and is due to “random” inactiva-
tion of (all but) one X chromosome. We now un  derstand 
that all XX women are mosaic organisms consisting of 
clones with one or the other X chromosome active, a 
selection that occurs around the 4 to 20 cell stage of 
embryogenesis (Puck et al. 1992; Monteiro et al. 1998; 
Chitnis et al. 1999; Brown and Robinson 2000).

Tot has hypothesized that each breast lobe is a clone 
starting from a single cell sometime between 8 and 
25 weeks of gestational age (Tot 2010), which is well 
after X inactivation has occurred. This concept could 
thus be tested by ascertaining whether all cells in a 
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lobe have the same X inactivation (Brown and Robinson 
2000), at least those cells that have not yet formed 
tumors as tumor cells can switch which X is inacti-
vated (Vincent-Salomon et al. 2007). In such tests, one 
should also look for the possibility that healthy lobes 
in the same breast have the other X chromosome active 
(Kristiansen et al. 2005).

Skewness of X inactivation has been defined by 
various authors as 67–90% of the cells in a tissue hav-
ing the same X chromosome inactivated, instead of 
50% (Buller et al. 1999; Lose et al. 2008). The median 
number of breast lobes is 27 (Going and Moffat 2004). 
Suppose we were to entertain the hypothesis that an 
aberrant allele of some unknown gene on the X chro-
mosome is involved in the causation of breast cancer, 
as some authors have claimed, though without age-
matched controls (Lose et al. 2008) (cf. [Kristiansen 
et al. 2005]). Then we would expect, on average, that 
the number of sick lobes should be 50%, or about 14, 
rather than one or two. A caveat here is, of course, the 
large patches in skin coloration observed on white cal-
ico cats (smaller in tortoiseshell cats) (Vella and 
Robinson 1999) so that by analogy we might antici-
pate a bimodal distribution of skewness in a localized 
tissue such as breast. Nevertheless, preliminary evi-
dence of uniformity of skewness between tissues has 
been claimed in humans (Buller et al. 1999). Three 
hypotheses have been suggested for skewed X inacti-
vation: An X-linked allele confers a proliferative 
advantage to cells; it is due to a genetic predisposition; 
it is a protective mechanism to reduce expression of 
detrimental X-linked alleles (Lose et al. 2008). The 
unknown mechanism of skewing of X chromosome 
inactivation may occur in a tissue-specific manner at 
specific times in the course of embryogenesis, starting 
from a 50:50 proportion (Muers et al. 2007), with sto-
chastic effects that accumulate, causing exponential 
deviations with age from 50:50 (Vickers et al. 2001; 
Kristiansen et al. 2003). Until these spatial, statistical, 
ageing and epidemiological aspects of skewed X inac-
tivation are better worked out, we should just keep an 
eye on the possibility of a link between the sick lobe 
hypothesis and skewed X inactivation.

The assumption that a sick lobe is a clone of one 
cell is compatible with both the single cell and multi-
focal points of view. In fact, one could suggest that the 
whole sick lobe is actually a tumor somehow held in 
the earliest stage of cancer progression. Cases of stabi-
lization of tumor cells by incorporation into normal 
embryogenesis, leading to whole normal looking 

tissues made of aberrant cells, are known (Mintz and 
Illmensee 1975; Pierce et al. 1982; Kulesa et al. 2006; 
Hendrix et al. 2007; Kasemeier-Kulesa et al. 2008), so 
this is a plausible scenario.

But outside of highly clonal, mosaic development, 
such as occurs in the early stages of snail (Raven 1966), 
ascidian (Nishida 2005), and nematode (Sulston et al. 
1983) embryos, most other organisms use so-called 
regulative development. One consequence of this is 
that the cells in a given clone generally do not end up as 
the same differentiated cell type. A rarely asked ques-
tion is how this happens, that clones can get split up? 
Something else is going on in embryogenesis, which 
may also be labeled “epigenetic,” that allows cells in a 
clone to have different fates from one another.

I have written a rather large and overbearing book on 
this subject (Gordon 1999), based on my prediction 
(Gordon and Brodland 1987) that differentiation waves, 
observable as waves of expansion and contraction of 
epithelia in embryos, traverse subregions of the embryo 
(regardless of clonal origins of their cells) and trigger 
off a step of differentiation as they go. The prediction 
was found to be correct by Natalie K. Björklund 
(Brodland et al. 1994), and the waves proved easy to see 
(Gordon and Björklund 1996). Unfortunately, they were 
not popular with molecular developmental biologists, 
who for decades did not like the notion of physical phe-
nomena organizing and triggering gene expression, pre-
suming that “control” was always in the cell nucleus, 
not of it, as exemplified in this textbook:

Some researchers have proposed that all cells in an embryo 
initially express the same genes until their physical interac-
tions [such as differentiation waves] generate groups of cells 
with different mechanical states, which then secondarily 
cause these cells to express specific combinations of genes 
(Gordon and Brodland 1987). However, most researchers 
today assume that cells are first programmed to express cer-
tain master genes, which in turn coordinate other genes with 
more limited functions…. It is the latter approach that we 
will explore in this text (Kalthoff 2001).

This situation is turning around: “Biomechanical forces 
are emerging as critical regulators of embryogene-
sis…” (Adamo et al. 2009) (cf. [Beloussov and Gordon 
2006]), as well as differentiation and tumorogenesis 
(Lopez et al. 2008; Tenney and Discher 2009; Wang 
et al. 2009). Thus, the work of relating these waves to 
the many so-called determinants of cell differentiation 
was never funded, and is left for the next generation. 
Such researchers are slowly being recruited through an 
online embryo physics course held in a virtual world 
(Gordon and Buckley 2010). Thus for now the job  
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of relating differentiation waves to the molecular 
 epigenetic correlates of differentiation (and perhaps 
dedifferentiation [Rossant 2009]) has hardly begun 
(Björklund and Gordon 2006).

Differentiation waves lead to a simple view of devel-
opment: Each embryonic tissue is split into two new 
tissues by two waves. One is a wave of contraction, and 
the other is a wave of expansion. In epithelia, these 
waves seem to propagate via a cytoskeletal apparatus at 
the apical surface of each cell, that we call the “cell 
state splitter” (Gordon and Brodland 1987; Björklund 
and Gordon 1993; Martin and Gordon 1997). This 
device, somewhat akin to the spindle apparatus in its 
mechanical antagonism between microtubules and 
microfilaments, is constructed in a metastable state 
ready for a radial tug-of-war between its apical micro-
tubules and apical microfilament ring (Gordon and 
Brodland 1987). The cell state splitter resolves this 
instability in one of two ways: Either the microfila-
ments win, greatly contracting the apical surface, or the 
microtubules win, flattening the cell (Gordon and 
Brodland 1987). We presume that a one-bit signal then 
proceeds to the nucleus by some sort of signal transduc-
tion, resulting in one of two readied gene cascades 
being triggered (Björklund and Gordon 1993). Cell dif-
ferentiation is thereby conceived as a binary bifurcating 
process, i.e., each intermediate cell type during embryo-
genesis gives rise to exactly two new cell types.

What triggers the waves and what stops them are 
still matters of speculation, and detailed, quantitative 
investigations of live embryos, watching all the cells at 
once, are sorely needed (Gordon and Westfall 2009; 
Gordon 2009).

Perhaps breast lobes are carved out of a precursor tis-
sue by differentiation waves instead of arising as clones 
of a single cell? If so, then we must ask what might be 
the initial event that differs between healthy and sick 
lobes? There are three obvious components of the pro-
cess to consider: the cell state splitter, signal transduc-
tion from the cell state splitter to the nucleus, and the 
consequent change in gene expression. Differentiation 
waves do not provide the answer, only a working hypoth-
esis that can direct our attention. However, if differentia-
tion waves are the cause of breast lobes, then some lobes 
should consist of more than one clone, giving us at least 
one criterion for distinguishing this hypothesis from 
Tot’s clonal hypothesis (Tot 2010).

If we consider the history of the development of an 
organism from the point of view of a single cell, it has its 
own history of what intermediate cell types it came from. 

Considering all the cells in an organism, we can call their 
collective histories a “cell lineage tree.” Except for striate 
muscle cells, which are multinucleate due to the fusion of 
myoblasts, this conceptual tree has no anastomoses, and 
due to cell division, branches in a strictly binary fashion.

Differentiation waves give us another tree, a “tissue 
lineage tree,” where we define a tissue as all cells that 
have experienced the same sequence of contraction (C) 
and expansion (E) waves. This means that, if differen-
tiation waves are the primary trigger of cell differentia-
tion, every cell, at every stage of development, can be 
assigned a binary code, such as CEECECCEEE, etc., 
representing its history of participation in differentia-
tion waves. This “differentiation code” (Björklund and 
Gordon 1994) may actually have some kind of repre-
sentation in the cell, which would be its “memory” of 
what it has been and now is. The concept that every 
embryonic tissue gives rise to exactly two tissues fur-
ther on in development is only implicit in the literature 
(Gordon 1999), and needs further investigation. Thus, 
the notion that the tissue lineage tree also branches in 
a strictly binary fashion awaits confirmation.

There is one major exception to differentiation 
waves, which leads to another way of looking at the 
origin of the sick lobe. At the boundaries of and 
between the expansion and contraction waves that tra-
verse a given embryonic tissue, there are likely to be 
some cells that do not participate in either type of 
wave. This may be the origin of stem cells, cells that 
are stuck in an embryonic state, perhaps able to wait 
indefinitely for something to trigger them to the next 
stage(s) (Gordon 2006). The differentiation code of 
these stem cells, insofar as a cell acts on its past, or 
rather its stored memory of that past, may limit the 
kinds of cells it can differentiate into. This would 
explain why stem cells are generally pleuripotent 
rather than totipotent. Thus, differentiation waves may 
explain the origin of the many kinds of pleuripotent 
stem cells that have been discovered in recent years. 
Some cancer stem cells may derive from normal stem 
cells (Vermeulen et al. 2008). A clone of such cancer 
stem cells in a breast lobe (Howard and Ashworth 
2006) may be what makes it a sick lobe:

An epidemiological link to fetal stages has been found for 
breast and prostate cancer (Fackelmann 1997)[(Trichopoulos 
1990; Ekbom et al. 1992)]. One might wonder whether com-
petent cells that somehow miss a differentiation wave are 
candidates for later tumor development (Gordon 1999).

The cell lineage tree is then a subset of the tissue lin-
eage tree, and stem cells are termini of the cell lineage 
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tree in suspended animation. To clarify this relation-
ship, I have drawn one branch of a tissue lineage tree 
(i.e., “differentiation tree” [Gordon 1999]) with the 
branches of a few cells’ contributions to the cell lin-
eage tree shown within it (Fig. 11.1).

The interplay between X inactivation, cells, clones, 
tissues and differentiation waves is a rich source of ideas 
for untangling the relationship between single cell and 
multifocal hypotheses for cancer, in which we may find 
the fundamental basis for the sick lobe, and the aberrant 
cells that form within it. For example, the vague concept 
of a “morphogenetic field” (Waddington 1934; Beloussov 
et al. 1997) from which the “tissue organization field 
theory of carcinogenesis and neoplasia” derives its name 
(Soto et al. 2008) is replaced by the subset of cells cov-
ered by the trajectory of a specific, observable differenti-
ation wave (Gordon 1999). What holds like cells together 
as a tissue in adults (Soto et al. 2008) is a mystery that 
may also involve some kind of persisting waves between 

them (Gordon 1999). There is much work ahead, but by 
combining cytogenetics, embryology, pathology, molec-
ular biology, and modern methods of 4D microscopy, we 
may be able to unravel this puzzle.
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distribution
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molecular, 28
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tools, 34
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14-g core biopsy, tumor foci, 142
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radiologic-histologic correlation, 149
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epithelial cells, 67–68
prospective, cancer risk, 68
suction application, 67
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epithelial structure, 2–3
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ductal endoscopy, 7
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lesion distribution and disease extent, 13–14
as lobar disease, 10–11
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full-time pregnancy, 10

genetic evidence
cell/progenitor cell disease, 10
DCIS, LCIS, ADH and CCC, 9
heterozygosity loss, 10
risk tissue, 9

hypotheses
characterization, 5
DCIS, 7
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