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Preface

A multidisciplinary and personalized approach is essential for the treatment of

breast cancer, particularly for primary breast cancer. Recent cancer genome anal-

ysis has clarified a huge heterogeneity in the genomic profile of breast cancers and a

dynamism in the progression and therapeutic selection. Therefore, multiple therapy

modalities are indispensable for controlling such a dynamic disease, and personal-

ization of the treatment in each therapeutic modality is required. This book covers

current topics in the treatment of primary breast cancer from the personalization

point of view. Not only locoregional treatment but also systemic therapy and other

key components, necessary for the management, are contained in this project. The

contributions of globally known cancer investigators has made it possible to present

a broad view of the status and future perspectives. It will be absolutely helpful for

young physicians, fellows, and researchers to learn the scientific background,

treatment strategy, clinical practice and techniques, novel methodology, and ther-

apeutic concept. There is also no doubt that the contents are useful for breast cancer

physicians who are responsible for breast cancer patients as well. Finally, I believe

this book encourages us to consider new therapeutic concepts and therapeutic tools.

Kyoto, Japan Masakazu Toi
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Part I

Treatment for the Patients Having Breast
Cancer High-Risk



Chapter 1

Risk-Reducing Surgery for Breast Cancer

Patients with BRCA Mutations

Eun-Kyu Kim, Sung-Won Kim, and Dong-Young Noh

Abstract Women who carry a germ line mutation in either the BRCA1 or BRCA2

gene have a higher lifetime risk of developing breast and ovarian cancers, often at

young ages. Moreover, women with BRCA-associated breast cancer develop sec-

ond contralateral breast cancers (CBCs) and ovarian cancers at higher rates than

those with sporadic breast cancer. Although intensified screening may help identify

cancers at an early, favorable stage, it cannot prevent them. Therefore, BRCA1/2

mutation carriers with breast cancer may consider prophylactic surgical strategies

such as contralateral prophylactic mastectomy (CPM) and bilateral prophylactic

oophorectomy (BPO). There have been increasing interests in CPM, which has

been reported to reduce the risk of future CBC by at least 90 %. BPO is the

prevailing preventive choice for prophylactic treatment among BRCA mutation

carriers, and it reduces the risk of ovarian cancer by about 90 % and breast cancer

by about 50 %. Data on the survival of BRCA-associated breast cancer patients who

opt for subsequent CPM are inconsistent, but BPO seems to be associated with

improved breast- and ovarian cancer‐specific mortality as well as improved all‐
cause mortality among BRCA1/2 mutation carriers. Although prophylactic surgery

does not address the cause of these cancers, which is the gene mutations, it is highly

effective for cancer prevention and survival.

Keywords Risk-reducing surgery • Contralateral prophylactic mastectomy •

Bilateral prophylactic oophorectomy • Contralateral breast cancer • BRCA-

associated breast cancer
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1.1 Subsequent Cancer Risk and Its Prevention in Patients

with BRCA-Associated Breast Cancer

Women with BRCA1 or BRCA2 mutations have a higher lifetime risk of develop-

ing breast and ovarian cancers [1]. Meta-analyses indicate that BRCA1 and BRCA2

mutation carriers have a 57–65 % and a 45–49 % lifetime probability of developing

breast cancer, respectively [2, 3]. The risk of ovarian cancer is also dependent on

whether the mutation has occurred in BRCA1 or BRCA2; the lifetime risks of

ovarian cancer were reported to be 36–54 % for BRCA1 and 10–27 % for BRCA2

mutation carriers [1, 2, 4, 5].

It is well established that women who have had breast cancer in the past are at an

increased risk for contralateral breast cancer (CBC). The Surveillance, Epidemiol-

ogy, and End Results (SEER) database reported a 4.2 % incidence of CBC from

1973 to 1996. The actuarial risk of developing CBC was 0.6 % per year; thus, the

actuarial risk at 5, 10, 15, and 20 years was 3 %, 6.1 %, 9.1 %, and 12 %,

respectively [6]. This represents an approximately 1.5-fold to two-fold increased

risk for subsequent breast cancer compared with the general population [7, 8]. Com-

pared to patients with sporadic breast cancer, women with BRCA1- and BRCA2-

associated breast cancer are reported to have 4.5-fold (95 % confidence interval

[CI] ¼ 2.8-fold to 7.1-fold) and 3.4-fold (95 % CI ¼ 2.0-fold to 5.8-fold) increased

risks of CBC, respectively [9]. The risk of CBC in patients with BRCA-associated

breast cancer is 1.5–3.1 % per year, with 10-year estimates of 25–38 % reported for

mutation carriers from high-risk families, compared with rates of 3–7 % for women

without mutations [9–16]. Metcalfe et al. reported that the 15-year actuarial risk of

CBC was 36.1 % for BRCA1 mutation carriers and 28.5 % for BRCA2 mutation

carriers [17]. At 25 years, the cumulative risk for CBC in patients with BRCA1/2

mutations was reported to be 47.4 % [18] (Table 1.1).

Several factors influence the risk of CBC in BRCA mutation carriers (Table 1.2).

Younger age at the first breast cancer diagnosis is reported to be associated with a

higher risk of CBC in patients with BRCA1 mutations [9, 10, 12, 17, 18]. In

addition, several studies have found a 1.3–1.8-fold higher risk of CBC in BRCA1

mutation carriers compared with BRCA2 mutation carriers [9, 12, 18]. Data from

Table 1.1 Rates of contralateral breast cancer in BRCA1/2 mutation carriers with breast cancer

Study

[reference]

Patients (n) CBC (%)

BRCA1/2 Sporadic BRCA1/2 Sporadic P

F/U

(years)

Haffty et al. [11] 22 105 42 9 0.001 12

Pierce et al. [14] 162 445 39 7 <0.0001 15

Metcalfe

et al. [17]

810 – 31.6 (BRCA1) – – 15

28.5 (BRCA2)

Graeser

et al. [18]

1042 – 47.4 – – 25

Abbreviations: CBC contralateral breast cancer, F/U follow-up

4 E.-K. Kim et al.



the German Consortium for Hereditary Breast and Ovarian Cancer show that the

risk of CBC for BRCA1 mutation carriers diagnosed with their first breast cancer

before the age of 40 is 62.9 % (95 % CI ¼ 50.4–75.4 %) after 25 years, compared

with only 19.6 % (95 % CI¼ 5.3–33.9 %) for patients who were older than 50 years

at their first breast cancer diagnosis [18]. According to this report, family members

of patients with BRCA1 mutations had a 1.6-fold (95 % CI ¼ 1.2-fold to 2.3-fold)

higher risk of CBC compared to those of patients with BRCA2 mutations. More

recently, Metcalfe et al. reported the results of a prospective study on 810 BRCA1/2

mutation carriers with breast cancer [17]. In this study, women younger than

50 years at the time of their first breast cancer diagnosis were significantly more

likely to develop CBC at 15 years, compared with those older than 50 years (37.6 %

vs. 16.8 %, P¼ 0.003). Women younger than 50 years with two or more first-degree

relatives with early-onset breast cancer were at high risk of CBC, compared to

women with fewer or no first-degree relatives with breast cancer (50 % vs. 36 %,

P¼ 0.005). The 15-year actuarial risk of CBC was 36.1 % for women with BRCA1

mutations and 28.5 % for women with BRCA2 mutations. Estrogen receptor status

of the primary cancer, chemotherapy, and the use of tamoxifen were not associated

with the risk of CBC.

The principal goal in the treatment of patients with breast cancer is to minimize

their likelihood of dying from their primary breast cancer. For women with

BRCA1/2-associated breast cancer, however, minimizing the incidence of and the

mortality due to subsequent cancers, such as metachronous CBC and ovarian

cancer, is just as important as treating a primary breast cancer. While intensified

screening may help identify subsequent cancers at an early, favorable stage, it

cannot prevent the development of such cancers. Therefore, BRCA1/2 mutation

carriers with breast cancer may consider preventive strategies such as contralateral

prophylactic mastectomy (CPM), bilateral prophylactic oophorectomy (BPO), or

medical treatment with tamoxifen to reduce their risk for subsequent cancer devel-

opment [19]. CPM has been reported to reduce the risk of future CBC by at least

90 % [20–23], similar to the risk reduction of breast cancer with bilateral prophy-

lactic mastectomy among unaffected BRCA1/2 mutation carriers. BPO is the most

effective option for the prevention of ovarian cancer [24, 25], and the incidence of

Table 1.2 Factors that influence the risk of metachronous contralateral breast cancer in BRCA1/2

mutation carriers with breast cancer

Factor Risk of metachronous contralateral breast cancer

Young age at diagnosis Elevated

Mutated gene BRCA1 > BRCA2

Estrogen receptor status (+) < (�)/no effecta

Tamoxifen Decreased/no effecta

Chemotherapy Decreased/no effecta

Contralateral prophylactic mastectomy Decreased (more than 90 %)

Bilateral prophylactic oophorectomy Decreased (about 50 %)
aRisk reduction demonstrated in some studies but not confirmed in all studies

1 Risk-Reducing Surgery for Breast Cancer Patients with BRCA Mutations 5



CBC is also reduced by BPO or tamoxifen [12, 26]. In this chapter, we review the

literature regarding risk-reducing surgery for BRCA1/2 mutation carriers with

breast cancer.

1.2 Contralateral Prophylactic Mastectomy

CPM refers to the removal of the normal intact contralateral breast among women

with unilateral breast cancer. As previously described, the cumulative risk of CBC

in patients with BRCA1/2 germ line mutations has been estimated to be up to

47.4 % at 25 years [18]. Given the substantial risk of CBC and the unsatisfactory

benefits of other prophylactic modalities such as tamoxifen or BPO, some patients

with BRCA1/2-associated breast cancer choose to undergo CPM following treat-

ment of the initial breast cancer or opt to be treated initially with bilateral mastec-

tomy if rapid genotyping analysis is made available [27, 28]. Among the available

risk-reducing measures, the most effective option for CBC risk reduction is CPM.

CPM decreases the risk of CBC by 90–95 % in women with a family history of

breast cancer and in those with BRCA1/2 mutations [20–23]. This degree of risk

reduction is similar to the reduction in the risk of breast cancer with bilateral

prophylactic mastectomy among unaffected BRCA mutation carriers [29–31].

Historically, CPM has been recommended for high-risk patients, including

breast cancer patients with BRCA mutations, as a means to reduce the development

of CBC and the associated mortality. The ultimate goal of CPM is, indubitably, to

improve the survival of breast cancer patients with BRCA1/2 mutations. However,

even among these high-risk patients, the efficacy of CPM in improving long-term

clinical outcomes is questionable. Despite the significant risk of CBC in patients

with BRCA mutations and the obvious prophylactic effect of CPM, data on the

survival of primary breast cancer patients who opt for subsequent CPM have been

inconsistent. Whereas some studies showed improved survival following CPM

[20, 22, 32–36], others showed no survival benefit with CPM [23, 37, 38]

(Table 1.3).

In the Cancer Research Network study by Herrinton et al., patients in the CPM

group experienced both lower breast cancer mortality and all-cause mortality than

those in the non-CPM group (hazard ratio [HR]¼ 0.57, 95 % CI¼ 0.45–0.72 and

HR¼ 0.60, 95 % CI¼ 0.50–0.72, respectively) [22]. Using the SEER data of 8902

women who underwent mastectomy for primary breast cancer and CPM, Bedrosian

et al. also reported improved breast cancer-specific survival with CPM (HR¼ 0.63,

95 % CI¼ 0.57–0.69) [32]. In a retrospective single-center study by Boughey et al.,

10-year overall and disease-free survival rates were better in the CPM group than in

the mastectomy-only group (HR¼ 0.68, 95 % CI¼ 0.54–0.86 and HR¼ 0.66, 95 %

CI¼ 0.53–0.82, respectively) [33]. In another retrospective single-center study,

Peralta et al. reported a 27 % absolute improvement in disease-free survival and a

15 % absolute improvement in overall survival after 15 years following CPM

[20]. In a recent retrospective multicenter study, Metcalfe et al. reported that

6 E.-K. Kim et al.



Table 1.3 Studies assessing the effect of contralateral prophylactic mastectomy on survival

Author

[reference] Year Design No. of patients Follow-up Survival benefit of CPM

Peralta

et al. [20]

2000 R CPM: 64 15 years Associated with improved

DFS (15-year DFS was 55 %

for the CPM group and 28 %

for the non-CPM group,

P¼ 0.01)

Non-CPM: 182

Herrinton

et al. [22]

2005 R CPM: 908 5.7 years Associated with improved

BCSS and OS (HR¼ 0.57,

95 % CI¼ 0.45–0.72 and

HR¼ 0.60, 95 %

CI¼ 0.50–0.72,

respectively)

Non-CPM:

46,368

Bedrosian

et al. [32]

2010 R CPM: 8748 47 months Associated with improved

BCSS (HR¼ 0.63, 95 %

CI¼ 0.57–0.69)
Non-CPM:

95,283

Boughey

et al. [33]

2010 CC CPM: 385 17.3 years Associated with improved

OS and DFS (HR¼ 0.68,

95 % CI¼ 0.54–0.86 and

HR¼ 0.66, 95 %

CI¼ 0.53–0.82,

respectively)

Non-CPM: 385

Evans

et al. [34]

2013 R CPM: 105 10 years Associated with improved

OS (HR¼ 0.37, 95 %

CI¼ 0.17–0.80)
Non-CPM: 593

Metcalfe

et al. [35]

2014 R CPM: 181 14.3 years Associated with improved

BCSS (HR¼ 0.52, 95 %

CI¼ 0.29–0.93)
Non-CPM: 209

Heemskerk-

Gerritsen

et al. [36]

2014 P CPM: 242 11.4 years Associated with improved

OS (HR¼ 0.49, 95 %

CI¼ 0.29–0.82)
Non-CPM: 341

van

Sprundel

et al. [23]

2005 R CPM: 79 7.4 years No association with

improved OSNon-CPM: 69

Chung

et al. [37]

2012 CC CPM: 177 61 months No association with

improved OS, DFS, or

DMFS
Non-CPM: 178

Kurian

et al. [46]

2014 R BM: 11,692 89.1 months No significant difference in

OS between BM and BCT

groups but higher mortality

rates in the UM group

BCT: 104,420

UM: 73,622

Fayanju

et al. [38]

2014 MA 14 studies 6.1 years No association with

improved OS or BCSSCPM: 13,142

Non-CPM:

146,174

Abbreviations: R retrospective cohort, CC case-control, P prospective cohort, MA meta-analysis,

CPM contralateral prophylactic mastectomy, BM bilateral mastectomy, BCT breast-conserving

treatment (breast-conserving surgery plus radiotherapy), UM unilateral mastectomy, BCSS breast

cancer-specific survival, OS overall survival, DFS disease-free survival, DMFS distant metastasis-

free survival, HR hazard ratio, CI confidence interval

1 Risk-Reducing Surgery for Breast Cancer Patients with BRCA Mutations 7



BRCA mutation carriers with stage I or II breast cancer treated with bilateral

mastectomy are less likely to die from breast cancer than those treated with

unilateral mastectomy; the 20-year survival rate for women who underwent CPM

was 88 % (95 % CI¼ 83–93 %), and the rate for those who did not undergo CPM

was 66 % (95 % CI¼ 59–73 %) [35]. In the Metcalfe study, CPM was associated

with a 48 % reduction in the risk of death from breast cancer after adjustment for

age, year of diagnosis, treatment, and other prognostic features (HR¼ 0.52, 95 %

CI¼ 0.29–0.93). Recently, Heemskerk-Gerritsen et al. reported the results of a

prospective analysis of 583 BRCA-associated primary breast cancer patients

(242 who underwent CPM and 341 under surveillance) in an ongoing nationwide

Dutch study (HEBON study; Hereditary Breast and Ovarian cancer study, the

Netherlands) [36]. In this study, the CPM group showed lower mortality than the

surveillance group (9.6 and 21.6 per 1000 person-years of observation, respec-

tively; adjusted HR¼ 0.49, 95 % CI¼ 0.29–0.82).

The CPM-associated survival benefit seems to be more evident in patients

diagnosed with primary breast cancer at a young age, those with low-grade

and/or non-triple-negative tumors, those not treated with adjuvant chemotherapy,

and those with early-stage (I and II) tumors [32, 36]. Using Markov modeling,

Schrag et al. estimated that CPMwould increase life expectancy by 0.6–2.1 years in

a 30‐year-old early-stage breast cancer patient with a BRCA mutation [19]. In

addition, the survival advantage from CPM seems to act independently of bilateral

salpingo-oophorectomy, which substantially reduces the risk of CBC and ovarian

cancer as well as the risk of relapse of primary breast cancer [34].

In contrast, some studies showed no survival benefit following CPM. A retro-

spective cohort study conducted by van Sprundel et al. showed no difference in

overall survival between the group who underwent CPM and the surveillance group

in Dutch patients with BRCA-associated breast cancer [23]. In a single-center study

conducted by Chung et al., CPM did not improve overall, disease-free, or distant

metastasis-free survival over a median follow-up period of 61 months

[37]. Recently, Fayanju et al. conducted a meta-analysis of 14 studies and reported

that both the relative and absolute risks of metachronous CBC were significantly

decreased among CPM recipients compared with non-recipients (HR¼ 0.04, 95 %

CI¼ 0.02–0.09), but there was no improvement in overall survival or breast cancer-

specific mortality with CPM [38]. A recent Cochrane analysis also concluded that

“there is insufficient evidence that CPM improves survival” [39].

Despite the conflicting data regarding its survival benefit, there is increasing

interest in CPM for risk reduction among breast cancer patients [40–46]. Turtle

et al. reviewed the SEER database and found an increase in the use of CPM from 4.3

to 11 % for the treatment of invasive disease and from 8.4 to 16.4 % for the

treatment of noninvasive disease from 1998 to 2003 [40, 41]. Other studies using

different databases have confirmed this finding. Using the American College of

Surgeons’National Cancer Data Base, Yao et al. reported a similar increase in CPM

rates from 1998 to 2007 with no plateau at the end of the study period [44]. Based

on data from the New York State Cancer Registry, McLaughlin et al. reported that

the number of women undergoing CPM more than doubled from 1995 to 2005

8 E.-K. Kim et al.



[45]. A recent large observational cohort study based on the population-based

California Cancer Registry by Kurian et al. demonstrated a significantly increased

rate of bilateral mastectomy, from 2.0 % in 1998 to 12.3 % in 2013, among 189,734

patients, and showed that its associated overall survival was comparable to that

associated with breast-conserving surgery plus radiation, with a median follow-up

period of 89.1 months [46]. The proposed explanations for the increased rates of

CPM among patients with unilateral breast cancer include the increasing use of

highly sensitive breast magnetic resonance imaging (MRI), which leads to increases

in anxiety-producing recall and biopsy rates that may drive patients to choose

preventive surgery, and the increasing use of genetic testing, which facilitates the

identification of high-risk patients who benefit from risk-reducing surgery [46].

In BRCA1/2 mutation carriers with breast cancer, the rates of CPM have been

reported to be 27–48 % [27, 47]. In a multinational cohort study reporting that 27 %

of BRCA mutation carriers with unilateral breast cancer elected to undergo CPM,

there were large differences in the adoption of CPM by country; 38 % of North

American women (women in the United States or Canada) underwent CPM,

whereas only 5 % of European women chose to undergo CPM [47]. However,

some studies from Europe have reported much higher CPM rates, ranging from

51 to 65 %, among breast cancer survivors [48, 49]. To date, few studies have

assessed the rate of CPM among Asian patients with BRCA-associated breast

cancer. The Korean Hereditary Breast Cancer (KOHBRA) study group reported

that only 6.4 % of women with BRCA-associated breast cancer opted to undergo

subsequent CPM for CBC prevention [50]. In 2009, the Asian BRCA (ABRCA)

consortium was launched to study hereditary breast and ovarian cancer in Asian

patients, and 15 countries (Korea, Japan, China, Hong Kong, Indonesia, Malaysia,

Singapore, India, the Philippines, Vietnam, Thailand, Pakistan, Bangladesh, Tai-

wan, and Australia) are now participating in this consortium. This international

collaboration is expected to elucidate the utilization patterns of risk-reducing

modalities in Asian BRCA mutation carriers.

For patients with BRCA-associated breast cancer, an important factor facilitat-

ing the decision regarding CPM is the fear of developing metachronous CBC

[51]. Women choose to undergo CPM to take control of their cancer and manage

their fear [52]. Although periodic surveillance (mammography and breast MRI) is a

more noninvasive option than prophylactic mastectomy, patients’ prior experiences
of undergoing intensive treatments, such as chemotherapy and radiotherapy, under-

lie their pleas for a more efficacious remedy. Interestingly, pathologic examination

of CPM specimens, especially from women older than 40 years of age, revealed

high-risk histopathologic lesions, such as atypical lobular hyperplasia, atypical

ductal hyperplasia, lobular carcinoma in situ, and ductal carcinoma in situ, in

3–57 % of patients [53–55]. Younger age, high cancer-specific distress, mastec-

tomy for primary breast cancer treatment, and prophylactic oophorectomy are

suggested to influence opting for CPM among women with BRCA-associated

breast cancer [27, 47].

Most patients are satisfied with their decision to undergo CPM. The greatest

reported benefit contributing to patient satisfaction is a reduction in breast cancer-
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related concerns [56]. Mutation carriers often report decreased anxiety about

developing cancer following prophylactic mastectomy. According to Frost et al.,

83 % of patients reported satisfaction with their decision to undergo CPM at a mean

of 10 years after surgery [57]. Studies examining psychosocial and quality of life

outcomes after prophylactic mastectomy have reported generally high levels of

satisfaction, little distress, and overall quality of life comparable to that of women

who chose not to undergo prophylactic mastectomy [57–59]. However, some

women experience negative psychosocial outcomes following CPM, most often

related to high levels of psychological distress, issues with sexual function or body

image, and poor cosmetic outcome [59–61].

In an effort to improve cosmetic results and to increase the acceptance rate of

prophylactic surgery, there is increasing interest in the use of nipple-sparing

mastectomy (NSM), which combines skin-sparing mastectomy with preservation

of the nipple-areola complex (NAC) [62]. Whereas classic subcutaneous mastec-

tomy has been criticized because the 5–10 % of breast tissue that remains under the

flaps and the NAC increases the risk of cancer at these sites [63], NSM results in

thinner skin flaps and a 2- to 3-mm-thick nipple-areolar flap, with the goal of

leaving less remaining breast tissue and thus reducing the risk of subsequent cancer

development [62]. Currently, total (simple) mastectomy is generally recommended

over classic subcutaneous mastectomy or NSM. However, technical advances in

skin-sparing techniques and the availability of approaches such as muscle-

containing flaps or implantable prostheses have broadened the surgical options

available to women considering these procedures [64]. In a report on prophylactic

NSM, in which the retroareolar ducts (nipple core) were removed, breast cancer

developed in 2 of 55 patients during a median follow-up period of 24.6 months: in

the upper outer quadrant in one patient and in the axillary tail in the other patient,

but none at the NAC [62]. Another study on a series of 397 NSMs performed at two

different institutions on 201 BRCA1/2 mutation carriers reported only four (2.0 %)

cancer events: three in cancer patients and one in a patient undergoing NSM for risk

reduction, but none at the NAC [65]. Prospective comparative studies with long-

term follow-up are needed to precisely establish the risks of cancer after NSM.

1.3 Bilateral Prophylactic Oophorectomy

In 2002, two large case series demonstrated the efficacy of BPO for the prevention

of both breast and gynecologic (ovarian, fallopian tube, and primary peritoneal)

cancers in BRCA mutation carriers [24, 25], and subsequent reports have also

provided strong evidence that BPO is highly protective against BRCA-associated

cancers [5, 66–69]. BPO reduces the risk of ovarian cancer by about 90 % and that

of breast cancer by about 50 %. In the largest of these studies, Eisen et al. performed

an international case-control study on 1439 patients with BRCA-associated breast

cancer and 1866 matched controls without breast cancer [67]. BPO was associated

with a significant reduction in breast cancer risk among BRCA1 mutation carriers
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by 56 % (odds ratio [OR]¼ 0.44, 95 % CI¼ 0.29–0.66). For BRCA2 mutation

carriers, however, the difference in risk was not statistically significant. The risk

reduction was greater if the oophorectomy was performed before age

40 (OR¼ 0.36, 95 % CI¼ 0.20–0.64) rather than after age 40 (OR¼ 0.53, 95 %

CI¼ 0.30–0.90). The protective effect was evident for 15-years post-BPO among

BRCA1/2 mutation carriers (OR¼ 0.39, 95 % CI¼ 0.26–0.57). In another retro-

spective analysis of 551 BRCA mutation carriers, BPO reduced the risk of ovarian

cancer by 96 % (HR¼ 0.04, 95 % CI¼ 0.01–0.16) and that of breast cancer by 53 %

(HR¼ 0.47, 95 % CI¼ 0.29–0.77) at a mean follow-up time of 8.8 years [25]. A

prospective multicenter study also reported that the risk of both breast and ovarian

cancers was significantly lower in BRCA mutation carriers who underwent BPO

than in those who did not [68, 69]. Recently, Rebbeck et al. conducted a meta-

analysis of 10 studies and showed that BPO is strongly associated with reductions in

the risk of breast and gynecologic cancers [5]. BPO was associated with a signif-

icant reduction in the risk of breast cancer in BRCA1/2 mutation carriers

(HR¼ 0.49; 95 % CI¼ 0.37–0.65), and similar risk reductions were observed in

BRCA1 mutation carriers (HR¼ 0.47; 95 % CI¼ 0.35–0.64) and in BRCA2 muta-

tion carriers (HR¼ 0.47; 95 % CI¼ 0.26–0.84). BPO was also associated with a

significant reduction in the risk of BRCA1/2-associated ovarian or fallopian tube

cancer (HR¼ 0.21; 95 % CI¼ 0.12–0.39).

The risk of CBC in patients with BRCA-associated breast cancer was also

reported to be lower after oophorectomy when it was performed in a premenopausal

carrier, presumably because of the induction of premature menopause [12, 14,

17]. By assessing 810 patients with BRCA-associated breast cancer, Metcalfe

et al. reported that the strongest predictor of CBC in women with BRCA mutations

is oophorectomy [17]. Patients who underwent oophorectomy had a significantly

lower risk of CBC than those who did not undergo oophorectomy (relative risk

[RR]¼ 0.48, 95 % CI¼ 0.27–0.82, P¼ 0.002). This effect was observed in women

who were diagnosed with their initial breast cancer under the age of 50 years

(RR¼ 0.39, 95 % CI¼ 0.23–0.67, P¼ 0.0006) and was significant for those with

BRCA1 mutations (RR¼ 0.48, 95 % CI¼ 0.27–0.84, P¼ 0.01). In patients with

BRCA2 mutations, oophorectomy was associated with a 51 % reduction in CBC

risk, but this finding was not statistically significant (P¼ 0.11). Among young

(<50 years) patients with two intact ovaries, the 15-year cumulative incidence of

CBC was 58 %, and if a woman in this subgroup also had two or more first-degree

relatives with breast cancer, the 15-year risk was elevated to 68 %. A recent meta-

analysis also indicates that BPO is associated with a decreased risk of CBC in

patients with BRCA1/2-associated breast cancer (RR¼ 0.52, 95 % CI¼ 0.37–0.74)

[70]. Despite its apparent protective effect, the risk of CBC in patients with BRCA-

associated breast cancer after oophorectomy was still higher than that seen in a

control group of women with sporadic breast cancer [14]. For women with hered-

itary breast and ovarian cancer syndrome, the National Comprehensive Cancer

Network (NCCN) guidelines recommend risk-reducing salpingo-oophorectomy

(BPO), ideally performed between ages 35 and 40, and upon completion of

1 Risk-Reducing Surgery for Breast Cancer Patients with BRCA Mutations 11



childbearing or on an individualized basis based on the earliest age of onset of

ovarian cancer in the family [71].

Recently, Domchek et al. reported the results of a prospective multicenter cohort

study of 2482 BRCA1/2 mutation carriers performed to estimate the reduction in

risk and mortality with BPO [72]. In this study, women who underwent BPO

experienced lower all-cause mortality (HR¼ 0.40, 95 % CI¼ 0.26–0.61), breast

cancer-specific mortality (HR¼ 0.44, 95 % CI¼ 0.26–0.76), and ovarian cancer-

specific mortality (HR¼ 0.21, 95 % CI¼ 0.06–0.80) than those who did not

undergo BPO. Moreover, in mutation carriers with prior breast cancer, BPO was

associated with significantly lower all-cause mortality (HR¼ 0.30, 95 %

CI¼ 0.17–0.52) and breast cancer-specific mortality (HR¼ 0.35, 95 %

CI¼ 0.19–0.67). However, studies with larger datasets and longer follow-up

periods are needed to define more precisely the reduction in mortality conferred

by BPO.

Currently, BPO is the prevailing choice for risk-reducing treatment among

BRCA mutation carriers in the United States and Canada [73, 74]. In some ways,

BPO may be superior to prophylactic mastectomy, because it reduces the risk of

both breast and ovarian cancer, and there are now data to indicate that BPO also

reduces both overall mortality and cancer-specific mortality. In addition, BPO is

associated with lower morbidity than prophylactic mastectomy as well as a superior

side effect profile [75]. Considering the later diagnosis and the higher mortality of

ovarian cancer compared to breast cancer, BPO is currently recommended by most

experts in the field of prevention of hereditary breast and ovarian cancer syndrome

[74, 75]. In a North American survey of women who had recently received a

positive BRCA test result, 60 % underwent BPO and 25 % opted for prophylactic

mastectomy, whereas only 12 % chose to take tamoxifen [73]. BRCA1 mutation

carriers are more likely to opt for BPO than are BRCA2 mutation carriers

[76, 77]. As is the case for CPM, few studies have assessed the rate of BPO

among Asian BRCA mutation carriers with breast cancer. In a single-center study

conducted by the KOHBRA study group, 22.4 % of BRCA1/2 mutation carriers

with breast cancer underwent BPO to prevent subsequent ovarian cancer, whereas

66.7 % opted for intensive surveillance [50].

A few studies have evaluated psychosocial outcomes and quality of life follow-

ing BPO. In 2005, Madalinska et al. performed a nationwide, multicenter, cross-

sectional, observational study comparing psychosocial and quality of life outcomes

among high-risk women who had undergone BPO and those who had opted for

screening to manage their increased ovarian cancer risk [78]. In this study, there

were no differences in overall quality of life between the two groups. Patients who

opted for BPO reported experiencing less worry about breast and ovarian cancers

than those who opted for screening. However, women who underwent BPO

reported significantly more endocrine symptoms and worse sexual functioning

than those who did not undergo BPO.
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1.4 In-Breast Tumor Recurrence-Reducing Surgery

in Patients with BRCA-Associated Breast Cancer

Breast-conserving treatment (BCT), defined as breast-conserving surgery combined

with radiotherapy, is a standard treatment for early-stage breast cancer and results

in survival equivalent to that following mastectomy in women with sporadic breast

cancer [79, 80]. However, in women with BRCA-associated breast cancer, out-

comes of mastectomy and BCT have not yet been directly compared. Thus, the

equivalence of the rates of local control, disease-free survival, and overall survival

with the two treatments is not yet proven.

Several studies have shown a higher risk of ipsilateral in-breast events, including

the recurrence of the initial tumor and the development of a second primary tumor,

in patients with BRCA-associated breast cancer treated with BCT than in sporadic

controls who received BCT [11, 14, 81–83]. In a multi-institutional study by Pierce

et al., the rate of in-breast tumor recurrence at 10 years was twice as high among

BRCA1/2 mutation carriers treated with BCT compared with sporadic controls who

received BCT [14]. Moreover, another multi-institutional study demonstrated that

BRCA mutation carriers who underwent BCT to treat their breast cancer have an

elevated risk of local failure in the ipsilateral breast, most occurrences of which

appeared to be second primary cancers rather than failure to control the primary

tumor, compared with carriers treated with mastectomy (23.5 % vs. 5.5 %, respec-

tively; P< 0.0001) [84]. Although patients with BRCA-associated breast cancer

have similar survival whether treated with BCT or mastectomy [84], these findings

suggest that, for patients with BRCA-associated breast cancer in whom BCT is

possible, mastectomy may be an alternative treatment option from the viewpoint of

preventing subsequent ipsilateral in-breast events.

If rapid presurgical BRCA testing is possible, women with breast cancer who are

confirmed to carry BRCA mutations may consider more extensive surgery, such as

mastectomy with or without CPM, to reduce the risk of ipsilateral in-breast events

instead of choosing BCT. Recent studies have examined the impact of genetic

assessment on surgical choices at the time of diagnosis of breast cancer: breast

cancer patients who received positive results for BRCA mutation prior to surgery

are more likely to undergo bilateral mastectomy than BCT, with rates ranging from

42 to 100 % [27, 28, 85, 86]. However, the genotyping test for BRCA1/2 mutation

is time consuming, and patients may undergo BCT before receiving their BRCA1/2

test results. In addition, for the past decade, BRCA testing has usually been offered

after treatment of breast cancer [87]. With respect to the prevention of future

in-breast events, an ipsilateral prophylactic completion mastectomy can also be

considered for patients with BRCA-associated breast cancer previously treated

with BCT.
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Chapter 2

Prophylactic Risk-Reducing Surgery

for Breast Cancer

Mihir M. Shah, Holly J. Pederson, Risal Djohan, Joseph P. Crowe,

and Stephen R. Grobmyer

Abstract Advances in the understanding of the genetics and biology of breast

cancer are defining patients at increased risk for the development of breast cancer.

Prophylactic risk-reducing mastectomy and bilateral salpingo-oophorectomy are

very good options for reducing breast cancer risk in selected patients with elevated

breast cancer risk. Technical approaches to prophylactic surgery are evolving and

are leading to improved patient cosmetic outcomes and lower morbidity. Decisions

regarding utilization of these procedures for patients should take into account a

specific patient’s risk for developing breast cancer based on genetic, family, and

personal medical history; patient age; and comorbid conditions. Limitations of

prophylactic surgical approaches, alternatives, and side effects of prophylactic

operations should also be considered carefully with patients who are considering

these surgical interventions for breast cancer risk reduction.
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2.1 Introduction

Patients diagnosed with specific genetic mutations, including BRCA1 and BRCA2,

are known to be at significantly elevated risk for developing breast cancer

[1, 2]. Other patients without known genetic mutations including those with personal

history of breast cancer, a strong family history of breast cancer, a history of high-risk

atypical lesions of the breast, or a history of chest wall irradiation prior to age 30 [3]

have also elevated risk for developing breast cancer. Options for managing risk in

these patients include intensive radiographic surveillance with mammography and

MRI [4], chemoprophylaxis [5], and risk-reducing surgical procedures [6].

Surgical prophylaxis is the most effective strategy for reducing risk for subse-

quent development of breast cancer in patients with elevated risk [7]. This chapter

will focus on indications for considering prophylactic risk-reducing breast surgery

in patients at elevated risk for breast cancer, surgical options, impact of surgery on

breast cancer risk reduction, and factors associated with patient’s selection of risk-

reducing breast surgery. In addition, attention will be given to the impact of

prophylactic surgery on quality of life in patients who have undergone prophylactic

risk-reducing breast surgery.

2.2 Patients at Elevated Risk for Development of Breast

Cancer

2.2.1 BRCA Gene Mutation Carriers and Breast Cancer Risk

Hereditary breast and ovarian cancer syndrome is caused by mutations in the

BRCA1 [1] or BRCA2 gene [2]. BRCA1 and BRCA2 mutations have been esti-

mated to be present in 1:300–1:800 members of the general population. Among

patients of Ashkenazi Jewish ancestry, the frequency of BRCA1 and BRCA2

mutations has been estimated to be 1:40 [8].

Lifetime risk estimates for the development of breast cancer in BRCA1 patients

have been estimated to be between 40 and 87 %, and in BRCA2 patients, the risk

has been estimated to be between 40 and 84 % [7]. Risk of breast cancer substan-

tially increases beginning at age 30 in BRCA1 and BRCA2 mutation carriers [9]

(Fig. 2.1).

Newly diagnosed breast cancer patients who have a mutation in BRCA1 or

BRCA2 genes are at significantly elevated risk for the development of contralateral

breast cancer (RR 3.56, CI 2.5–5.08, p< 0.001) [10]. The 10-year risk of contra-

lateral breast cancer development has been estimated to range between 20 and 30 %

[11, 12]. Specifically, patients with BRCA1 mutation have a higher risk of contra-

lateral breast cancer compared to patients with BRCA2 mutation (RR 1.42, CI

1.01–1.99, p¼ 004) [10]. Among patients with BRCA1 and BRCA2 mutations and

a new diagnosis of breast cancer, older age at breast cancer diagnosis and the use of

chemoprophylaxis have been associated with a lower risk of contralateral breast

cancer [10, 13].
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2.2.2 Other Genetic Mutations and Breast Cancer

Other genetic syndromes that have been associated with high risk for developing

breast cancer include PTEN hamartoma tumor syndrome (PTEN) [14], Peutz-

Jeghers syndrome (STK11) [15], Li-Fraumeni syndrome (TP53) [16], and heredi-

tary diffuse gastric cancer (CDH1).

Other less common mutations have been associated with elevated breast cancer

risk including CHEK2, ATM, BRIP1, PALB2, and RAD51C [8]. The breast cancer

risk estimates associated with these less common mutations are highly variable

(Table 2.1). When assessing risk for breast cancer (and appropriate screening or

prophylactic strategies) in an individual patient with these less common mutations,

strong consideration should be given to an individual’s three-generation family

history [17].

Fig. 2.1 (a) Breast cancer risk as a function of age for BRCA1mutation carriers. (b) Breast cancer

risk as a function of age for BRCA2 mutation carriers. (c) Ovarian cancer risk as a function of age

for BRCA1 mutation carrier. (d) Ovarian cancer risk as a function of age for BRCA2 mutation

carriers [9] (Reprinted with permission. © (2007) American Society of Clinical Oncology. All

rights reserved. The authors, editors, and ASCO are not responsible for errors or omissions in the

translation)
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2.2.3 Lobular Neoplasia and Breast Cancer Risk

Lobular neoplasia including atypical lobular hyperplasia (ALH) and lobular carci-

noma in situ (LCIS) represents a spectrum of lesions that are associated with

increased breast cancer risk [18]. ALH and LCIS are associated with a three- to

fourfold and eight- to tenfold elevated risk of developing breast cancer, respectively

[19, 20]. A recently reported large series of 646 patients with LCIS (median follow-

up of 41.5 months) demonstrated that the risk of cancer development was 13.7 %

[21]. Patients with ALH or LCIS have an elevated risk of developing breast cancer,

and risk is not limited to the side of the initial diagnosis of lobular neoplasia.

2.2.4 Patients with Unilateral Breast Cancer

Among patients without a known genetic mutation or other high-risk history, a

personal history of breast cancer is a well-established risk factor for synchronous

and metachronous breast cancers. Patients with a newly diagnosed unilateral breast

cancer have a 1–6 % chance of a synchronous contralateral breast cancer [22–

24]. Patients with a personal history of breast cancer have an approximately

0.25–0.70 % risk per year of a metachronous contralateral breast cancer [25, 26].

2.3 Use of Prophylactic Mastectomy for Risk Reduction

Patients considering prophylactic mastectomy should receive multidisciplinary

evaluation and risk assessment including genetic counseling where appropriate to

clearly define the risks of breast cancer and discuss alternatives to prophylactic

surgery. It has been observed that many women overestimate their true risk for

breast cancer highlighting the importance of accurate and clear communication

between physicians and patients [27, 28]. Decisions regarding prophylactic mas-

tectomy should be made in the context of shared decision-making between the

patient and provider [29].

Table 2.1 Breast cancer risk

among patients with high/

moderate-risk genetic

mutations [17, 77–81]

Genetic mutation Breast cancer risk (%)

CHEK2 20–44

PALB2 33–58

ATM 16–60

CDH1 39–52

TP53 50–85

RAD51C 10–20

PTEN 67–85

STK11 8–45
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2.3.1 Gene Mutation Carriers and Prophylactic Mastectomy

The use of prophylactic mastectomy for BRCA mutations has been observed to

differ significantly by country [30]. Election of prophylactic mastectomy is related

to age and is most common in women between 35 and 60 years old [31]. There is

also international variation in the rate of contralateral prophylactic mastectomy in

BRCA1 and BRCA2 mutation carriers following diagnosis of unilateral breast

cancer with the highest rates observed in the United States (36.2 %) and lowest

rates in Poland (2.7 %) and Israel (4.2 %) [32]. Predictors of prophylactic surgery

among BRCA1 and BRCA2 mutation carriers include age <60, breast cancer

history, and utilization of other risk-reducing operations [33].

2.3.2 Lobular Neoplasia and Bilateral Prophylactic
Mastectomy

Historically, bilateral prophylactic mastectomy was the treatment of choice for

LCIS [34]. Presently, bilateral prophylactic mastectomy is much less commonly

used and is not the recommended approach for patients with LCIS for prophylaxis

[35]. Prophylactic mastectomy may be a reasonable consideration for selected

patients with LCIS and a strong family history or patients with a history of other

high-risk breast lesions. A large SEER database study in 2009 demonstrated that

~18 % of patients with LCIS in the United States undergo prophylactic

mastectomy [36].

2.3.3 Unilateral Breast Cancer and Contralateral
Prophylactic Mastectomy

Concerns over risk of subsequent cancer development and other factors including

cosmesis have led many patients in the United States to elect contralateral prophy-

lactic mastectomy (CPM) in the setting of therapeutic unilateral mastectomy for

breast cancer [37]. The rate of contralateral prophylactic mastectomy has been

demonstrated to have increased dramatically in the last 10 years in the United States

[38]. Factors associated with choice of CPM are young age at diagnosis, white race,

higher education level, private insurance, preoperative MRI, care at an academic

center, family history of breast cancer, and the decision to undergo breast recon-

struction [35, 39]. Interestingly, the rate of CPM has not been observed to rise in

other parts of the world [40]. International variation in physician attitudes toward

prophylactic mastectomy has also been observed [41].
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2.4 Operative Considerations of Prophylactic Mastectomy

Traditionally, mastectomy procedures involved removal of a portion of the breast

skin envelope as well as the nipple-areolar complex. Traditional approaches to

mastectomy are currently performed in patients who do not desire breast recon-

struction following mastectomy or in patients who prefer delayed reconstruction. In

recent years, techniques have evolved to allow removal of the breast parenchyma

without sacrifice of the skin envelope and/or nipple-areolar complex (i.e., nipple-

sparing mastectomy or total skin-sparing mastectomy) [42]. Performance of nipple-

sparing mastectomy facilitates subsequent immediate or delayed immediate breast

reconstruction [43] (Fig. 2.1). Rates of breast reconstruction in BRCA1 and BRCA2

mutation carriers have been observed to vary by country [44]. Several recent series

have demonstrated that nipple-sparing mastectomy is not associated with increased

rate of recurrence in patients with BRCA1 and BRCA2 mutations, although onco-

logic follow-up in these series is relatively short [45–47].

Consideration for prophylactic mastectomy should begin at approximately age

30 in BRCA1 and BRCA2 mutation carriers as this is the time at which breast

cancer risk steeply increases (Fig. 2.1).

Sentinel node biopsy is not routinely indicated in patients undergoing prophy-

lactic mastectomy as the rates of finding histologically positive sentinel nodes

associated with prophylactic mastectomy is ~1 % [22, 48, 49]. Some authors have

advocated the use of preoperative breast MRI to exclude the presence of invasive

Fig. 2.2 (a) Preoperative photo of a patient with hereditary predisposition to breast cancer. (b)

Postoperative photo following bilateral prophylactic mastectomy with deep inferior epigastric

perforator (DIEP) flap (reconstruction)
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disease in the prophylactic mastectomy breast and hence exclude the need for

sentinel node biopsy [48].

In patients undergoing prophylactic nipple-sparing mastectomy, nipple duct

biopsies are helpful in evaluating the remaining nipple for the presence of any

cancer or atypia [50]. However, studies have demonstrated that the incidence of a

positive nipple duct biopsy in patients having prophylactic mastectomy is 1–4 %

[47, 50]. BRCA1 and BRCA2 mutation patients do not have higher rates of

pathologically positive nipple duct biopsies compared to non-mutation

patients [47].

Overall complication rate with bilateral mastectomy with reconstruction is

10–20 % [51, 52]. Approximately half of the observed complications occur in the

prophylactic mastectomy side [53]. Most common complications are hematoma,

skin necrosis, cellulitis, and seroma [53]. Complications may lead to need for

additional operations and loss of breast implant or even may delay delivery of

necessary adjuvant therapies [54, 55]. The increased rate of complications associ-

ated with performing contralateral prophylactic mastectomy and associated poten-

tial delays in adjuvant therapy should be discussed with patients considering this

option for breast cancer risk reduction [56].

2.5 Cancer Risk Reduction and Survival Associated

with Prophylactic Mastectomy

Prophylactic surgery in BRCA1/2 patients reduces breast cancer risk in patients

without previous breast cancer by>90 % [6, 57]. Kaas et al. have estimated that the

risk of subsequent breast cancer in BRCA1 and BRCA2mutation carriers following

bilateral prophylactic mastectomy is <0.2 %/woman/year [58]. In patients without

known genetic mutations determined to be at moderate to high risk for developing

Fig. 2.3 (a) Preoperative photo of a patient with hereditary predisposition to breast cancer. (b)

Postoperative photo following bilateral prophylactic mastectomy with immediate implant-based

reconstruction
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breast cancer, breast cancer risk reduction has similarly been reported to be ~90 %

[59, 60].

In BRCA1 and BRCA2 mutation carriers with breast cancer, prophylactic

surgery reduces incidence of breast cancer and may be associated with improve-

ment in overall survival [61, 62]. Other studies have suggested that contralateral

prophylactic mastectomy in BRCA1 and BRCA2 breast cancer patients has no

impact on survival though follow-up in many of these studies is short and must be

interpreted with caution [63].

In patients without a known genetic mutation who have unilateral mastectomy

for breast cancer, contralateral prophylactic mastectomy has not been associated

with improved survival, although, as expected, reduced rates of new primary

metachronous breast cancer have been observed [63, 64].

2.6 Quality of Life Following Prophylactic Mastectomy

Studies have demonstrated that most high-risk women are generally satisfied with

the decision to undergo bilateral prophylactic mastectomy [65, 66]. The greatest

positive impact on patients undergoing prophylactic mastectomy is related to

reduction in concerns over subsequent breast cancer events [67]. Negative effects

on body image, sexual function, and depression in patients undergoing prophylactic

mastectomy are well documented [65, 68, 69]. Others have reported patients’
concerns regarding breast reconstruction, adverse body image, and insufficient

information or support as common concerns among women who were dissatisfied

or very dissatisfied with prophylactic mastectomy. Physician’s advice as the pri-

mary reason for choosing prophylactic mastectomy has been associated with patient

dissatisfaction [70, 71]. These adverse symptoms should be considered in the

management of patients choosing prophylactic mastectomy. Support systems for

women before, during, and after surgery are recommended for managing potential

distress related to decision for prophylactic mastectomy [70, 72].

2.7 Oophorectomy and Breast Cancer Risk Reduction

Patients with BRCA1 and BRCA2 mutations are at elevated risk for the develop-

ment of ovarian cancer, and prophylactic bilateral salpingo-oophorectomy (BSO) is

commonly performed as it reduces the risk of developing ovarian cancer in these

patients [73]. BSO also reduces the risk of breast cancer development in patients

with BRCA1 and BRCA2 mutations [74, 75]. The benefit in terms of breast cancer

risk reduction is related the patient age at the time of BSO, with the greatest breast

cancer risk reduction observed in patients undergoing BSO before the age of 40. In

patients <40 years, BSO is associated with a 64 % and 31 % breast cancer risk

reduction in BRCA1 and BRCA2 mutation patients, respectively [76]. As breast
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cancer risk reduction is not complete with BSO, many patients in the United States

with BRCA1 and BRCA2 mutations opt also for risk-reducing prophylactic

mastectomy.
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Chapter 3

Merits and Demerits of Practice

for Hereditary Breast and Ovarian Cancer

Syndrome (Advices and Issues)

Hideko Yamauchi

Abstract Due to advancements of medical technology, medical management has

been shifted from curative medicine to precision medicine. We could offer genetic

test to estimate one’s cancer risk and consider preemptive measures. There are

many genetic cancer syndromes, and one of those is hereditary breast and ovarian

cancer syndrome (HBOC). Practice for HBOC is required to offer medical choice

for patients who have genetic mutations in BRCA1 and BRCA2. Each medical

choice has merits and demerits. Those were summarized here for each process in

practice for HBOC–BRCA counseling and testing, surveillance, risk reduction

surgery, and chemoprevention. We, as medical professionals, should advice them

those merits and demerits and support their decision-making process.

Keywords Breast cancer • BRCA • Hereditary • Genetic • Prophylactic surgery

3.1 Introduction

Hereditary breast and ovarian cancer syndrome (HBOC) is known as a syndrome

that causes breast and ovarian cancer at exceptionally high rate in patients who have

genetic mutations in BRCA1 and BRCA2. It is urgently required to recognize

HBOC as a highly oncogenic genetic syndrome and necessary to intervene medi-

cally and socially to protect women with HBOC from its disastrous consequences.

To protect the population from developing the disease, it is critical to distinguish

this population and encourage them to be enrolled in regular screening and genetic

counseling.

Whether people would like to know their risk, have genetic test, undergo

intensive screening, or have protective strategies are their medical choice. We, as

medical professionals, should offer them their medical choices and support their

decision-making process. During this process, it is important to show merits and
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demerits of BRCA testing and having advices to resolve issues during its

counseling.

3.2 BRCA Counseling and Testing

Whether a client undergoes BRCA testing or not, it should be decided with well-

informed process including merits and demerits of knowing test results. Counseling

is very important to assess one’s risk, provide information, and customize one’s
situation and needs.

3.2.1 Merits

It is very important to make one understand merits for knowing the information

regarding HBOC and/or test result. We faced many patients who developed ovarian

cancer after many years of diagnosis of breast cancer. We do not want to lose those

patients without telling them the information regarding HBOC. There are clearly

benefits to take the first step for HBOC management due to its high risks for

developing breast and ovarian cancer [1].

Once the proband of the family is diagnosed, there is a possibility to find the

carrier in other family member and save their life from preventive measures. The

best merit of familiar cancer syndrome is to find all possible candidates in their

family with genetic risks and place on appropriate management for preventing

cancer.

3.2.2 Demerits

3.2.2.1 Analytical Validity

Test is always facing the limitation of analytical validity. One who decides to

undergo test should understand the limitation of test. Studies from the European

Molecular Genetics Quality Network showed that the overall error rate is 2.7 %

(95 % CI 1.6–4.2 %) and analytic sensitivity is 97.1 % (95 % CI 95.2–98.5 %) [2].

For three common Ashkenazi Jewish founder mutations, the overall error rate is

0 %, and both analytical sensitivity and specificity are 100 % by the American

College of Medical Genetics and Genomics and the College of American Pathol-

ogists Molecular Genetics Laboratory Survey [3].
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3.2.2.2 Variant Unknown Significance (VUS)

Result for BRCA1/2 test is qualitative, not quantitative. As a result, we receive

three possible categories such as positive for deleterious mutation, negative for

deleterious mutation, and genetic variant (suspected deleterious, favor polymor-

phism, and variant unknown significance). It is very confusing to have a result as a

genetic variant, while rate of genetic variant is getting less frequent due to data

accumulation [4]. We have to lead clients correctly for their clinical decision

without cancer distress (Table 3.1).

3.2.2.3 Possible Risk for Negative Results

Even if BRCA test is negative, one always cannot deny the possibility of having

unknown or very less frequent gene risk, and there are possible risks for breast

cancer. One study from Canada showed that 1492 women who have strong family

history and without BRCA mutation were followed at an average of 6.1 years and

65 women developed breast cancer [5]. The rate for developing breast cancer is four

times higher than the general population in Canada. Therefore, we have to explain

those limitations for the client.

3.2.2.4 Testing Cost

Cost for testing is not universal depending whether its patent is effective or not.

Furthermore, its coverage is very varied depending on each countries or insurance

carriers. In Japan, there is no coverage by insurance, and clients have to pay more

than $3500 for BRCA testing out of their pockets. We have to advice them how

effectively they can test if multiple family members are planning to have the test

since single-site testing is much cheaper than initial test by full sequence.

Table 3.1 Rate of VUS (%) Region 2002 2006 2008 2012

All 12.8 7.0 5.1 2.9

Western Europe 11.1 6.3 4.3 2.6

Central Europe 11.8 6.6 4.8 2.6

Native America 16.1 7.4 5.2 2.7

Latin America 26.1 11.2 6.6 3.9

Africa 38.6 21.0 10.9 5.0

Middle East 23.7 10.0 9.6 5.9

Asia 25.1 13.6 10.5 7.8
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3.2.2.5 Influence for Relatives

The one who decides to undergo test for BRCA status determination should

consider influence for one’s relatives. As a pretest counseling, we have to make

them understand that this test result may have an impact for their relatives. BRCA

genetic mutations penetrate as an autosomal dominant manner. Therefore, not all

related relatives would carry this gene even if the one who tested carries this gene.

After being well informed in this manner, we have to make sure how one will

inform one’s relatives if the result is positive and what are its barriers.

Parents who have a child with minor age should not force their child to undergo

the test unless the child reaches the age when he or she can decide by himself/

herself, since most related cancer will rarely occur before that age.

The result will affect also for male relatives though the data for male relatives is

not well-established yet, especially for prostate and pancreatic cancer. The risk for

breast cancer in BRCA-mutated male is higher than non-BRCA-mutated male

[6]. BRCA2 mutation is related to higher risk for prostate (estimated relative risk:

4.65) and pancreatic cancer (estimated relative risk: 3.51) compared with

non-mutated male [7, 8]. Among prostate cancer, BRCA-mutated prostate cancer

had significantly higher Gleason score and more lymph node metastasis and distant

metastasis [9, 10].

This may not be only for demerits since one may save their relative’s life for

knowing their risk. Therefore, it is very important to explain merits and demerits for

relatives before a client undergoes the test.

3.2.2.6 Discriminations

There were huge anxieties for testing BRCA initially in the United States due to

possibilities of discriminations for insurance and/or employment. Therefore, the

Genetic Information Nondiscrimination Act (GINA) was established to protect

people against discrimination in employment and health coverage {http://www.

eeoc.gov/laws/types/genetic.cfm}. In Asia, while Korea provided already the sys-

tem same as GINA, there is no such legal protection system yet in Japan.

3.3 Related Preventive Measures: Surveillance

• Surveillance is one of the major interventions to promote prevention. Especially

for breast cancer prevention, there are mounting evidence to show improvement

of survival if we can find breast cancer earlier. Same as in normal population,

screening is one of the most accessible preventive measures for BRCA-mutated

population. However, there are merits and demerits.
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3.3.1 Merits

The benefit of screening should be survival benefit from early detection of the

disease. Furthermore, screening is one of the well-accepted measures. The study

showed also that surveillance by using MMG and MRI improved overall survival

compared with no surveillance in BRCA1/2-mutated women [11]. For one who is

diagnosed with HBOC, it is easier to accept compared with other preventive

measures. Also, the cost is less compared with other preventive measures.

3.3.2 Demerits

3.3.2.1 For Ovarian Cancer Screening

While breast cancer has data for screening, there are no supporting data for ovarian

cancer prevention. One study reported the clinical effectiveness of ovarian cancer

screening among high-risk ovarian cancer women (BRCA-mutated women and/or

family member) [12]. The combination of CA125 and transvaginal ultrasound

revealed higher in the sensitivity, specificity, positive and negative predictive

values (40 %, 99 %, 40 %, and 99 %, respectively), compared with each single

modality by CA125 alone (50 %, 96 %, 13 %, and 99 %, respectively), pelvic exam

(40 %, 98 %, 21 %, and 99 %, respectively), and transvaginal ultrasound (40 %,

90 %, 6 %, and 99 %, respectively). They concluded that it is very difficult to make

the diagnosis before the advance stage. Especially ovarian cancer related with

BRCA arises frequently from the epithelium of fallopian tube; it is too late even

if enlarged ovary is detected by using transvaginal ultrasound. Therefore, screening

of ovarian cancer for BRCA-mutated women is very limited.

3.3.2.2 Screening Modalities

Which modalities (i.e., mammogram, ultrasound, MRI) should be selected is still

controversial. Studies showed that MRI has highest sensitivity compared with

mammogram and US [13–16]. Therefore, MRI is recommended for screening

among high-risk women in Western countries. While MRI is a well-accepted

modality for high-risk screening especially in young age, data showed the effec-

tiveness of ultrasound screening for dense breast [17]. The testing cost for ultra-

sound is much less compared with its for MRI and it required to consider the cost

benefit.
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3.3.2.3 Radiation Exposure Risk

Recently, data have proved the potential risk for cancer from radiation exposure for

people who have BRCA mutation, especially for younger age, in two retrospective

studies [18, 19]. Those studies collected history of past radiation exposure (i.e.,

diagnostic radiology including mammogram, chest X-ray) in BRCA-mutated

women and concluded that women with history of radiation exposure have higher

risk for developing breast cancer. On the other hand, two studies revealed that

history of screening mammogram did not increase breast cancer risk [20, 21]. The-

oretically, HBOC possibly increases risk for developing cancer from radiation.

BRCA is a DNA repair gene such as p53. Li-Fraumeni syndrome is well known

as sensitive to ionized radiation and has radiation exposure risk. Therefore, it is

important to select modalities with consideration of starting age for planning

screening in BRCA mutation carriers, at least until more data get accumulated.

3.4 Related Preventive Measures: Prophylactic Surgery

One of the strong preemptive strategies is prophylactic surgery. While other

protective strategies for women with HBOC are chemoprevention with tamoxifen

and oral contraceptives, prophylactic mastectomy or bilateral salpingo-

oophorectomy is a strong strategy for women with mutated BRCA since the data

confirmed the benefits.

3.4.1 Merits

Data for risk reduction mastectomy (RRM) showed clearly risk reduction in more

than 90 % for breast cancer [22–29]. Survival improvement has been proven in

women with BRCA1/2 mutation with prior history of unilateral breast cancer [25–

27, 30–34].

Risk reduction for ovarian cancer by risk reducing salpingo-oophorectomy

(RRSO) is also clear [29, 35, 36], while developing cancer after risk reduction

surgery is more frequent than breast cancer since there is a peritoneal cancer

incidence. Survival improvement is more prominent from ovarian cancer because

ovarian cancer is very difficult to detect by surveillance and prognosis of ovarian

cancer is poorer than breast cancer [29].

On the top of the risk reduction and survival benefit, there are huge advantages

for psychological effect. Studies for 90 Swedish women who underwent bilateral

mastectomy showed they experience no negative effect on anxiety and quality of

life [37]. For analysis in Jewish women who are known to have high prevalence of

BRCA, prophylactic surgery caused less distress [38].
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3.4.2 Demerits

3.4.2.1 Physical Consequences (i.e., Artificial Menopause, Nipple

Sensation)

Although surgery can reduce risk for developing cancer, there are several physical

consequences, and women who consider these preventive measures have to be

aware of those demerits. Postsurgical menopause is one of the significant conse-

quences. Compared with breast, ovary is very important for producing hormone.

Depending on the age, severity of menopausal symptoms may differ. Hormone

replacement therapy can be used for lowering symptoms [39]. One case control

study showed that women with BRCA mutation did not have higher risk for

developing breast cancer with hormone replacement therapy compared with control

[40]. However, risks for breast cancer should be considered [41].

While breasts can be reconstructed, sensation of the skin and nipple would be

diminished. Those consequences should be managed by team approach with gyne-

cological physicians, nurse, psychologists, and others.

3.4.2.2 Psychological Influence

One’s body image and esteem would be influenced from surgery.

One interesting study showed that women with RRSO had more physical

morbidity and less psychological distress compared with controls [42].

3.4.2.3 Occult Cancer

Rates of occult cancer after risk-reducing mastectomy were reported and ranged from

5.0 to 25.6 % [43–46]. Range may differ whether lobular carcinoma in situ (LCIS)

was included for occult cancer and subjects were limited only for BRCA-positive

candidates. One paper examined the use of sentinel lymph node biopsy in case of

prophylactic surgery [43]. We have to consider indication for axillary lymph node

evaluation carefully because invasive cancer would be found in prophylactic speci-

mens even if thorough radiological evaluations were done preoperatively (Table 3.2).

Occult cancer rate for ovarian cancer after RRSO was higher in BRCA1 com-

pared with BRCA2 status since BRCA1 has higher prevalence for ovarian cancer

[47–55]. Older age had risk for higher incidence for occult cancer, especially for

ovarian cancer [47, 54]. Cancer is found not only in the ovary but also in tubal and

peritoneal locations. Therefore, careful examination of the fallopian tube and

peritoneum is required.

Data would be different how rigorously specimens after risk reduction surgery

were examined. However, whether occult cancer would be diagnosed will affect

treatment options, and one’s prognosis is recommended for thorough pathological

examination even for prophylactic specimens (Table 3.3).
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3.4.2.4 Community Consensus

While prophylactic surgery is one of the established options for high-risk women in

Western countries, it is not accepted well in Asian communities, including Japan. It

is urgently required to establish consensus and support system for risk reduction

surgery in Asian communities.

3.5 Related Preventive Measures: Chemoprevention

Chemoprevention is one of the strategies to prevent cancer. Trials have been done for

prevention in non-mutated populations. Currently, effectiveness of chemoprevention

was 50% of reduction as reported. Compred with the rate from risk-reducing surgery,

this reduction rate is less. Due to advancement of medical technology, one can

estimate one’s risk and type of risk; we may be able to stratify chemoprevention

measures in more personalized way.

Table 3.2 Rate of occult cancer after RRM

Rate (%) Total Occult cancer Subject

2003 Hoogerbrugge 25.6 1089 28 (IDC:1, DCIS:10,

LCIS:17)

High risk including BRCA

+(66 %)

2006 Boughey 5.0 436 22 (IDC:8, DCIS:14) High risk including BRCA

+(11 %)

2013 Evans 5.7 105 6 (IDC:4, DCIS:2) BRCA+ with history of

breast cancer

2013 Burger 5.0 83 4 (IDC:1, LCIS:3) High risk including BRCA

+(14 %)

Table 3.3 Rate of occult cancer after RRSO

Rate Total

Occult

cancer Subject

2002 Scheuer 2.2 % 90 2 BRCA+

2006 Finch 4.4 % (BRCA1:6.4,

BRCA2:1.5)

159 7 BRCA +

2010 Domchek 2.5 % 647 16

(12BRCA1)

BRCA+

2011 Manvhanda 5.1 % 308 14 High risk including

BRCA +(38 %)

2011 Powell 9.1 % 111 10 BRCA +

2011 Rabban 8.2 % 134 11 BRCA +

2011 Yates 7.9 % BRCA +

2013 Reitsma 1.3 % 360 High risk including

BRCA +(84 %)

2014 Sherman 2.6 % (BRCA1:4.6,

BRCA2:3.5)

966 25 High risk including

BRCA +
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3.5.1 Merits

• Data showed clearly the effectiveness for risk reduction. Tamoxifen is effective

in 49 % reduction of breast cancer incidence in high-risk women [56]. A study

showed that risk of contralateral breast cancer reduced more than 50 % in

carriers when tamoxifen was given as treatment for initial breast cancer [57–

59]. These data were confirmed also for BRCA-mutated candidates [60]. In the

NSABP study of tamoxifen and raloxifene P-2 trial, same effect was confirmed

by using raloxifene for chemoprevention [61].

• Oral contraceptives showed 40 % reduction in risk of ovarian cancer in the

Cancer and Steroid Hormone Study [62]. For BRCA carriers, some reduction of

ovarian cancer was noted, while there are concerns in the possibility of increased

risk for breast cancer [63, 64].

3.5.2 Demerits

Drug administration would always have side effects from drug. It is required to give

enough information for clients since medicine of chemoprevention is for prophy-

lactic measure, not for curative measure.

3.6 Conclusion

Medicine has been advancing continuously. We hope that there would be better

strategies for BRCA carriers to prevent cancer or cancer would be eliminated in the

near future. In the meantime, physicians involved in women’s health should discuss
which strategies are best for women, and we should offer whichever best strategies

to prevent the disastrous consequences.
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Chapter 4

Sentinel Lymph Node Biopsy

and Neoadjuvant Chemotherapy in Breast

Cancer Patients

John R. Benson

Abstract Patient selection and timing of sentinel lymph node (SLN) biopsy in the

context of primary chemotherapy continues to evolve; there is some evidence that

primary chemotherapy may modify lymphatic drainage patterns and cause differ-

ential downstaging between sentinel and non-sentinel lymph nodes. SLN biopsy

undertaken prior to chemotherapy will minimise the risk of a false-negative result,

may allow more accurate initial staging and provides important information on

prognostication which can guide decisions about adjuvant radiotherapy. However,

quantification of regional metastatic load is incomplete, and some advocate SLN

biopsy after primary chemotherapy to take advantage of nodal downstaging and

avoidance of axillary dissection in up to 40 % of patients. Initial reports on false-

negative rates for SLN biopsy after primary chemotherapy in patients who had

proven axillary node metastases at presentation based on needle core biopsy were

relatively high and a cause for clinical concern. However, more recent data suggest

that SLN biopsy is as accurate when performed post- as pre-neoadjuvant chemo-

therapy, and current practice incorporates both approaches.

Keywords Breast cancer • Neoadjuvant chemotherapy • Post-chemotherapy •

Sentinel lymph node biopsy

4.1 Introduction

The technique of sentinel lymph node (SLN) biopsy is now widely practised in

many centres around the world and has become standard of care with reduction of

upper limb morbidity such as lymphoedema, shoulder stiffness and chronic pain

which are commonly linked to axillary lymph node dissection [1, 2]. A review by

the American Society of Clinical Oncology Technology Assessment panel

reaffirmed that dual localisation techniques with a combination of blue dye and
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isotope maximise identification rates (>90 %) and are associated with high nega-

tive predictive values (>95 %) and a short learning curve [3]. Overall false-

negative rates are between 5 and 10 % (mean 8.4 %) and are minimised by

intraoperative digital examination and removal of nodes which are suspicious but

neither hot nor blue. Though there is international consensus that a combination of

dye and isotope is optimal for localisation of sentinel node(s), much variation exists

in details of methodology, and there is an urgent need for standardisation of

techniques to maximise sensitivity and specificity [4]. The NSABP B32 study is

the largest of five randomised controlled trials comparing sentinel lymph node

biopsy to conventional ALND in clinically node-negative breast cancer patients.

With a mean follow-up of 96 months, no significant differences in the primary

endpoints of overall survival, disease-free survival and regional control were

reported, and SLN biopsy was declared a safe, accurate and effective method for

staging clinically node-negative patients [5].

Patient selection and the timing of SLN biopsy in the context of primary

chemotherapy continues to evolve as increasing numbers of patients undergo this

modality sequence. Before the advent of SLN biopsy, all neoadjuvant chemother-

apy patients had an ALND as definitive and standard treatment of regional nodes.

The pretreatment status of axillary nodes was unknown, and it was recognised that

some node-positive patients became node negative following primary chemother-

apy consequent to nodal downstaging. Therefore, neoadjuvant therapy did not

influence surgical treatment in terms of the axillary procedure as ALND remained

standard of care irrespective of the primary treatment approach.

Following introduction of SLN biopsy, primary surgical patients could poten-

tially avoid ALND, but neoadjuvant patients were obligated to undergo ALND

despite a favourable breast tumour response which might render a patient suitable

for breast-conserving surgery (BCS). A dichotomy of practice emerged in efforts to

define how SLN biopsy should be optimally incorporated into the neoadjuvant

setting. Some breast units opted for SLN biopsy in conjunction with completion

ALND after chemotherapy. This practice was incorporated into prospective trials to

assess the safety and accuracy of SLN biopsy following a period of induction

chemotherapy which might potentially alter patterns of lymphatic drainage in the

axilla and increase false-negative rates. These latter concerns led others to recom-

mend an upfront SLN biopsy performed prior to initiation of chemotherapy. The

intrinsic accuracy of this technique in terms of parameters such as SLN identifica-

tion rates and false-negative rates would be no different to patients having primary

surgical treatment.

Patients undergoing neoadjuvant chemotherapy now receive less extensive

axillary surgery, and this is consistent with a shift in neoadjuvant strategy from

inoperable to operable disease. No imaging modality can detect subclinical nodal

involvement, but preoperative axillary ultrasound can identify suspicious nodes and

in conjunction with percutaneous biopsy (core biopsy or fine needle aspiration) can

detect up to 40 % of node-positive cases overall and in 75 % of cases with multiple

(>4) involved nodes [6–8]. Neoadjuvant chemotherapy patients are more likely to

be clinically node positive or clinically node negative with suspicious nodes
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sonographically. Therefore, preoperative axillary ultrasound (with or without node

biopsy) is particularly important for this group of patients in terms of deselection

for SLN biopsy.

4.2 Sentinel Lymph Node Biopsy Prior to Neoadjuvant

Chemotherapy

Advantages – When SLN biopsy is undertaken prior to neoadjuvant chemotherapy,

there will be minimal risk of an unacceptably high false-negative result, and

information derived from SLN biopsy allows more accurate initial staging of

patients [9–12]. Identification rates for an upfront approach are high and range

from 98 to 100 % which is consistent with more extensive surgical experience of

SLN biopsy pretreatment. Nodal positivity rates are variable (29–67 %) and reflect

the heterogeneous nature of the primary tumours within most of these studies which

confirm that SLN biopsy has satisfactory performance characteristics for larger

tumours [13, 14]. A positive SLN biopsy result would prompt a subsequent ALND

following neoadjuvant chemotherapy. By contrast, when the SLN is negative, no

further axillary surgery is indicated, and completion ALND can be safely avoided at

time of definitive surgery, be this wide local excision, simple mastectomy or

mastectomy with immediate breast reconstruction [5]. Upfront SLN biopsy pro-

vides important information on prognostication and can guide treatment decisions

for adjuvant radiotherapy, systemic therapy and axillary surgery. Although knowl-

edge of the SLN status at presentation may influence decisions on irradiation of

regional nodes, precise nodal quantification of axillary metastatic load with an

upfront approach is limited; for example, a single positive node only may be

retrieved at the time of SLN biopsy, but multiple nodes may be positive despite

an innocent ultrasound examination of the axilla. This may be sufficient informa-

tion alone to justify postmastectomy radiotherapy but not irradiation of the

supraclavicular fossa which is presaged on involvement of at least four axillary

nodes at presentation [15]. Any non-sentinel nodes containing tumour at the outset

may be downstaged by chemotherapy and prior malignant involvement indicated

by the presence of fibrosis on subsequent histopathological examination. Some

advocate SLN biopsy after induction chemotherapy to take advantage of nodal

downstaging and avoidance of ALND in some patients. Knowledge of pretreatment

nodal status potentially influences the decision of whether or not to give chemo-

therapy if the primary tumour is relatively small and may also partly determine the

type of chemotherapy and whether to include a taxane-based regimen (with or

without an anthracycline). In addition to established clinicopathological factors,

molecular tests can assess estimated risk of recurrence in patients with early stage

breast cancer. Oncotype DX is one such prognostic test and is approved for clinical

usage in many countries. This molecular test measures expression of a 21-gene

profile with reverse transcriptase-polymerase chain reaction which does not require
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fresh frozen tissue and can be performed on paraffin-embedded tumour tissue

[16]. Patients with larger tumours and a confirmed negative SLN biopsy but low

score on Oncotype DX could be treated with neoadjuvant hormonal therapy rather

than chemotherapy. However, although prognostic tests provide information about

risk of recurrence and death, predictive markers are needed to select optimum

therapy for individual patients.

Disadvantages – An upfront approach requires an additional operation for all

patients undergoing neoadjuvant chemotherapy, irrespective of final nodal status.

Nonetheless, it should be noted that selected node-positive patients will also need

additional surgery when SLN biopsy follows chemotherapy and facilities for

intraoperative node assessment are not available (completion ALND must then be

carried out as a delayed procedure at a separate surgical sitting). Concerns have

been expressed about possible delays in commencement of chemotherapy treatment

when an upfront SLN biopsy policy is employed, with delays consequent to either

scheduling issues or wound complications such as seromas and infection. In an

audit undertaken in the author’s unit of 24 clinically node-negative patients with

tumours <5 cm undergoing SLN biopsy prior to chemotherapy, timeframes from

diagnosis to SLN biopsy and start of chemotherapy were analysed [17]. The mean

time from tissue diagnosis to SLN biopsy was 7.3 days [range 5–22 days], whilst the

mean time from SLN biopsy to start of chemotherapy was 9.2 days [range

2–23 days]. The mean time interval from tissue diagnosis to start of chemotherapy

was 16.5 days [range 13–25 days]. This time interval in excess of 2 weeks is

significantly longer than the average time period of 8.3 days for the group of

patients not undergoing SLN biopsy [t-Test, p¼ 0.00002]. However, such a delay

is unlikely to be detrimental to outcome in the context of patients with clinically and

sonographically node-negative disease. Amongst this group of 24 patients, one

developed a wound infection subsequent to commencement of chemotherapy

within 4 days of SLN biopsy. It may be prudent to wait at least 7 days from the

time of SLN biopsy before starting chemotherapy and consider surgical antibiotic

prophylaxis in this group of patients.

SLN biopsy undertaken prior to neoadjuvant therapy is helpful if negative as no

further axillary treatment is necessary, and such a result can reinforce any decision

to withhold subsequent supraclavicular irradiation. However, patients selected for

neoadjuvant chemotherapy have a higher chance of nodal involvement and, in the

event of a positive SLN biopsy, are then committed to completion ALND with no

opportunity for nodal downstaging. An upfront SLN biopsy can be useful in

patients who do not require chemotherapy if SLN biopsy negative, but often age,

primary tumour size and information from core needle biopsy are sufficient to

justify a recommendation for neoadjuvant chemotherapy.
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4.3 Sentinel Lymph Node Biopsy After Neoadjuvant

Chemotherapy

Advantages – Some advocate SLN biopsy after primary chemotherapy [18, 19] in

order to take advantage of potential nodal downstaging and avoidance of ALND.

Thus, rates of node positivity are reduced by 30 % for preoperative adriamycin and

cyclophosphamide [18] and by up to 40 % for regimens incorporating a taxane with

triple-negative and HER2-positive patients most likely to have a complete patho-

logical nodal response [19]. A ‘single’ operation has the additional appeal of patient
convenience and reduced costs when facilities for intraoperative node assessment

are available. Early studies revealed that between 30 and 70 % of patients were

committed to ALND with an upfront SLN biopsy. It should be noted however that

many of these patients had relatively large primary tumours and few patients had

preoperative axillary ultrasound which in conjunction with guided needle biopsy

can deselect patients for SLN biopsy (who would then proceed directly to ALND).

Hence, reports of higher rates of node positivity are not unexpected within this

population of patients. Rates of complete pathological nodal response vary from

20 to 42 % in patients with needle biopsy-confirmed positive nodes

pre-chemotherapy [20–23]. Most metastases diagnosed on needle biopsy are

macrometastases (>2 mm), and it is conceivable that complete pathological

response might be higher for nodes containing micrometastases only, though

there is no current evidence to support this. There is a suggestion that knowledge

of nodal response to chemotherapy is more relevant in terms of prognostication and

decision-making for chest wall/supraclavicular radiotherapy than initial nodal

status. In particular, those patients with a complete pathological response in both

the breast and axilla appear to have a much better prognosis [24].

Disadvantages – It has been surmised that primary chemotherapy may modify

lymphatic drainage patterns within the axilla where there is a degree of plasticity

within the lymphatic network of vessels [25]. Distortion of lymphatics may occur

secondary to tumour shrinkage with creation of aberrant lymphatic drainage pat-

terns. This together with plugging of lymphatics by tumour emboli could increase

false-negative rates. Moreover, induction chemotherapy could lead to differential

downstaging between sentinel and non-sentinel nodes [26]. Notwithstanding these

theoretical considerations, there is no conclusive evidence that such phenomena

occur to any significant extent in neoadjuvant therapy patients, a fact which has

encouraged a recent trend away from upfront SLN biopsy in neoadjuvant chemo-

therapy patients [27]. Interestingly, some have referred to a ‘front to back, back to

front’ phenomenon in which chemotherapy is more likely to eradicate tumour

within non-sentinel lymph nodes than the SLN in which the tumour cell burden is

likely to be greater. Thus, although cancer cells spread first to the SLN and

thereafter to the non-sentinel nodes, the inverse sequence applies to chemotherapy

effect [28]. This would increase the negative predictive value of a negative SLN

biopsy after chemotherapy. However, if tumour deposits responded earlier in the

SLN than non-sentinel nodes, then a false-negative result would ensue.
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4.4 Accuracy of Sentinel Lymph Node Biopsy After

Chemotherapy

Node-negative patients – Single-institution studies have revealed sensitivity rates

of 72–100 % with false-negative rates of 0–33 % when SLN biopsy follows

neoadjuvant chemotherapy (NAC) [18, 26, 29–31]. However, most of these studies

involved small numbers of patients, and a pooled analysis shows a false-negative

rate of about 10 % with an identification rate of 89 %. Rates of identification in the

NSABP B-27 study were 85 % using blue dye alone or a combination of blue dye

and radioisotope with a reported false-negative rate of 11 % (the false-negative rate

was higher for blue dye alone (14 %) compared with radioisotope with or without

blue dye (8 %)) [26]. The French GANEA study also detected the SLN in 90 % of

cases and reported an overall false-negative rate of 11 % (9.4 % for clinically node-

positive cases, 11.6 % for clinically node-positive cases) [32]. An analysis by Hunt

and colleagues revealed a false-negative rate of 5.9 % when SLN biopsy followed

NAC and 4.1 % for upfront SLN biopsy (p¼ 0.39) [33]. Recent reports have shown

false-negative rates in the region of 8–11 %; a meta-analysis of 21 single-institution

studies involving more than 1200 patients undergoing post-chemotherapy SLN

biopsy with completion ALND reported a pooled false-negative estimate of 12 %

when SLN biopsy followed chemotherapy in clinically node-negative patients

[34, 35]. A slightly lower figure of 9 % was calculated by Mamounas and Bellon

when analysis was confined to studies published in the past 10 years, though values

for false negativity ranged from 5 to 25 % [36].

These figures are similar to false-negative rates for primary surgery [3, 5, 37–

39], but it should be noted that these two clinical scenarios may not be strictly

comparable for several reasons – in the words of Michael Sabel, are we dealing here

with ‘apples and oranges’ [27]. Firstly, only a subset of patients in these

neoadjuvant studies had SLN biopsy post-chemotherapy with patient selection

and surgeon experience introducing an element of bias. Thus, although standard

ALND (level I/II) was a component of the trial protocol, a preliminary SLN biopsy

could be undertaken before ALND at the discretion of the surgeon (approximately

20 % of patients) [26]. Secondly, there was much variation in the precise technique

used for SLN biopsy (blue dye alone, isotope alone or a combination with dual

localisation).

Node-positive patients – There have been mixed reports on false-negative rates

when there is needle biopsy (cytology or core biopsy)-proven positive nodes

pre-chemotherapy with a limited number of published studies relating specifically

to this group of patients (see Table 4.1) [40–42]. Mamounas has recently cited an

overall false-negative rate of 11.1 % for SLN biopsy post-neoadjuvant chemother-

apy when there is confirmed nodal involvement at presentation [43]. These updated

figures are reassuring and have led many experts to conclude that SLN biopsy is as

accurate when performed post- as pre-neoadjuvant chemotherapy, but induction

chemotherapy has the added advantage of potential downstaging of axillary nodes.

However, a note of caution has been sounded by Alvarado and colleagues who
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express concerns that false-negative rates can be unacceptably high when SLN

biopsy follows neoadjuvant chemotherapy in patients presenting with node-positive

disease [22]. They examined 150 patients with biopsy-proven axillary nodal metas-

tases who proceeded to SLN biopsy after primary chemotherapy. Amongst

111 patients in whom ALND was performed, 15 had a false-negative result for an

event rate of 20.8 % (15/72), and normalisation of nodes on ultrasound post-

chemotherapy reduced this rate to 16.1 % (compared with 27.8 % for those with

abnormal node morphology including size and cortical thickness). Furthermore,

removal of a single SLN was associated with an even higher false-negative rate as

was positivity for the HER2 receptor (33 % versus 18 %). The pathological

complete nodal response in this study was 42 %, suggesting that a notable propor-

tion of patients could have been spared the potential morbidity of an ALND [22].

There is a paucity of data on omission of completion ALND in needle biopsy-

proven node-positive patients with a subsequent negative SLN biopsy after

neoadjuvant chemotherapy (Table 4.1). In particular, it is unclear from some reports

whether cited rates relate to patients with positive or negative initial nodal status,

and there is confounding of studies due to some patients proceeding to ALND. For

example, Hunt and colleagues reported recurrence rates of 1.2 % at a median

follow-up of 55 months amongst a group of 575 patients undergoing SLN biopsy

after primary chemotherapy, but almost one-third of patients had ALND either for

SLN positivity (20.7 %) or as a planned procedure [33]. Further information is

needed on rates of regional recurrence specifically in those patients with a negative

SLN who did not have ALND. It is conceivable that axillary recurrence is higher

when there is residual non-sentinel nodal disease after a false-negative SLN biopsy

post-chemotherapy (no further chemotherapy routinely given) [44]. In a combined

analysis of the NSABP B-27 and B-18 studies involving 3000 patients undergoing

either mastectomy or breast conservation therapy, a total of 356 locoregional

recurrence events were documented. The chance of recurrence was related to age,

nodal status pre-chemotherapy and the breast/nodal pathological response rates,

with low rates of recurrence for those patients achieving a complete pathological

response. For those patients who were clinically node negative at the outset, rates of

locoregional recurrence were low [45].

Boughy and colleagues have provided important information from the American

College of Surgeons Oncology Group (ACOSOG) Z01071 trial which enrolled

almost 700 patients and examined false-negative rates for patients with core biopsy-

proven node-positive breast cancer (T0–T4, N1–2, M0) who underwent SLN

Table 4.1 False negative

rates for SLN biopsy

following primary

chemotherapy in patients with

biopsy-proven axillary nodal

metastases

Author No. of patients

False-negative

rate (%)

Shen et al. [40] 69 25

Lee et al. [41] 238 5.6

Newman et al. [42] 54 10.7

Alvarado et al. [22] 150 16.1

Boughy et al. [23] 649 12.6
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biopsy and concomitant axillary lymph node dissection (ALND) after primary

chemotherapy [23]. The primary endpoint for this study was the false-negative

rate for clinically node-positive patients who have at least two SLNs removed for

pathological examination. Though dual tracer techniques were recommended, this

was not compulsory, and some patients underwent SLN biopsy with single tracer

localisation (51 radioisotope only, 13 blue dye only). Rates of identification were

92.5 % overall (>90 % individually for both clinically N1 and N2 patients) with an

accuracy of 84 % for assignment of correct nodal status. Forty percent of patients

had a complete pathological nodal response with no evidence of any residual

tumour on routine H&E staining (metastases >0.2 mm). Moreover, in 40 % of

patients with nodal deposits, the sentinel node was the only positive node. Further-

more, the false-negative rate was almost 20 % when only a single tracer agent was

employed compared with 12.6 % for dual tracer localisation and harvesting of a

minimum of two nodes. It was recommended that at least three nodes be removed in

this setting of SLN biopsy post-chemotherapy. Clips may be placed in the node at

the time of initial core biopsy, and this will help to ensure that the correct node has

been removed and confirm any pathological response to neoadjuvant chemother-

apy. Results of this randomised study are consistent with the retrospective study of

Alvarado although the latter provided no specific information on the technique of

SLN localisation in relation to false-negative rates [22]. Park and colleagues

likewise found a relatively high false-negative rate (22 %) when SLN biopsy was

performed after neoadjuvant chemotherapy for locally advanced breast cancers.

Radioisotope was employed as a sole tracer agent, and interestingly false-negative

rates varied significantly between molecular tumour types with improved accuracy

and lower false-negative rates for triple-negative breast cancer. These authors

concluded that SLN biopsy post-chemotherapy should be restricted to this subgroup

of triple-negative breast cancer [46].

On the basis of these Z1071 results, SLN biopsy after neoadjuvant chemotherapy

for biopsy-proven nodal involvement at presentation can only be reliably used

when dual localisation methods have been employed and at least two nodes have

been removed and examined. Notwithstanding these findings on false-negative

rates within the Z1071 study, which failed to reach a predefined upper threshold

of 10 %, these may not necessarily translate into higher rates of locoregional

recurrence. However, in contrast to patients undergoing SLN biopsy prior to any

chemotherapy (be this neoadjuvant or adjuvant), this group of post-neoadjuvant

patients will not receive any further chemotherapy that might eliminate tumour foci

within ‘non-sentinel’ lymph nodes in the setting of false negativity. Longer-term

follow-up will determine whether any change in performance parameters for SLN

biopsy post-chemotherapy has any impact on clinical outcomes.

There is increasing evidence that decisions for radiotherapy (chest wall/

supraclavicular) should be based on tumour response to chemotherapy rather than

the status of the regional nodes per se at presentation. Knowledge of sentinel lymph

node negativity from downstaging after neoadjuvant chemotherapy (when there

were biopsy-confirmed nodal metastases at presentation) is very helpful when

estimating benefit from radiotherapy. For clinically node-positive patients who

56 J.R. Benson



become negative after neoadjuvant chemotherapy, there appears to be little benefit

from radiotherapy. Hence, SLN biopsy after neoadjuvant chemotherapy allows

assessment of specific response within the regional nodes to chemotherapy,

whereas positive nodes might otherwise be removed with SLN biopsy and preclude

any comment on nodal response following formal ALND after neoadjuvant che-

motherapy [18, 26].

4.5 NSABP-51/RTOG-1304 Trial

Neoadjuvant chemotherapy can result in a significant downstaging of disease, such

that patients presenting with extensive axillary lymph node involvement may have

a complete pathological response with no evidence of axillary metastases following

induction chemotherapy. Thus, the timing of SLN biopsy (before or after

neoadjuvant chemotherapy) may significantly influence decisions concerning adju-

vant radiotherapy. For instance, postmastectomy radiotherapy is generally

recommended for patients who have metastases in >3 axillary nodes, but it is

unclear if this decision should now be based on axillary status before or after
administration of chemotherapy. If this should be based on nodal status at the

time of initial presentation, then SLN biopsy prior to neoadjuvant chemotherapy

should be urged. On the other hand, if nodal status after neoadjuvant chemotherapy

provided sufficient basis for this decision on adjuvant radiotherapy, then SLN

biopsy following chemotherapy would be the preferred option.

In an attempt to resolve this issue, a large randomised trial involving 1636

patients has been planned in the United States (NSABP-51/RTOG-1304 trial)

[47]. This will be a phase III clinical trial evaluating postmastectomy chest wall

and regional nodal radiotherapy and post-lumpectomy regional nodal radiotherapy

in patients with positive axillary nodes before neoadjuvant chemotherapy who

convert to pathologically negative axillary nodes after neoadjuvant chemotherapy.

The study will recruit patients with T1–T3, N1 breast cancer, with documented

positive axillary nodes by FNA or core biopsy. Following administration of

neoadjuvant chemotherapy, those patients will undergo definitive surgery with

histological documentation of negative axillary nodes (either by axillary dissection

alone or SLN biopsy with or without axillary dissection). These patients who

convert to node-negative status will then be randomised to receive either no

regional nodal radiotherapy (and no chest wall radiotherapy for patients treated

with mastectomy) or regional nodal radiotherapy (with chest wall radiotherapy for

mastectomy patients). Thus, amongst node-positive patients who convert to node-

negative status, this trial will determine whether or not decisions concerning

adjuvant radiotherapy should be based on nodal status at the time of initial presen-

tation. Ultimately, the results of this trial will be an important consideration in the

decision-making process for recommending SLN biopsy either before or after

administration of neoadjuvant chemotherapy.
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4.6 SENTINA Trial

The German SENTINA trial addressed the role of repeat SLN biopsy in patients

who had previously undergone the procedure prior to neoadjuvant chemotherapy

[48]. Patients were allocated to one of four arms; initially clinically node-negative

patients treated with upfront SLN biopsy were designated arms A and B; if the SLN

was negative (arm A, 662 patients), then no further axillary surgery was undertaken.

If the SLN was positive before chemotherapy, then repeat SLN biopsy with ALND

was performed after chemotherapy (arm B, 360 patients). Patients who were

initially clinically node positive were designated arms C and D; those who

converted to clinically node-negative status after chemotherapy underwent SLN

biopsy with ALND (arm C, 592 patients), whilst those who remained clinically

node positive had a standard ALND (arm D, 123 patients). The sentinel node

detection rates for arms A and B (pre-chemotherapy) were 99.1 %, 80.1 % for

arm C and only 60.8 % for repeat SLN biopsy after chemotherapy (arm B).

Moreover, the FNR for repeat SLN biopsy for arm B patients exceeded 50 %

(51.6 %, 95 % CI 38.7–64.2 %), and sometimes only a single node was removed.

The authors concluded that SLN biopsy is unacceptable as a repeat procedure

following neoadjuvant chemotherapy. The FNR was noted to be relatively high

for those patients in arm C who converted from clinically node positive to negative

after chemotherapy (14.2 %, 95 % CI 9.9–19.4 %).

4.7 Conclusions

SLN biopsy can be performed either as an upfront procedure or following

neoadjuvant chemotherapy with advantages and limitations of both approaches. A

National Cancer Institute conference recommended SLN biopsy before or after

chemotherapy for clinically node-negative disease which underlines the principle

of multidisciplinary assessment and no single method applicable to all patients

[49]. There is now greater confidence in declaration of a ‘negative’ SLN biopsy

after primary chemotherapy for node-positive disease and withholding routine

ALND in selected cases. False-negative results can be minimised by taking account

of ultrasound characteristics post-chemotherapy and ensuring mandatory ALND

when abnormal nodes persist sonographically [50]. Normal-appearing nodes are

statistically more likely to be associated with a complete pathological nodal

response than those with indeterminate features [22]. Nonetheless, the significance

of micrometastases and isolated tumour cells in this setting is uncertain, and these

may be of different biological consequence if they represent downstaged

macrometastases. Ideally, there should be an ‘all or none’ response of nodes

to chemotherapy, but it is conceded that in the ‘post-Z0011 era’, selected patients

who are SLN biopsy positive pre-chemotherapy might avoid completion ALND

as they will subsequently receive neoadjuvant/adjuvant therapies (including
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chemotherapy, hormonal therapy and breast radiotherapy). The use of a nomogram

with a limited number of variables may have clinical utility for estimating the

probability of residual disease in non-sentinel nodes [51]. This line of reasoning

would not apply to SLN biopsy-positive patients after neoadjuvant chemotherapy

who have residual disease post-chemotherapy and will receive no further chemo-

therapy (though possibly hormonal therapy/Herceptin). SLN biopsy should be

considered post-chemotherapy in those patients for whom pretreatment nodal status

would not impact on the choice of chemotherapy or radiotherapy. These recom-

mendations can include selected cases of needle biopsy-proven node-positive cases

at presentation that are clinically and sonographically node negative following

chemotherapy with evidence of an excellent response in the breast and regional

nodes to induction chemotherapy. Any evidence of sentinel node tumour deposits

on H&E staining (including isolated tumour cells) should be followed by comple-

tion ALND irrespective of the type of breast surgery. Further information must be

collected on outcomes in terms of both regional recurrence and overall survival for

patients undergoing SLN biopsy after nodal downstaging with induction chemo-

therapy. In particular, sentinel lymph node-negative patients without completion

ALND after neoadjuvant chemotherapy should be carefully monitored, and further

axillary surgery for SLN-positive patients in this setting is mandatory at the

present time.

Learning Points (Box 4.1)

1. There are advantages and limitations with both approaches to SLN biopsy

in the context of neoadjuvant chemotherapy:

– A National Cancer Institute conference in 2008 sanctioned SLN biopsy

before or after neoadjuvant chemotherapy for clinically node-negative

disease.

– The National Comprehensive Cancer Network in 2011 recommended

that SLN biopsy be performed prior to neoadjuvant chemotherapy.

2. There is now greater confidence in declaration of a ‘negative’ SLN biopsy

after primary chemotherapy for node-positive disease and for withholding

completion ALND in selected cases:

– Two and possibly three sentinel nodes should be removed.

– Dual localisation techniques should be employed with blue dye and

isotope to minimise FNR.

– Axillary nodes should be sonographically normal nodes following

induction chemotherapy.

3. At the present time, routine SLN biopsy should be undertaken in conjunc-

tion with simultaneous completion ALND as a registration study to assess

(continued)
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the accuracy of SLN biopsy after primary chemotherapy in terms of false-

negative rates.

4. Any evidence of tumour deposits on H&E staining (including isolated

tumour cells) should prompt a completion ALND irrespective of type of

breast surgery.

SLN biopsy post-chemotherapy should be considered in clinically/

sonographically node-negative patients for whom pretreatment nodal sta-

tus would not impact on choice of chemotherapy or radiotherapy.

5. The ongoing NSABP-51 trial is evaluating whether decisions for

postmastectomy radiotherapy should be based on axillary status before
or after chemotherapy.

6. If nodal status at presentation is deemed to be important, then upfront SLN

biopsy should be urged but otherwise SLN biopsy post-chemotherapy

preferred.
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Chapter 5

Axillary Reverse Mapping (ARM) as aMeans

to Reduce Lymphedema During Sentinel

Lymph Node or Axillary Node Dissection

V. Suzanne Klimberg and Michael Douek

Abstract Our group has hypothesized that variations in the anatomical location of

the arm lymphatic drainage system within the axilla put the arm lymphatics at risk

for disruption during an SLNB and/or ALND. Therefore, mapping and protecting

the drainage of the arm versus that of the breast within the axilla by split mapping

using blue dye to identify and protect the lymphatics draining from the arm (axillary

reverse mapping (ARM)) and radioactivity to map those draining from the breast

would decrease the likelihood of inadvertent disruption during lymphadenectomy.

Mapping and sparing the lymphatics draining the arm during SLNB or ALND

decrease the subsequent development of lymphedema as compared to SLN map-

ping alone.

Keywords Breast • Axillary reverse mapping • Lymphedema • Breast cancer

5.1 Background

Lymph node status is a key prognostic variable, and therapeutic decisions are based

on the presence or absence of breast cancer cells metastatic to the axillary lymph

node(s). The results of randomized prospective clinical trials, which guide current
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therapy, have been based on the pathologic status of the axillary lymph nodes.

Although newer markers of oncogene expression show promise with respect to the

treatment of breast cancer, the status of the axillary nodes remains the most

important prognostic criteria and will continue to have direct impact on clinical

decisions.

When necessary, the prescribed technique for axillary lymph node dissection

(ALND) has changed little over the last several decades. The principal features

include removal of the axillary tissue inferior to the axillary vein, lateral to the

serratus, and anterior to the teres major [1]. The standard teaching was that the

lymphatic ran along the inferior side of the axillary vein (Fig. 5.1), and avoiding

skeletonizing the vein would prevent lymphedema. The morbidity and risks of an

ALND include the risk of general anesthesia, permanent hypesthesia and/or

dysesthesia at the posterior aspect of the arm [2], painful neuroma, postoperative

seroma formation [3], and lymphedema of the arm [4]—the risk of which increases

with greater extent of axillary node resection as well as breast surgery [5, 6]. It has

been reported that 82 % of women experience at least one arm problem following

ALND. Patients often have decreased mobilization of the shoulder and require

physical therapy to regain full function of the upper extremity. Associated psycho-

logical distress ranges from 17 to 50 % [7, 8]. Depending on how it is defined,

lymphedema alone has been reported to be as high as 77 % (Table 5.1 [9–18]).

Routine use of sentinel lymph node biopsy (SLNB) has drastically reduced this risk

but is still quite variable (0–13 %). The wide variability with both SLNB and

ALND indicates a concomitant wide variation in technique in performance of these

procedures. Therefore, there should be a modification of surgical technique that can

reproducibly reduce lymphedema (LE). The following discussion attempts to

establish the safety and efficacy of this new procedure, axillary reverse mapping

(ARM), to identify and prevent one of the major surgical side effects of

lymphadenectomy—lymphedema.

axillary v.

cranial

caudad

lymphatic trurk

Fig. 5.1 Lymphatic trunk

draining the arm is

demonstrated just below the

axillary vein
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5.2 Surgical Lymphadenectomy and LE

Present-day sentinel lymph node biopsy (SLNB) or ALND does not take into

account the anatomical drainage from the breast versus that of the arm because

drainage from the arm into the axilla has only recently been published by our group

[19–24]. Yet, lymphedema likely results from transection of lymph vessels from the

arm coursing through the axilla and is the most prominent complication resulting

from SLNB or ALND [22]. From its inception, SLNB, developed to prevent the

high morbidity seen with ALND (Table 5.1), has been assumed to be less morbid,

but until recently, few objective data existed. Because of the long-term sequelae of

lymphedema, this surgical outcome is an important measurement when a replace-

ment procedure for ALND is evaluated. Several cooperative group trials have

shown lymphedema rates in approximately the 5–7 % range with SLN biopsy

alone [16, 18, 25]. In the American College of Surgeons Oncology Group Z0010

prospective observational study [25], 2904 patients had arm circumference data

recorded, both before surgery and 6 months after SLNB. Lymphedema was defined

in this study as a change in arm circumference of >2 cm when compared with the

contralateral or control arm and with baseline measurements. Nearly 7 % of the

patients had a change in arm circumference >2 cm at 6 months. Multiple compar-

ison studies, several of which were randomized, have confirmed that SLNB con-

sistently has lower morbidity and lymphedema rates than ALND (Table 5.1).

Lymphedema in ALND groups has been reported to range from 13 % to 77 %,

varying with how closely lymphedema was monitored, the length of follow-up

[4, 26], questionably the number of positive lymph nodes [27], the postoperative

irradiation [5, 28], the extent of surgery and body habitus, and a number of other

patient characteristics [26, 29]. Although the lymphedema rate was much lower

with the SLNB, it was still clinically significant with a range of 0–13 % (Table 5.1).

Table 5.1 Lymphedema in studies comparing SLNB and ALND

Study SLNB (#) ALND (#)

Lymphedema

SLNB (%)

Lymphedema

ALND (%)

Schrenk 2000 35 35 0 17

Haid 2002 57 140 4 27

Swenson 2002 169 78 4 14

Blanchard 2003 683 91 6 34

Schijven 2003 180 213 1 7

Ronka 2005 43 40 13 77

Leidenius 2005 92 47 5 28

Mansel 2006 515 516 5 13

McLaughlin

2008

600 336 5 16

B32 2008 1975 8 14
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Existing studies of LE are complicated by inconsistent relationships in a number

of personal, disease, and treatment-related risk factors [26, 30] that include having

more than five and in another study ten positive lymph nodes removed, postoper-

ative infection, radiation to the axilla, younger age at diagnosis, history of hyper-

tension, body mass index >30 kg/m2, and length of follow-up. The evidence-based

risk reduction for breast cancer-related secondary lymphedema is scant and con-

tradictory, with most studies in the area limited by small numbers, retrospective

design, and other methodological deficiencies [31]. Further, congenital hypoplasia

of lymphatics can predispose patients to surgical lymphedema [32, 33]. In defining

the “functional” anatomy of the axilla by using the methodology of ARM, we may

be able to not only predict risk but potentially prevent lymphedema during

SLNB�ALND.

Conventional wisdom teaches that the lymphatics reside juxtaposed to the vein,

and if the surgeon can avoid skeletonizing the vein, then the risk of lymphedema

could be minimized or avoided (Fig. 5.1). If this was the case, then SLNB should

have mitigated the problem of surgical lymphedema. In fact, lymphatics with this

positioning are rarely visible or recognized at the time of surgery. Therefore, we

hypothesized that lymphedema is related to disruption of the virtually unknown arm

lymphatic drainage during surgery. Foldi and others have carefully catalogued the

drainage of the various parts of the arm, but once identified as a lymph node in the

axilla, lymph nodes are categorized only as an axillary lymph node not distin-

guished from where it drains but by where it is positioned in the axillary bed (e.g.,

central) [20, 32]. Traditional lymphatic drainage of the arm is based on extensive

lymphatic mapping of the arm but not the axilla.

Our group developed the concept of axillary reverse mapping (ARM) that

utilizes a simple method, namely, blue dye injected into the upper volar subcuta-

neous tissue of the arm to map the lymphatic drainage of the arm in order to

determine the in vivo anatomical variation in the axillary lymphatics, providing a

road map to preserving them (Fig. 5.2). If arm lymphedema is caused by cutting

lymphatics, then being able to see and identify them represents the first surgical

procedure designed to preserve them. In effect, ARM is the reverse of SLN

mapping that serves to map the lymph nodes draining the breast and then remove

them; ARM is mapping the arm drainage in order to preserve it.

The most significant per person benefit gained by the ARM procedure is in

ALND. If ALND is performed after SLNB, the SLNB must also use the ARM

procedure as the low-lying lymphatics can otherwise be damaged during the initial

staging procedure. A possible drawback to the ARM approach is that at present,

about half of SLN mapping is done with blue dye or radioactivity alone, and the

remaining uses dual mapping with both radioactivity and blue dye especially when

learning the technique. In inexperienced hands, dual mapping may be more suc-

cessful. To use ARM, surgeons would have to use radioactivity alone in the breast

and reserve the blue dye for the ARM procedure or another or addition dye or

procedure such as green dye or magnetic particles.

Our preliminary data focused on the development and safety of the ARM

procedure and has demonstrated our ability to identify and preserve the ARM
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lymphatics in most, but not all, patients and that there is little crossover (<4 %)

between breast and arm lymphatics [19–24]. We have demonstrated safety in a

small cohort of patients by removing the ARM identified node during ALND and

demonstrating the absence of metastases even in clinically positive axillae.

5.3 Optimizing Breast Cancer Staging

According to the World Health Organization, as many as 170 million people

worldwide and 3–5 million people in the United States suffer from secondary

lymphedema. As many and varied procedures have failed to resolve lymphedema,

it is our estimation that prevention is the key to avoiding lymphedema and further

optimizing breast cancer staging. Axillary reverse mapping may be one tool to help

us further refine the technique of axillary staging whether performing SLNB and/or

ALND. As practiced around the world, the technique of ALND and even SLNB is

not standardized, compromising the staging of and recurrence in the axilla and risk

of lymphedema. Some might say the risk from SLNB is low already (0–13 %,

Table 5.1). However, remember most lymphedema after an SLNB occurs from a

negative SLNB. We should strive to lower the risk toward zero of a procedure that

ultimately has no benefit to the patient. In addition, ARMmay help identify patients

who are at risk for LE early on and may benefit from early intervention. The ARM

procedure is easy to learn and apply. Thus, any surgeon practicing could apply this

technique to their present practice of lymphadenectomy with minimal training and

cost with a potential huge benefit to the patient in the prevention or mitigation of

surgical lymphedema. The preliminary data below outlines the methodical devel-

opment of expertise in breast cancer surgery, development of SLNB, and evolution

ARM Concept

nipple/areola

SLN ARM

stellate breast
cancer

Fig. 5.2 Diagram of

concept of axillary reverse

mapping. Radioactive

drainage from the breast

SLN (yellow) can be

identified and removed for

examination, while the blue
lymphatics (ARM) draining

the arm can be identified

and protected
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of our novel but elegantly simple idea, ARM. Future studies may use the knowledge

gained to determine who is at risk for lymphedema and guide therapeutic surgical

interventions for secondary lymphedema.

Even in the molecular age, the status of the axillary lymph nodes remains the

most important predictor of outcome in breast cancer and, thus, continues to direct

therapy [1]. The technique for axillary lymph node dissection (ALND), although

supplanted by sentinel lymph node (SLN) for the majority of patients, has changed

little since its inception being purely an anatomical dissection. Axillary lymph node

dissection does not distinguish the breast from arm lymphatics as the possibility of

mapping the drainage from the arm into the axilla has only recently been published

by our group and questioned as well as confirmed by others using variations of the

technique we developed [19–24, 34–42]. Transection of the major arm lymphatics

during an ALND in patients without significant collaterals most likely is the root

cause of lymphedema and arguably the most widely published complication of SLN

or ALND. Table 5.1 demonstrates the wide variability in LE rates with SLNB or

ALND highlighting the lack of standardization of these widely utilized procedures.

5.4 SLNB Reduces LE

Probe-guided and/or visual resection of radioactive sentinel nodes (the first nodes

that receive drainage from tumors) can accurately identify regional metastases in

patients with breast cancer. Multiple studies confirmed this including the definitive

NSABP-32 trial which compared LE assessed by volume displacement of SLNB

(n¼ 2006) versus SLNB+ALND (n¼ 1975) and demonstrated arm volume differ-

ence of 7.5 % versus 14 %, respectively [18]. Many other studies including the

ACOSOG trials have confirmed that institution of SLNB for breast cancer patients

reduces the risk of lymphedema of the affected arm ([42], Table 5.1). The literature

to date supports injection with blue dye alone, radioactivity alone, or in combina-

tion (reviewed in [43]). The best method of injection to localize the SLN remains

controversial even today, but a majority of surgeons use subareolar injection

[44]. Although beginning surgeons find it easier to use dual mapping and that it

may be more accurate, approximately 50 % of experienced mappers use single-

agent localization with high efficacy.

5.5 Axillary Reverse Mapping (ARM): A New Concept

to Identify and Enhance Lymphatic Preservation

Although SLN clearly reflects the status of the axillary lymph node basin and is less

morbid, it has reduced but not prevented lymphedema. There can be no doubt that

lymphedema is minimized with SLN in comparison to ALND as seen in eight
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clinical trials comparing the two (Table 5.1). Rates of lymphedema with SLN were

much lower than those of ALND in the range of 0–13 % compared with 7–77 % for

ALND. Several cooperative group trials have shown lymphedema rates in approx-

imately the 5–7 % range with SLN biopsy alone [16–18, 25]. We hypothesized that

this higher-than-expected rate of lymphedema may be secondary to disruption of

low-lying arm lymphatics during an SLN biopsy procedure [19–24]. After sentinel

lymph node (SLN) localization with subareolar technetium was assured, 5 mL of

dermal blue dye was injected in the upper inner arm for localization of lymphatics

draining the arm (axillary reverse mapping, ARM). The SLNB was then performed

through an incision in the axilla. Data were collected on identification rates of hot

versus blue nodes, variations in arm lymphatic drainage that might impact SLNB,

crossover between the hot and the blue lymphatics, and final pathologic nodal

diagnosis. Lymphatics draining the arm were near or in the SLN field in 40.6 %

(87 of 241) of the patients, placing the patient at risk for disruption if not identified

and preserved during an SLNB or an axillary lymph node dissection. ARM dem-

onstrated that arm lymphatics do not cross over with the SLN drainage of the breast

97.2 % of the time and that none of the ARM lymph nodes removed were positive,

even when the SLN was (5 of 12). We identified multiple variations of the arm

lymphatics with some being as much as 4 cm below the vein (Fig. 5.3) [21]. Some

ARM lymphatics were as large as 6 mm. Variations from the traditionally taught

position just below the vein were seen as a medial or lateral apron and a sling low in

the axilla. Another variation was blue lymphatics above the vein. Another variation

was a complex of smaller lymphatics entwined as a cord. ARM lymphatics were

juxtaposed to the hot SLNBs but separable. Disruption of the blue ARM node

because of proximity to the hot SLN may explain the surprisingly high rate of

lymphedema seen after SLNB. Identifying and preserving the blue ARM nodes

ARM
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may translate into a lower incidence of lymphedema with SLNB and axillary lymph

node dissection.

Since our original report in 2007 [19], there have been many other reports using

variable methods for ARM. However, in the literature to date, there are only seven

studies with >50 patients undergoing ARM (two ALND only and five SNB �
completion ALND) in 859 patients undergoing axillary surgery for breast cancer

[45]. Overall, the lymphedema incidence ranged from 0 to 5.7 % during ARM

assisted SNB and 4–14 % during ARM lymphatic preservation at ALND. Crossover

(SLN¼ARM) nodes were identified in between 0 and 9.6 % of patients. Metastases

were identified in 0–35 % of these patients with crossover nodes excised. ARM

nodes could not technically be preserved in between 11.1 and 17.5 % of patients

with ARM nodes identified, and metastases were found in 0–18.5 % of ARM nodes

from these patients. All patients where ARM nodes were found to be positive were

inpatients with > N2 disease. Of note is that N2 and N3 patients would also receive

radiation therapy, thus potentially negating chances of recurrence from leaving a

positive ARM node(s) behind but also increasing LE. A randomized controlled trial

with adequate follow-up is needed to formally evaluate these outcomes.

In a review of the literature, four studies of ARM were assessed at SNB, but

between 10 and 31 % of patients went on to undergo a completion ALND [21, 24,

40, 46]. The ARM lymphatics or nodes were identifiable in between 38 and 100 %

of patients. ARM crossover nodes were identified in patients undergoing SLNB

between 0 and 10 % of patients, and metastases were present in between 0 and 20 %

of these nodes as expected as the ARM is the SLN. ARM nodes or lymphatics were

sacrificed during ALND in between 0 and 18 % of those identified, and of those

excised the incidence of metastases was between 0 and 18.5 %. Low rates of 1.3 and

4 % in non-concordant nodes (ARM nodes that were not SLNs) were seen in the

three studies that reported procedures using ARM as initially reported (split map-

ping, i.e., radioactivity in the breast and blue dye in the arm). Positive

non-concordant blue nodes were only found in patients with heavily positive

nodes (>N2) [21, 24, 39]. In nodes with N2 or higher metastatic disease, it is

postulated that the lymphatic flow from the breast may back flow into the arm

lymphatic drainage, and it is why split mapping is important to indicate when these

nodes should be taken. The reported lymphedema rates were between 0 and 5.4 %

for ALND. To date, long-term local recurrence rates were only reported in our

study [24], which quoted figures of 1.2 and 0.4 % for breast and axillary recur-

rences, respectively; systemic recurrence was quoted as 6.4 % overall. The

remaining study (Kuusk et al.) divided patients into SNB alone and ALND alone

patients [47]. This study identified ARM nodes or lymphatics in 27 % of patients.

Crossover nodes were present in 9.6 % (five patients) of patients; SLNs and

metastases were present in one (20 %) of these which is what one would expect

for an SLN positivity rate. Overall, 14.2 % of ARM lymphatics were sacrificed,

with no involved nodes identified and an incidence of lymphedema of 5.7 % with no

recurrences.

In the two studies, which performed ARM without breast injection in 203 con-

secutive breast cancer patients scheduled to undergo ALND alone [22, 36], ARM
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lymphatics or nodes were identified in 78.3 and 100 % of occasions. The preserva-

tion of ARM lymphatics was possible in 52.6 and 75 % of cases. The lymphedema

rates ranged between 9 and 23 % in the ARM lymphatic preservation groups and

between 33.3 and 40 % in the non-lymphatic preservation sacrifice group. There

were no reported cases of local recurrence [48, 49].

In our unpublished follow-up data in our single institution trial, 642 patients

have prospectively undergone 685 ARM procedures with an SLNB and/or ALND

(presented at Society of Surgical Oncology, 2014). Objective lymphedema rates for

SLNB and ALND were 0.8 % and 6.5 %, respectively, with 26-month median

follow-up. Blue lymphatics were identified in 29.2 % (138/472) of SLNB and

71.8 % (153/213) of ALND. Crossover was seen in 3.8 % (18/472) of SLN and

5.6 % (12/213) of ALND. Blue node metastasis rate was 4.5 % (2/44). Axillary

recurrence rate was 0.2 % and 1.4 % for SLNB and ALND, respectively. At

26-month median follow-up, objective LE is <1 % after SLNB and 6.5 % for

ALND as measured by volume displacement.

5.6 Lymphatic Reanastomosis

A total of 81 blue ARM lymphatic transections occurred during our single institu-

tion study, 31 instances during SLNB and 50 during ALND. Crossover node

resection was the necessary cause in 58 % (18/31) and 24 % (12/50) of the blue

ARM transections during SLNB and ALND, respectively. Of the 31 patients where

ARM lymphatic injury was identified at the time of SLNB, 15 (48.3 %) had a

lymphatic reanastomosis/reapproximation performed. An additional 18 patients out

of 50 (36 %) had similar reanastomosis of ARM lymphatics during ALND. Con-

sistent reapproximation of lymphatics only occurred starting in 2011. In the subset

of patients in which an identified blue lymphatic was transected, there was an

overall lymphedema rate of 18.7 % (9/48) when not re-anastomosed and 0 %

(0/33) when re-anastomosed ( p¼ 0.009); this is over a median follow-up of

14 months (range 3–54 months).

5.7 Measurement of LE

Total limb volume measurement can be performed by water displacement [50],

conic geometry (as used in this study) [51], perometry [52], or tissue changes by

tonometry [53]. In the normal healthy person, the volume of the extracellular

subcompartment is approximately 25 % of the total volume. Hence, these methods

which measure total limb volume are thought to inherently suffer from a sensitivity

four times less than any technique which measures extracellular volumes directly

[54]. Lymphedema is not simply an increase in volume but also an alteration of the

dermal and subcutaneous tissues accompanying the increase in protein
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concentration of the extracellular fluid. Such changes alter the resistance of the

tissue to compression, and a measure of this resistance can be used to reflect the

extent of the changes. Extracellular fluid volume measurement by magnetic reso-

nance imaging (MRI) or computed tomography (CT) has also been used to deter-

mine the cross-sectional composition of the limb at small increments along the limb

length [55, 56]. However, practical application of the procedure is severely limited

due to both cost and availability (reviewed in [57]). Extracellular fluid volume

measurement by bioelectrical impedance analysis (BIA), a method first used to

assess body composition by nutritionists [58], has also been used successfully to

quantify lymphedema [59, 60]. While this technique provides valuable information

complementary to volume measurements, it is information about changes associ-

ated with lymphedema after the initial stages and as such may not be useful in the

early diagnosis of the condition [54].

L-Dex® U400 is a noninvasive BIS tool to assess the extracellular fluid differ-

ences between the arms by measuring resistance to electrical current flow. At very

low frequencies, the current travels predominantly through the extracellular fluid

compartment of limbs. The L-Dex® U400 device uses an “impedance ratio”

methodology to assess unilateral lymphedema of the arm. The resistance at 0 kHz

(theoretical) in the affected/at-risk arm is compared to the resistance at 0 kHz

(theoretical) in the unaffected arm as represented by the following ratio (unaffected

to affected/at risk). By this method, the unaffected arm acts as an internal and

subject-specific control with high sensitivity allowing for subclinical detection

compared to traditional techniques. BIS uses standardized cutoffs and has been

shown to have excellent interobserver variability. Measurements are made by

attaching electrodes to the patient’s skin. The current is imperceptible to patients

and would be equivalent to that received by holding an AA battery. Once both arms

are measured, the device calculates an L-Dex value. Abnormal L-Dex values

include those outside the normal range (+/� 10 L-Dex units) and a change of

>10 from baseline. Cornish et al. studied 102 female patients; 20 patients devel-

oped lymphedema in the 24 months after breast cancer surgery [59]. In each of

these 20 cases using bioimpedance, predicted onset of lymphedema up to 10 months

before the condition could be clinically diagnosed, thus allowing the early institu-

tion of preventative measures. This study will compare conical geometric LE

assessment with that of BIA to determine comparative sensitivity and timing.

This small study claimed a 100 % sensitivity of bioimpedance and demonstrated

a vast improvement on the presently used circumferential technique which proved

to have a sensitivity of only 5 % for the purposes of early detection.

5.8 Summary

Correction of any disability can come only with knowledge of the cause of that

disability, and with that, a preventive strategy to at the very least decreases, if not

prevents, the disability. Our preliminary data suggests that a significant number of
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patients are susceptible to arm lymphatic injury during an SLNB�ALND due to the

ARM node anatomical location. Our data shows that injury to these arm lymphatic

channels can be prevented by identification and preservation with the ARM proce-

dure. Non-concordance (97.2 %) of arm and breast lymphatic drainage even in

diseased axillae allows its use for SLNB as well as for ALND. Current preliminary

data suggest that blue lymph nodes can be safely preserved. As many and varied

procedures have failed to fix lymphedema, it is our estimation that prevention is the

key to avoiding lymphedema. Axillary reverse mapping may help us further

optimize the technique of axillary staging when performing SLNB. This study

proposes an organized assessment of our newly developed intervention, ARM, to

determine its effectiveness in reducing lymphedema after SLNB�ALND. Second-

arily, this study will demonstrate the ability of ARM to identify arm-draining

lymphatics for preservation during SLNB�ALND and assess the safety of its use

for preserving arm-draining lymphatics (assess regional recurrence). The best way

to assess the success of such interventions is yet to be determined.
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Chapter 6

Ultrasound for Axillary Staging

Chiun-Sheng Huang

Abstract Ultrasound examination of the axillary lymph node has been demon-

strated to be a useful tool in evaluating axilla lymph node status. Axillary ultra-

sound (AUS) was first used to identify positive lymph nodes preoperatively, so that

patients could undergo axillary lymph node dissection (ALND) directly and be

spared from sentinel lymph node biopsy (SLNB). Recent studies also focus on the

application of AUS in surgical planning when AUS reveals negative nodal status.

When AUS is negative, the chance of having more than three positive nodes is low.

Therefore, when AUS is negative, one can plan immediate reconstruction after

mastectomy, and there is no need of intraoperative SLN examination for breast-

conserving surgery. If AUS reveals suspicious lymph node and ultrasound-guided

biopsy proves the node to be metastatic, SLNB can be spared if mastectomy is

planned. Axillary ultrasound is also helpful in guiding whether SLNB should be

done before or after neoadjuvant chemotherapy. If AUS is negative, the chance of

having positive SLN is relatively low, and it would be reasonable to proceed with

SLNB. If AUS or ultrasound-guided biopsy is positive, one may consider SLNB

after neoadjuvant chemotherapy. For node-positive patients undergoing

neoadjuvant chemotherapy first, patients with negative AUS before SLNB can be

considered to undergo SLNB alone after neoadjuvant chemotherapy.

Keywords Axillary staging • Sentinel lymph node biopsy • Axillary ultrasound •

Neoadjuvant chemotherapy

6.1 Current Status of Sentinel Lymph Node Biopsy

and Axillary Ultrasound in Axillary Staging

Sentinel lymph node biopsy (SLNB) is widely accepted by physicians and patients

as an option of axillary staging due to its low incidence of morbidity. In its recent

SLNB clinical practice guideline update, the American Society of Clinical Oncol-

ogy made several recommendations, which include that clinicians should not
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recommend axillary lymph node dissection (ALND) for women with early-stage

breast cancer who do not have nodal metastases and clinicians should not recom-

mend ALND for women with early breast cancer who have one or two sentinel

lymph node metastases and will receive breast-conserving surgery with conven-

tionally fractionated whole-breast radiotherapy [1].

During the advent of SLNB, ultrasound examination of the axillary lymph node

has also been demonstrated to be a useful tool in evaluating axilla lymph node

status. Axillary ultrasound (AUS) was first used to identify positive lymph nodes

preoperatively, so that patients could undergo ALND directly and be spared from

SLNB. Recent studies also focus on the application of AUS in treatment decision-

making when AUS reveals negative axillary lymph node status. The applications of

ultrasound in axillary staging in conjunction with SLNB are reviewed in the

following.

6.2 Axillary Ultrasound Can Identify Metastatic

Lymph Node

Among different studies of different incidences of lymph node involvement in

axillae, metastases were detected preoperatively by ultrasound-guided fine-needle

aspiration cytology (US-FNAC), and 1.4–45 % of SLNB could be avoided [2–

13]. In one large series of 726 patients (consisting of 732 axillae) with 67 % of T1

tumor, 30 % of T2 tumors, and 2.7 % of T3 or T4 tumors reported by van Rijk et al.,

about one-quarter of axillae were found to have suspicious lymph node by AUS,

and about one-third of these axillae with suspicious ultrasound were proved by

US-FNAC to have metastatic lymph node involvement by SLNB [9]. Those

patients with normal AUS did not receive US-FNAC. The sensitivity and specificity

were 35 % and 82 %, respectively, for AUS, and 21 % and 99.8 %, respectively, for

US-FNAC. In this series, 58 of 732 (8 %) of axillae were diagnosed preoperatively

to have lymph node metastasis. Therefore, 8 % of patients can be saved from SLNB

and receive ALND directly.

Among the earlier studies, the percentage of metastatic lymph nodes diagnosed

preoperatively by ultrasound-guided biopsy ranged from 5.7 to 80 %, and the

percentage of SLNB avoided ranged from 1.4 to 45% [2–13]. In addition to the

different incidences of metastatic lymph nodes among these studies, the explana-

tion for the wide variation of rates could also be due to differences in the following

factors: the percentage of lymph nodes visualized, the criteria of suspicious nodes

detected by AUS, biopsied only the suspicious nodes or all nodes visualized, and

the biopsy method (core needle biopsy (CNB) or FNAC).

The specificity of US-FNAC is higher than that of AUS, but the sensitivity of

AUS is higher than that of US-FNAC, which implies that the false-negative rates of

US-FNACmay be due to FNAC but not due to ultrasound. Two studies reported the

use of CNB in biopsy of the lymph node [2, 3]. Complications associated with the
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CNB procedure seem acceptable. Just like in the diagnosis of primary tumor, the

false-negative rate is expected to be lower with CNB than with FNAC.

6.3 Ultrasound Evaluation Decreases False-Negative Rate

of SLNB

Pre-SLNB evaluation of the axillary lymph node by AUS will help to decrease the

false-negative rate of SLNB. As demonstrated in the study by Sato et al., the SLN

identification rate for 262 total patients and 208 patients with negative AUS was

88.2 % and 98.6 %, respectively, while for 23 patients with T3 tumors and 6 patients

with T3 tumors but negative AUS, the identification rate was 65.2 % and 100 %,

respectively [14]. The false-negative rate of SLNB for all 262 patients and

208 patients with negative AUS was 10.8 % and 1.7 %, respectively, while for

23 patients with T3 tumors and 6 patients with T3 tumors but negative AUS, the

false-negative rate was 35.7 % and 0 %, respectively.

6.4 Axillary Ultrasound Is Helpful in Large Tumor Staging

The incidence of lymph node metastasis demonstrated by ALND in breast cancer

patients for different tumor sizes as reported by Silverstein et al. was 5 %, 16 %,

28 %, 47 %, 68 %, and 86 % in T1a, T1b, T1c, T2, T3, and T4 tumors, respectively

[15]. Since the chance of lymph node involvement is low in small tumors, which

makes the complications associated with ALND more undesirable, SLNB was first

applied in small tumors to replace ALND [16–18]. In daily practice, SLNB

generally has been applied to invasive breast cancers not larger than 3 cm and

without clinical evidence of lymph node involvement [18–20]. Tumor size is

limited to 3 cm or smaller for several reasons: first, nearly half of the T2 tumor

may develop lymph node metastasis, which would necessitate a second procedure

of ALND after SLNB and make SLND unnecessary; second is the incorrect

perception that false-negative rate of SLNB could be high in a large tumor, due

to a higher chance of the complete occupancy of cancer in the lymph node, which

prevents the radiotracer entering the lymph node.

The recent ASCO SLNB guideline recommends that clinicians should not

perform SNB for women who have large or locally advanced invasive breast

cancers (tumor size T3/T4) [1]. Only one study of 64 patients with locally advanced

breast cancers was found by the panels. The FNRs were 5.1 % for patients with

locally advanced breast cancer and 5.8 % for those with early-stage breast cancer

enrolled in different randomized trial comparing SLNB with ALND [21].

Actually, several studies, also non-randomized trials, have focused on the

accuracy of SLNB in large breast cancer. In a prospective multi-institutional
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study of 2,085 breast cancer patients, the identification rate of SLN and false-

negative rate were not significantly different in patients with T1, T2, and T3 tumors

[22]. All patients received SLNB using dual tracer with radioactive colloid and blue

dye, followed by ALND. The identification rate of SLN was 93.2 % and 97.8 % for

T2 and T3 tumors, respectively, compared with that of 92.1 % for T1 tumors, and

the false-negative rate was 6.8 % and 3.0 % for T2 and T3 tumors, respectively,

compared with 9.2 % for T1 tumors. When the tumor size was categorized into a

1-cm difference, the SLN identification rate tended to be higher and false-negative

rate lower in patients with larger tumors. Generally speaking, the identification

rates of SLN (93–100 %) and false-negative rates of SLNB (3–6.8 %) were not

worse in T2 and T3 tumors than those of T1 tumors [22–25]. In one study of

218 patients with T2 and T3 tumors and in the other study of 48 patients with tumor

larger than 3 cm, both with negative SLN and not receiving ALND, none of the

patients developed isolated axillary recurrence at a median follow-up of 31 months

and 43 months, respectively [26, 27]. Based on the findings in these studies, it

seems that SLNB is as accurate an axillary staging procedure in T2 and T3 breast

cancers as in T1 cancers.

In addition, the sensitivity of AUS in detecting lymph node metastasis has been

shown to increase as the tumor size increases. Koelliker et al. reported the sensi-

tivity of ultrasound for T1, T2, T3, and T4 tumor was 56 %, 64–73 %, 82 %, and

100 %, respectively, and Somasundar et al. reported 35 % and 67 % for T1 and T2

tumors, respectively [11, 28]. This could be explained by larger metastasis depos-

iting in lymph nodes of larger cancer, which make it easier to be detected by AUS

[10, 13]. As mentioned previously, pre-SLNB evaluation of the axillary lymph node

by ultrasound will help to decrease the false-negative rate of SLNB. The study by

Sato et al. demonstrated that the false-negative rate of SLNB for all 262 patients and

208 patients with negative ultrasound was 10.8 % and 1.7 %, respectively, while for

23 patients with T3 tumors and 6 patients with T3 tumors but negative ultrasound,

the false-negative rate was 35.7 % and 0 %, respectively [14]. Therefore, AUS is

helpful for axillary staging in large tumor. Either the metastatic lymph node can be

identified preoperatively, or accuracy of SLNB can be ensured by negative AUS.

6.5 Negative Ultrasound Indicates Fewer Nodal Metastases

Reports also suggest that when AUS or US-FNAC reveals negative axillary lymph

node status, the chance of having more than three positive lymph nodes or tumor

deposits in the lymph node>5 mm is low. The study by van Rijk et al. demonstrated

that patients, whose axillary lymph node involvement was diagnosed by preoper-

ative US-FNAC, had more positive nodes than patients whose axillary lymph node

involvement could not be detected by US-FNAC (mean 4.3 vs. 2.2, median 3 vs.1.5;

p< 0.001) [9]. The study by Bonnema et al. also demonstrated that the chance to
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detect metastatic lymph nodes by US-FNAC was higher when there were four or

more positive nodes compared with when there was only one positive node [4]. In

Swinson et al.’s series, none of 14 cases with micrometastasis (0.2–2 mm) of the

lymph node were detected by US-FNAC, but 38 of 102 (37 %) cases with lymph

node metastasis larger than or equal to 2 mmwere detected by US-FNAC [13]. Fifty

percent of cases with more than three positive nodes were detected preoperatively

by US-FNAC, while only 15 % of cases with one positive node were diagnosed by

US-FNAC. In this series, 278 of 369 (75 %) breast cancers were detected by

screening. In a series of 286 patients having negative AUS before SLNB, 32 % of

patients have positive SLNs of macrometastasis or micrometastasis and 9.2 % of

286 patients might have positive non-SLNs. The mean and median numbers of

positive nodes (SLNs plus non-SLNs) were 1.7 and 1, respectively [29].

6.6 How to Find the Lymph Node in Axillary Ultrasound

To increase the percentage of metastatic lymph nodes diagnosed preoperatively,

one needs to know how to visualize a lymph node. In the early reports, the

percentage of the lymph node visualized in axillae was only 35–37 % [5, 8],

while in more recent reports, it was 100 % [9]. A normal lymph node has a central

fatty hilum and thin cortex, which sometimes is hard to detect from the surrounding

fatty tissue of the axilla (Fig. 6.2). To find a lymph node, or even an SLN, in the

axilla, one also needs to be aware of the frequent location of an SLN. In 98.4 % of

our 974 patients, the hotspot detected on the axilla skin before SLNB was located in

the area demarcated by the four landmarks of the hairline, a line tangential to and

2 cm below the center of the hairline, the lateral border of the pectoralis major

muscle, and the midaxillary line (Fig. 6.1) [30].

6.7 Ultrasound Criteria of Metastatic Lymph Nodes

The diagnostic criteria of a metastatic lymph node by ultrasound vary among

reports [2–4, 7–9, 11, 12, 31]. The following characteristics may suggest that a

lymph node could be metastasized: the absence of or narrow fatty hilum, an

eccentrically or concentrically increased thickness of cortex (more than 2 mm),

an atypical cortex appearance (echo poor, inhomogeneous), and the ratio of longi-

tudinal to transverse axis less than two (Fig. 6.2). In addition, if ultrasound

examination is done after excisional biopsy, a benign axillary lymph node may

look suspicious (with increased thickening of cortex) [7].

In one study using ultrasound alone without biopsy to evaluate axillary status,

Sato et al. chose the absence of the hilum as the criteria of lymph node involvement
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[14]. In 54 patients with abnormal ultrasound, 50 had lymph node metastasis and in

208 patients with normal ultrasound; only 62 had lymph node involvement. The

PPV, sensitivity, and specificity calculated from these data were 93 %, 45 %, and

97 %, respectively. Maximum cortex thickness was the most significant feature in

the study by Deurloo et al. to predict lymph node metastasis [8]. To obtain a high

sensitivity at 95 %, and a low specificity at 44 %, a maximum cortex thickness of

2.3 mm was shown to be the most important criteria for biopsy. In a recent study by

Koelliker et al., the PPV for the absence of the hilum, eccentric hilum, hypoechoic

C. mid axillary line

96.6%

Pectoralis muscle

Latissimus Dorsi 

muscle

A. hair line

B. 2cm below hair line

Pectoralis muscle

Latissimus Dorsi Muscle

hair line

Fig. 6.1 Frequent locations

of axillary sentinel

lymph node
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Fig. 6.2 Ultrasound images and photos of benign and suspicious axillary lymph nodes (a) A

benign lymph node on AUS with thin cortex (b) Benign lymph node on AUS (c) Cut surface of a

benign lymph node (d) A suspicious lymph node with thickened cortex (7 mm) (e) Cut surface of a

lymph node with thickened cortex (f) A metastatic lymph node characterized by loss of the fatty

hilum with rounding appearance (g) Cut surface of a metastatic lymph node
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cortex, and thick or lobular cortex was 100 %, 94 %, 97 %, and 73 %,

respectively [11].

In a study using ultrasound-guided CNB, the sensitivity of ultrasound to diag-

nose a metastatic lymph node based on the cortical thickening, the absence of the

fatty hilum, and the nonhilar blood flow was 79 %, 33 %, and 65 %, respectively,

and the PPV was 73 %, 93 %, and 78 %, respectively [3]. With the cortical thickness

cutoff point set at 3 mm, the sensitivity and specificity of this parameter for the

detection of metastatic nodes were 95 % (61 of 64 patients) and 6 % (2 of

36 patients), respectively. If 4 mm was used as the cutoff point, sensitivity

decreased slightly to 88 % (56 of 64 patients) and specificity increased to 42 %

(15 of 36 patients). Of the 191 needle-localized nodes, Cho et al. used a cutoff point

of a cortical thickness of 2.5 mm and achieved a sensitivity of 85 % and specificity

of 78 %. When AUS is negative, the chance of having positive node was about

11% [32].

6.8 Application of Axillary Ultrasound If Neoadjuvant

Chemotherapy Is Not Planned

Based on the above studies, loss of the fatty hilum has the highest PPV in predicting

positive lymph node. While different thickness of cortex will yield different values

of sensitivity, specificity, NPV, and PPV, one may choose different criteria

depending on how to apply AUS. For example, if a metastatic lymph node needs

to be ruled out, a lymph node with loss of the fatty hilum or a cortical thickness

more than 2 mm will receive US-FNAC. If the cytology is negative, SLNB will be

done to confirm the status of axillary lymph node. With these criteria, the NPV will

be the highest and the chance of having a metastatic lymph node will be the lowest.

Hence, when AUS is negative and neoadjuvant chemotherapy is not planned, one

can plan immediate reconstruction after mastectomy, and there is no need of

intraoperative SLN examination (no unanticipated ALND, which is helpful for

scheduling surgery) if breast-conserving treatment is planned and will be more

comfortable to follow Z0011 conclusion to omit ALND when there are no more

than two positive SLNs (Fig. 6.3a). If AUS reveals a suspicious lymph node and

US-FNAC proves the node to be metastatic, SLNB can be spared if mastectomy is

planned. If breast-conserving surgery is planned in a patient with suspicious AUS or

positive US-FNAC but the lymph node is not palpable before US-FNAC, some

people still think ALND can be spared if positive SLNs are not more than two, since

only patients with palpable axillary nodes, but not patients with positive AUS, were

excluded in Z0011 trial.
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6.9 Axillary Ultrasound for Guiding SLND Before or After

Neoadjuvant Chemotherapy

The 2014 American Society of Clinical Oncology (ASCO) SLNB guideline rec-

ommends that SLNB may be offered before or after neoadjuvant systemic therapy

but states that SLNB seems less accurate after neoadjuvant systemic therapy [1]. In

( ) ( )

( )( )

( )( )

Fig. 6.3 Flowchart of proposed algorithm using ultrasound in conjunction with SLNB for axillary

staging among patients receiving primary surgery or neoadjuvant chemotherapy (a) Neoadjuvant

chemotherapy (NCT) not considered. AUS axillary ultrasound, BCS breast-conserving surgery,

US-FNAC ultrasound-guided fine-needle aspiration cytology, CNB core needle biopsy, SCNB
sentinel lymph node biopsy, ALND axillary lymph node dissection (b) Neoadjuvant chemotherapy

(NCT) considered

6 Ultrasound for Axillary Staging 85



general, when SLNB is done before neoadjuvant chemotherapy and SLN is nega-

tive, axillary staging is not necessary after neoadjuvant chemotherapy; while if SLN

is positive, ALND is usually recommended after chemotherapy. The rationale of

doing SLND after neoadjuvant chemotherapy is that about one-third of positive

nodal status before chemotherapy will be converted to negative nodal status after

chemotherapy. SLND done after neoadjuvant chemotherapy may save these

patients from ALND.

Axillary ultrasound is helpful in guiding whether SLNB should be done before

or after neoadjuvant chemotherapy. If AUS is negative, the chance of having

positive SLNs is relatively low, and it would be reasonable to proceed with

SLNB. Even there are positive SLNs, if the number of positive nodes is not more

than two and breast-conserving treatment is planned after neoadjuvant chemother-

apy, ALND may still be waived according to the conclusion of Z0011 study [33]. If

AUS or ultrasound-guided biopsy is positive before neoadjuvant chemotherapy,

one may consider SLNB after neoadjuvant chemotherapy.

The SENTINA study investigated the feasibility of SLNB before and after

neoadjuvant chemotherapy [34]. It included 1,737 patients undergoing at least six

cycles of an anthracycline-based chemotherapy. Among them, 76 % had T2 tumor,

6.4 % had T3 tumor, and 14.2 % had unknown tumor size; 1,022 patients were

clinically node negative and 715 patients were clinically node positive. Clinical

lymph node status was evaluated preoperatively by palpation and ultrasound.

Palpable nodes were considered as negative nodal status if ultrasound showed

benign-look lymph nodes. Basically, clinically node-negative status means nega-

tive AUS in SENTINA study. No uniformly standard for sonographic lymph node

assessment is described in SENTINA. Lymph nodes were classified as suspicious if

the hilum/cortex ratio >2:1 or total loss of the hilum.

Immunohistochemical staining of SLN was not required in SENTINA. Only

25 % of patients had FNA cytology or core needle biopsy confirmation for their

positive nodal status. Of the 1,022 patients, who had negative AUS and underwent

SLNB before neoadjuvant chemotherapy, 65 % had negative SLN. The IDR of

second SLNB in patients who had positive sentinel nodes before neoadjuvant

chemotherapy and had a second SLNB procedure after neoadjuvant chemotherapy

was 76.2 % or 52.9 % with dual tracers (isotope and blue dye) or isotope only,

respectively. Although 70.8 % had negative node revealed by second SLNB, the

FNR of second SLNB was as high as 51.6 %.

Some previous studies support that SLNB alone seems feasible after

neoadjuvant chemotherapy [35–40]. However, the identification rates and false-

negative rates vary widely among different studies due to inclusion of patients of

different stages and different nodal status before neoadjuvant chemotherapy. Three

recent studies reported the application of AUS related to SLNB after neoadjuvant

chemotherapy in patients presenting with positive axillary nodes.

Among the 715 patients presenting with initially suspicious nodes on AUS in

SENTINA study, 17 % had persistent suspicious nodes after neoadjuvant chemo-

therapy and underwent ALND directly after neoadjuvant chemotherapy. AUS

converted from positive to negative after neoadjuvant chemotherapy in 83 %
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(592/715) of patients. The IDR of SLNB was 80 % (474/592) and FNR was 14.2 %

(32/226) in these 474 patients who had successful SLNB. Of the 474 patients,

248 (52.3 %) had negative node and 226 (47.7 %) were node positive.

The FNR of SLND is significantly related to the number of resected sentinel

lymph nodes in these patients who converted from node-positive to node-negative

status on AUS after neoadjuvant chemotherapy and then underwent SLNB. The

false-negative rate was 24.3 % for patients who had only one sentinel node

removed, 18.5 % for patients who had two removed, and less than 10 % for patients

who had three or more sentinel lymph nodes removed (9.6 % for patients who had at

least two SLNs removed). The false-negative rate was also lower, although not

significant in multivariate analysis, for 389 patients who underwent SLNB with

dual tracers (isotope and blue dye) compared with 164 patients who received

isotope alone (8.6 % vs. 16.0 %). But dual tracer was associated with a significant

increase in the IDR (87.8 % vs. 77.4 %).

ACOSOG Z1071 trial included 701 eligible patients with cN1 (disease in

movable axillary lymph nodes, 663 patients, T1 and T2 69 %, T3 and T4 30 %)

or cN2 (disease in fixed or matted axillary lymph nodes, 38 patients) at presentation

documented by fine-needle aspiration biopsy or core needle biopsy [41]. Seventy-

four percent of patients received neoadjuvant chemotherapy with both

anthracycline and taxane. The FNR of SLNB after neoadjuvant chemotherapy

was 12.6 %. FNR significantly decreased when dual tracers (isotope and blue

dye) were used for mapping (P¼ 0.05; FNR, 10.8 % dual tracer vs. 20.3 % single

tracer) and when at least three SLNs were obtained (P¼ 0.007; FNR, 9.1 % for �3

SLNs vs. 21.1 % for 2). Multivariate analysis revealed that no other factors, such as

chemotherapy duration, dual or single mapping agents, single or multiple injection

sites, pre-chemotherapy tumor size, and lymph node status after chemotherapy,

would affect the FNR of SLNB, once the number of SLNs harvested (2 vs. �3) was

accounted for.

In Z1071 trial, 611 patients had an AUS examination before SLNB after

neoadjuvant chemotherapy [42]. The AUS images were submitted for central

review by a single radiologist. A lymph node was considered suspicious if the

cortex was either focally or diffusely thickened (>3 mm thick) and the fatty hilum

was deformed or absent, which is not quite different from the criteria of suspicious

node in SENTINA. In the 470 cN1 patients with a post-chemotherapy AUS

(negative or positive nodal status) and at least two SLNs removed, FNR of SLNB

was 12.6 %. If only patients with post-chemotherapy normal AUS would have been

selected for SLNB surgery with resection of at least two SLNs, the FNR would be

9.8 %.

There were no difference of clinical N stage at presentation, completion of all

chemotherapy, the number of SLNs removed, and the number of additional axillary

lymph nodes removed between patients with normal lymph nodes and those with

suspicious nodes on AUS. Patients with post-chemotherapy suspicious nodal status

on AUS were more likely to have positive nodes after neoadjuvant chemotherapy,

two or more positive SLNs, additional positive nodes, greater number of involved

nodes, and larger median SLN metastasis size, than patients with normal AUS
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findings. In patients with a normal AUS, 8.6 % had more than two positive SLNs. In

patients with a normal AUS but positive SLNs, 62.6 % had no additional positive

nodes in the ALND specimen.

SN FNAC study enrolled patients with T0-T3, N1-2, and M0-X breast cancer

and biopsy-proven node-positive status receiving neoadjuvant chemotherapy

[43]. Among them, 50 % were T2, 40 % were T3, 96 % received both anthracycline

and taxane, and 57 % were ER or PR positive and Her2 negative. AUS before and

after neoadjuvant chemotherapy was performed. Immunohistochemical staining of

SLN was included in pathological examination of SLN, and SLN metastases of any

size, including isolated tumor cells, were considered positive. The SLN identifica-

tion rate was 87.6 %, and the FNR was 8.4 %. If isolated tumor cells in SLN had

been considered negative nodal status, the FNR would have increased to 13.3 %.

The average number of SLNs removed was 2.7. Although the size of SLN metas-

tases did not correlate directly with the rate of positive non-SLNs, but the average

number of residual positive nodes in the ALND after positive SLNs with isolated

tumor cells, micrometastasis or macrometastasis after neoadjuvant chemotherapy

was 0.7, 0.5, and 2.8, respectively. If only one SLN was obtained, the FNR

increased to 18.2 %. In the presence of two or more than two SLNs, the FNR of

SLNB decreased to 4.9 %. The FNR of SLNB mapping with dual tracers (isotope

and blue dye) and single tracer (radiocolloid) was 5.2 % and 16.0 %, respectively,

but the difference was not significant. AUS was also done before and after

neoadjuvant chemotherapy. Its impact was not reported.

Based on the above three trials, harvesting only one SN is associated with a high

FNR (SN FNAC, 18.2 %; ACOSOG Z1071, 31.5 %; SENTINA, 24.3 %) of SLNB

done after neoadjuvant chemotherapy in patients with node-positive breast cancer.

In the above three trials, 20–31 % of patients had only one SLN harvested [33, 41,

43]. As there is probably no way to increase the number of harvested SLNs, patients

with only one SLN harvested after neoadjuvant chemotherapy better proceed to

ALND. The FNR for patients with two or more than two SLNs and SN metastases

>0.2 mm was 11.5 % in SN FNAC study, which is close to the FNR of 12.6 %

reported in the ACOSOG Z1071 trial but much lower than the 18.5 % in SENTINA

patients who had two removed (less than 10 % for patients who had three or more

sentinel lymph nodes removed in SENTINA).

By applying immunohistochemical staining in the pathologic evaluation of the

SLNs and considering SLN metastases of any size as positive, FNR becomes 8.4 %

in SN FNAC trial. While immunohistochemical staining of SLN decreased the FNR

in the SN FNAC study, it was not mandatory in both SENTINA and Z1071 trials.

The FNR of SLNB with resection of at least two SLNs in node-positive patients

with negative AUS after neoadjuvant chemotherapy was 9.6 % in SENTINA trial

and 9.8 % in Z1071 trial. In both trials, AUS was done after neoadjuvant chemo-

therapy but before SLNB. Patients with suspicious nodal status on AUS in

SENTINA trial will undergo ALND directly without SLNB. The percentage of

patients with positive nodes revealed by ALNDwas not reported in SENTINA trial.

In this situation, one would use stricter criteria of AUS to select patients with

positive nodal status for ALND. Although the AUS criteria of the suspicious node
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used in SENTINA trial (criteria of suspicious lymph node: hilum/cortex ratio >2:1

or total loss of the hilum) and Z1071 trial (criteria of suspicious node: the cortex

was either focally or diffusely thickened (>3 mm thick) and the fatty hilum was

deformed or absent) seem not very different, the central review by single radiologist

would probably still use a stricter criteria, e.g., a thinner cortex, to define a negative

nodal status [34, 42]. In SN FNAC study, AUS nodal status was also evaluated but

not considered in the calculation of FNR of SLNB.

In summary, for patients with positive nodal status undergoing neoadjuvant

chemotherapy, AUS should be performed before SLNB after neoadjuvant chemo-

therapy. Only patients with negative AUS can be considered to undergo SLNB

alone after neoadjuvant chemotherapy. ALND should be considered not only for

patients with micrometastatic or macrometastatic SLNs but also in patients with

isolated tumor cells in SLN. Patients with only one SLN harvested after

neoadjuvant chemotherapy better proceed to ALND. Dual tracer with isotope and

blue dye should be used for SLNB mapping (Fig. 6.3b).
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Chapter 7

One-Step Nucleic Acid Amplification (OSNA)

Assay for Primary Breast Cancer

Seigo Nakamura and Katsutoshi Enokido

Abstract Recently, sentinel lymph node biopsy (SLNB) has become a standard

procedure for N0 breast cancer. OSNA (one-step nucleic acid amplification,

SYSMEX) is an automated assay system using cytokeratin 19 mRNA to detect

lymph node metastasis of breast cancer in 30–40 min. OSNA has already been

approved by health insurance in Japan since 2008.

For the next step, the feasibility of the OSNA assay in breast cancer patients

treated by PST has been confirmed under multicenter trial; we compared the

judgment of the OSNA assay and of pathological examination on lymph nodes

dissected after receiving PST to evaluate the performance of the OSNA assay. The

overall concordance rate between the OSNA assay and pathological examination

was 91.1 % (275/302) with sensitivity of 88.3 % (53/60) and specificity of 91.7 %

(222/242) (Osako et al. British Journal of Cancer (2013) 109, 1693–1698). These

results are very similar to those of the Japanese clinical validation study in breast

cancer patients without receiving PST which was conducted by the almost same

protocol (Tamaki Y, et al. Clin Cancer Res, 2009, 15: 2879–2884). These results

indicate the OSNA assay can be applicable for breast cancer patients after receiving

PST as well as breast cancer patients without receiving PST.

The status of residual cancer burden in SLN after PST has been assumed as one

of prognostic factors. Therefore, the accurate measurement of cancer burden using

OSNA is a promising method especially in the setting of PST.

At the present, the prospective clinical trial has been conducted to assess local

recurrence rate and disease-free survival (DFS) of patients with OSNA negative

without ALND after PST. The study is also focusing on the inclusion criteria for

SNB among the cases of positive to negative change in preoperative imaging.
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7.1 Introduction

The one-step nucleic acid amplification (OSNA) method is an increasingly used

procedure for intraoperative analysis of sentinel lymph node (SLN) status in breast

cancer patients (Fig. 7.1) [1–5]. It measures cytokeratin 19 (CK19) mRNA copy

numbers in homogenized samples of SLN; CK19 has been chosen for identifying

node metastasis because most breast cancers express this molecule [6–9].

Pooled analysis of recent studies comparing OSNA with pathology indicated

that OSNA is as accurate as pathology (96.3 % concordance rate) and is useful for

making the decision to omit axillary dissection for OSNA-negative patients (97.4 %

negative predictive value) [10, 11]. The advantage of OSNA over pathology is that

the former allows the semiquantitative evaluation of total tumor volume in the node

when a whole node is examined. OSNA is expected to be a powerful tool for the

estimation of risk of non-sentinel lymph node metastasis and also patient

prognosis [12].

7.2 Comparison Between OSNAMethod and Conventional

Sentinel Lymph Node Biopsy

Recently, sentinel lymph node biopsy has become a standard procedure for N0

breast cancer [12, 13]. Though accurate assessment of metastasis in sentinel lymph

nodes (SLNs) of breast cancer is important, it causes a heavy workload for

pathologists.
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OSNA (one-step nucleic acid amplification, SYSMEX) is a new automated

assay system using cytokeratin 19 mRNA to detect lymph node metastasis of breast

cancer in 30–40 min.

A multicenter clinical trial was conducted to evaluate the accuracy of the system

in Japan, and OSNA has already been approved by health insurance since 2008.

In the first clinical trial, axillary lymph nodes obtained by axillary dissection

were sectioned into four pieces, two of which were examined with the OSNA assay.

The other two adjacent pieces were examined with H&E and immunohistochemical

staining of cytokeratin 19. Serial sections at 0.2-mm intervals were used in the first

trial (trial 1) to determine the specificity of the OSNA assay [10].

In the next trial (trial 2), three surfaces of the two blocks in 1.0–2.0-mm intervals

from ordinal SLNs were used to compare the accuracy of the OSNA assay with that

of a routine pathologic examination.

In trial 1, the sensitivity and specificity were 95.0 % (95 % confidence interval

(95 % CI), 75.1–99.9 %) and 97.1 % (95 % CI, 91.8–99.4 %), respectively, for

124 axillary lymph nodes obtained from 34 patients.

In trial 2, the agreement between findings of the assay and of the concordance

rate was 92.9 % (95 % CI, 90.1–95.1 %) in 450 axillary lymph nodes. Positive

predictive value of macrometastasis by OSNAþþ was 96.4 % in 164 patients [14].

Therefore, OSNA using CK19 mRNA is the appropriate method to examine

SLN with enough rapidness to apply to intraoperative diagnosis.

Moreover, new findings are anticipated by estimating the volume of metastasis

foci based on by OSNA. If CK19 mRNA copy numbers were fewer than 100 copies

per μl of lysate, the result was designated as negative (pN0), whereas copy numbers

• OSNA stratifies metastasis into (++), (+) and (-)
  with specific cutoff values.

CK19 mRNA (copies/uL) OSNA Judgment

≥ 5,000 ++
Posi�ve

≥ 250, < 5,000 +

< 250 - Nega�ve

Fig. 7.2 Semiquantitative judgment
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between 100 and 250 copies per μl of lysate were designated as ITC. Copy numbers

between 250 and 5000 copies per μl of lysate were designated as micrometastases,

and more than 5,000 copies per μl of lysate were designated as macrometastases,

per the manufacturer’s recommendations (Fig. 7.2). In terms of equivalence to the

results obtained by IHC, an OSNA-negative result is consistent with negative

histology or with the presence of ITC, which were scored as pN0 and N0(iþ),

respectively [15–17].

7.3 OSNA Method in Several Clinical Guidelines

OSNA method in breast cancer has been approved by public health insurance in

Japan since 2008. It is applicable in the field of gastric cancer and colon cancer [17–

21]. Therefore, it has been covered by health insurance in gastric and colon cancer

since 2013. In the clinical practice guideline by the Japanese Breast Cancer Society,

OSNA method has been acquired recommendation grade of “A” as the same

capability as pathological examination (H&E staining) [22]. It means few false

negatives, high specificity compared with IHC. And the quantification of CK19

mRNA could have determined the cutoff values of macro- versus micrometastasis.

The most important advantage of this method is the reduction of the burden on

pathologists and laboratory operators.

UK NICE (National Institute for Health and Care Excellence) approved OSNA

in Diagnostics Guidance 8 (published in August 2013). In their guidance, patients

with early stage invasive breast cancer are recommended to use the OSNA method

for measurement of the whole lymph node as a method for intraoperative analysis

for sentinel lymph node metastasis.

7.4 TTL

There are several models to predict non-sentinel lymph node (NSLN) metastasis in

the case of a positive sentinel lymph node (SLN) to avoid unnecessary dissection of

axillary nodes. Although the American College of Surgeons Oncology Group

Z0011 trial has defined a select cohort of patients in whom a completion axillary

lymph node dissection (cALND) may be safely omitted, there are still a number of

patients where prediction of non-SLN metastasis may be helpful for cALND

decision-making. Multiple studies suggest that specific pathologic characteristics

of the primary tumor and the SLN metastases are associated with an increased

likelihood of additional positive non-SLN. Our study showed a whole-node anal-

ysis of non-sentinel lymph nodes (NSLNs) using the OSNA method in SLN

metastasis-positive breast cancer patients. The rates of non-SLN metastasis posi-

tivity in those with SLN micrometastasis and macrometastasis were 44 % and 48 %,

respectively, and this difference was not significant. When the study of non-SLN
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metastasis positivity was focused only on macrometastases, the rates of non-SLN

metastasis positivity in patients with SLN micrometastasis and macrometastasis

were 19 % and 22 %, respectively, and there was no significant difference

[23]. Total tumoral load (TTL) in the SLNs assessed by OSNA is a predictive

factor for additional non-SLN metastasis in the axillary lymph node dissection

(ALND) [24, 25]. The objective was to develop a nomogram that predicts patient’s
risk of additional non-SLN metastasis incorporating TTL in the SLNs assessed by

OSNA. Six hundred and ninety-seven consecutive patients with positive SLN

evaluation by OSNA and a completion ALND were recruited. Pathologic features

of the primary tumor and SLN metastases, including TTL, were collected. Multi-

variate logistic regression identified factors predictive of non-SLN metastasis. A

nomogram was developed with these variables and validated in an external cohort.

On multivariate logistic regression analysis, tumor size, number of affected SLN,

Her2 overexpression, lymphovascular invasion, and TTL were each associated with

the likelihood of additional NSLN metastasis ( p< 0.05). The overall predictive

accuracy of the nomogram, as measured by the AUC, was 0.7552 (95 % CI

0.7159–0.7945). When applied to the external cohort, the nomogram was accurate

with an AUC ¼ 0.678 (95 % CI 0.621–0.736). This novel nomogram that incorpo-

rates TTL assessed by OSNA performs well and may help clinicians to make

decisions about ALND for individual patients. Moreover, the standardization of

pathologic assessment by OSNA may help to achieve interinstitutional reproduc-

ibility among nomograms [26].

7.5 Significance of OSNA in Preoperative Systemic

Therapy

The OSNA assay has been validated for breast cancer patients without receiving

preoperative systemic therapy (PST) by several clinical studies and has currently

become more popular as sentinel lymph node (SLN) examination method with the

following two main advantages, (1) to allow examination of the whole portion of a

node and (2) to allow intraoperative judgment of metastasis positive or negative

[27, 28]. However, the feasibility of the OSNA assay in breast cancer patients

treated by PST has never been confirmed. Therefore, multi-central clinical study

was conducted in Japan [29].

In total, 302 lymph nodes from 80 breast cancer patients who underwent axillary

dissection after chemotherapy were analyzed. Each node was cut into two or four

slices. One piece or alternate pieces were evaluated by pathology, and the other

(s) was examined using the OSNA assay. The results of the two methods were

compared. The overall accuracy, sensitivity, and specificity of the OSNA assay

compared with the reference pathology were 91.1 %, 88.3 %, and 91.7 %, respec-

tively. Of the 302 lymph nodes, 66 (21.9 %) exhibited chemotherapy-induced

histology. For these nodes, the accuracy, sensitivity, and specificity were 90.9 %,
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88.9 %, and 93.3 %, respectively. Therefore, the OSNA assay can detect the

residual tumor burden as accurately as conventional pathology, although

chemotherapy-induced histological changes are present. There was another multi-

center prospective study performed in Japan from September 2011 to April 2013 in

Japan. One hundred one breast cancer patients with positive axillary nodes, proven

by ultrasound-guided fine needle aspiration, were entered (Fig. 7.3). After the

confirmation of patients as clinically node negative by preoperative imaging fol-

lowing NAC, all patients underwent breast surgery, with SNB and complete

axillary lymph node dissection. The sentinel lymph nodes were examined by

hematoxylin-eosin staining, immunohistochemical analysis, or one-step nucleic

acid amplification assay (OSNA). The false-negative rate and detection rate were

analyzed, among the 101 patients analyzed. All cases presented with invasive

ductal carcinoma, with a mean tumor size of 3.4 cm. Thirty-six cases were hormone

receptor (HR) positive and HER2 negative (luminal subtype), 14 cases were HR

positive and HER2 positive (triple-positive subtype), 27 cases were positive for

HER2 (HER2-enriched subtype), and 24 cases were triple negative. After

neoadjuvant chemotherapy, a complete clinical response in the primary tumor

was seen in 24.8 %(25/101), a partial response in 66.3 %(67/101), and no response

in 7.9 %(8/101). Pathological complete response of primary tumor was 39.6 %. The

pathological complete nodal response rate was 42.2 %. The sentinel lymph node

Indica�on for 
neoadjuvant

chemotherapy

N-

SLNB

pN0(sn)

PST

No Ax

pN1(sn)
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SLNB
Ax

N+
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CP* SNB
By OSNA

Fig. 7.3 SNB by OSNA trial in neoadjuvant setting
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could be identified in 91 of 101 cases (90.1 %). The identification rate according to

the subtype was 88.9 % (32/36) of patients with luminal subtype, 100 %(14/14) of

those with triple-positive subtype, 85.2 % (23/27) of those with HER2-enriched

subtype, and 91.7 % (22/24)% of those with triple-negative breast cancer subtype.

The false-negative rate was 35.7 % (5/14) for luminal subtype, 0 % (0/8) for triple-

positive subtype, 5.0 % (1/20) for HER2-enriched subtype, and 7.7 % (1/13) for

triple-negative subtype (P¼ 0.03) (Fig. 7.4). Therefore, SNB following NAC in

patients with node-positive breast cancer was found to be technically feasible but is

not recommended for the luminal subtype. However, it might be safely considered

in selected patients, those with triple-positive subtype, HER2-enriched subtype, and

triple-negative subtype breast cancers.

Fig. 7.4 False-negative rate in N+ tp N� after neoadjvant chemotherapy

BCS patients
Low High

Axillary recurrence risk

No further surgery ALND

OSNA

Fig. 7.5 Personalized axillary treatment by OSNA
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7.6 Future Perspectives

OSNA is an alternative method to diagnose metastasis in sentinel lymph node.

And it can assess the volume of metastatic cancer cells more accurately than

conventional IHC examination. But it is still unknown whether the copy number is

correlate DFS or OS. Therefore, registration trial for long-term follow-up will be

warranted.

Even within 1 mm lymph node metastasis might be the same potential of

recurrent risk especially after neoadjuvant chemotherapy [30]. Therefore, the

prospective clinical trial has been conducted to assess local recurrence rate and

disease-free survival (DFS) of patients with OSNA negative without ALND after

PST. The study is also focusing on the inclusion criteria for SNB among the cases of

positive to negative change in preoperative imaging.
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Chapter 8

Management of the Clinically Node-Negative

Axilla in Primary Breast Cancer

Abdul Q. Alarhayem and Ismail Jatoi

Abstract Axillary lymph node status is an important prognostic factor in patients

with primary breast cancer. Yet, management of the axilla in these patients has been

controversial. Sentinel lymph node biopsy (SLNB) is a less morbid procedure with

similar survival and recurrence when compared to axillary lymph node dissection

(ALND) and has emerged as the standard of care for staging patients with clinically

node-negative disease. The results of three randomized trials seem to suggest that

completion ALND may not be necessary in all women with T1/T2 tumors that have

sentinel node-positive tumors and a low burden of axillary disease. However, while

patients with isolated tumor cells or micrometastatic disease in the sentinel node

may forego further axillary treatment, we believe that those with macrometastatic

disease on SLNB should undergo additional axillary treatment (either ALND or

radiotherapy) until further evidence defining which patients may benefit from

observation alone emerges.

Keywords Breast cancer • Axilla • Radiotherapy • Surgery

8.1 Background

Since antiquity, physicians have debated whether primary breast cancer is a local or

systemic disease at inception. Galen viewed breast cancer as a systemic disease

arising in the setting of excess “black bile” (the humoral theory), and this theory

predominated until the end of the eighteenth century [1, 2]. At that time, French

surgeons Jean-Louis Petit and Henri François Le Dran argued that breast cancer

was a local disease, at the root of which were enlarged lymphatic glands. During the

nineteenth century, German pathologist Rudolf Virchow’s analysis of postmortem

dissections led him to conclude that lymph nodes were indeed the nidus for the

distant spread of epithelial cancers and suggested lymph node dissection be incor-

porated into the surgical management of all patients with breast cancer [3].
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In the late nineteenth century, William Halsted incorporated the tenets of

Virchow’s hypothesis and proposed the radical mastectomy as the operation of

choice for the treatment of primary breast cancer [4]. In this operation, the tumor-

containing breast, underlying pectoral muscles, and ipsilateral axillary contents

were removed en bloc. The radical mastectomy remained the standard surgical

treatment of primary breast cancer from the late nineteenth century until about the

second half of the twentieth century and was very effective in achieving local

control. If, in keeping with Virchow’s hypothesis, breast cancer progressed in an

orderly fashion from the breast to the axillary lymph nodes and then to distant sites,

then resection of a node-negative cancer should have been curative. Yet, long-term

follow-up of patients treated with the radical mastectomy revealed that 30 % of

node-negative breast cancer patients died of metastatic disease [5].

In the early 1960s, Bernard Fisher argued that breast cancer was systemic at

inception. Fisher disputed the impact of the radical mastectomy on overall survival,

attributing the apparent survival advantage to the fact that patients in the latter half

of the twentieth century were seeking medical attention sooner than women a

century prior, and harbored smaller tumors. He subsequently developed random-

ized trials comparing less aggressive, breast-conserving surgical treatments to

mastectomy [6, 7].

8.2 Significance of Lymph Node Metastasis

There has been considerable controversy as to whether nodal metastasis is a marker of

tumor chronology or tumor biology. Mittra et al. have argued that nodal metastasis is

simply an indicator of tumor chronology. These authors have concluded that the worse

outcome in patients with node-positive versus node-negative tumors is simply due to

lead-time bias (e.g., detecting the cancer at a later point in time) [8].

Other authors argued that nodal involvement was a marker of an aggressive

phenotype and might be secondary to the accumulation of genomic aberrancies in

cancer cells [9, 10]. Jatoi et al. found nodal status to be a good predictor of outcome

after recurrence. In women with early stage breast cancer, nodal metastasis pre-

sent at the time of initial breast cancer diagnosis was associated with a shorter

interval from the time of recurrence to the time of death, when compared to patients

without nodal metastasis. Moreover, as the extent of nodal involvement at the time

of initial diagnosis increased, the interval of time from recurrence to death

decreased [11]. Younger age, higher tumor grade, larger tumor size, and

lymphovascular invasion are each predictors of lymph node metastases, and these

are also indicators of aggressive tumor phenotype [3].

However, a recent review of 2957 cases found patients with triple-negative

breast cancer, an aggressive cancer subtype, found that these patients do not have

a higher risk for nodal metastases [12].

Taken together, these studies suggest that nodal metastasis is perhaps an indi-

cator of both tumor chronology and biology. There is a correlation between tumor
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size and nodal metastasis (larger tumors are more likely to harbor nodal metastasis

than smaller tumors), which suggests that nodal metastasis is an indicator of tumor

chronology. However, nodal metastasis may occur earlier in the natural history of

the more aggressive tumors, suggesting that nodal metastasis is perhaps also a

marker of tumor phenotype [13].

8.3 Evaluation of Axillary Nodal Status

As mentioned above, nodal status remains a key determinant of overall prognosis in

patients with primary breast cancer. Yet clinical examination of the axilla is

notoriously unreliable for correct preoperative staging of the lymph nodes, with

false-positive rates approaching 30 %, even with experienced clinicians [14]. Also,

up to 30 % of clinically node-negative patients are found to have nodal involvement

following ALND (Axillary Lymph Node Dissection) [15]. Axillary staging with

surgery thus remains an important component of the care of these patients.

In developed nations, the vast majority of breast cancer patients are clinically

node negative at the time of initial diagnosis [16]. Indiscriminate total axillary

dissection therefore seems unjustified. However, inadequate axillary management

at the time of initial diagnosis may place these patients at unacceptable high risks

for axillary recurrence [14, 17].

Attempts have been made to enhance the accuracy of axillary assessment

through supplementation with ultrasound (US), combined with FNAC (Fine Needle

Aspiration Cytology) or core needle biopsy of suspicious lesions. While this

practice allows for improved preoperative assessment of lymph node status [18],

the sensitivity of US remains low when lymph nodes are non-palpable

[19, 20]. Even with the use of PET/CT, the reported mean sensitivity is 63 % and

a mean specificity of 94 %. Similar to US, in patients with non-palpable lymph

nodes, sensitivity of PET/CT is low [21]. In a meta-analysis of nine studies, MRI

was found to have a mean sensitivity of 90 % and specificity of 90 % in assessing

axillary lymph nodes [22].

8.4 Axillary Lymph Node Dissection (ALND)

The lymph nodes in the axilla are divided into three compartments based on their

anatomic relationship to the pectoralis minor muscle. Lymph nodes lateral to the

pectoralis minor muscle are classified as level I nodes, those posterior to its lateral

and medial borders are classified as level II nodes, and those medial to the muscle

are classified as level III nodes. Level III nodal dissection generally requires

dividing the pectoralis minor muscle; this is usually not done unless lymph nodes

are palpable at this level. Until recently, axillary lymph node dissection (ALND)

was standard practice for all patients with breast cancer. Not only did ALND impact
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local control (recurrence), but it was crucial to staging patients with potential

therapeutic ramifications.

A randomized study in 514 patients with T1/T2/T3 and N0/1a/1b breast cancer

undergoing mastectomy found longer operative times and greater blood loss asso-

ciated with level III dissections compared to level I nodal dissection with no

differences in OS and DFS at 10 years (level III, 89.6 % and 76.6 % vs. level I,

87.8 % and 74.1 %, respectively) [23]. Another trial randomized 1209 women with

stage II breast cancer who had undergone mastectomy to level II versus level III

axillary node dissection. Similarly, there was no difference in DFS or OS at

10 years (level II 86.6 % vs. level III 85.7 %, HR¼ 1.02; P¼ 0.931) [24].

Current practice guidelines recommend level I and II ALND with removal of ten

or more nodes. This avoids misclassification of node-positive patients as node-

negative tumors, and the number of lymph nodes removed correlates with a

reduction in the rate of subsequent axillary recurrence [25, 26].

The impact of ALND on survival and local control in patients with primary

breast cancer was assessed in two large, randomized prospective trials, the National

Surgical Adjuvant Breast and Bowel Project (NSABP)-04 and King’s/Cambridge.

In the NSABP-04 trial, 1,665 clinically node-negative patients with primary

breast cancer were randomized to no axillary treatment versus axillary radiotherapy

versus ALND. In this study, 18 % of the patients who received no initial axillary

treatment went on to develop axillary adenopathy within 5 years, subsequently

requiring an ALND. In contrast, axillary adenopathy developed in only 2 % of

patients whose axilla had initially been treated with either surgery (ALND) or

radiotherapy (RT). However, there were no significant differences in mortality in

clinically node-negative patients who received mastectomy + axillary dissection

versus mastectomy + axillary radiotherapy versus mastectomy alone.

The King’s/Cambridge trial randomized 2,243 clinically node-negative patients

to receive total mastectomy and immediate postoperative radiotherapy to the axilla

versus total mastectomy and observation of the axilla. The observation group did

not receive RT unless there was progression or recurrence of the disease in the

axilla. At 10 years of follow-up, there was no significant difference in survival

between the two groups, but there was a highly significant increased risk of local

recurrence in patients not receiving immediate postoperative RT [27].

Even after 25 years of follow-up, the B-04 trial continues to demonstrate no

significant differences in long-term mortality in clinically node-negative patients

who received mastectomy + ALND versus those who received mastectomy +

axillary radiotherapy versus mastectomy + observation of the axilla [28].

Both the NSABP-04 and King’s/Cambridge trials indicate that treatment of the

axilla (with either ALND or RT) in patients with clinically node-negative breast

cancer substantially reduced the risk of axillary relapse at 5 years (by approximately

90 %). However, permutations in the management of the axilla (delayed axillary

management versus RT versus surgery) had no effect on mortality.

Another important finding was that RT and surgical extirpation were equally

effective in achieving local control of the axilla [29].
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It may be argued that breast cancer patients enrolled in the trials discussed above

had larger cancers with greater nodal disease burden compared to patients seen

today. Approximately 15–25 % of patients today have nodal involvement at the

time of breast cancer diagnosis compared to approximately 50 % three decades ago

[30–33]. Also the majority of patients today (even those with small T1N0 tumors)

are treated with adjuvant systemic therapy, which has been shown to improve local

control [29, 34, 35].

8.5 Sentinel Lymph Node Biopsy (SLNB)

In patients with primary breast cancer who are clinically node positive (palpable

axillary nodes or histological confirmation of metastasis to the axillary nodes),

ALND is essential for local control.

However, the vast majority of patients are clinically node negative at the time of

presentation. The sentinel lymph node biopsy (SLNB) technology was introduced

as a means of assessing nodal status in these patients, while avoiding the morbidity

associated with unnecessary ALND.

Sentinel lymph node biopsy (SLNB) is based on the hypothesis that if the first

lymph node in the basin to receive lymphatic drainage from a tumor (the sentinel

lymph node) is free of metastatic tumor, then all other nodes in the basin should be

free of tumor as well, obviating the need for an ALND [36].

The first published use of SLNB was by Krag and colleagues in 1993, with an

intraparenchymal injection of radionucleotide-labeled sulfur colloid and a gamma

probe [37]. They were able to identify the SLN in 82 % of patients.

When periareolar injection of blue dye was first employed in lymphatic mapping

of the breast, it was only successful in identifying the sentinel node in two-thirds of

patients. Giuliano and colleagues found blue dye mapping SLNB could accurately

predict axillary nodal status in 95.6 % of patients [38].

A randomized prospective trial by Morrow and colleagues compared both blue

dye and radioactive colloid in combination versus the use of blue dye alone and

found sentinel node identification rates were >95 % in both groups [39].

There is consensus that dual localization methods are associated with a short

learning curve and maximize identification rates while maintaining low false-

negative rates [40–44].

SLNB has also consistently been found to be a much less morbid procedure than

the standard ALND (see Table 8.1).

Extensive axillary dissection has been associated with arm swelling and reduced

mobility. While the risk of major motor nerve injury following an ALND is<1 % in

most reports, reduced arm mobility, numbness and paresthesias, can be as high as

40 % at 1 year [45].

The Milan trial by Veronesi and colleagues randomized 512 patients to ALND

versus SLNB (with ALND only in patients with positive SLNs). Patients undergo-

ing SLNB reported significantly less axillary pain (8 % vs. 39 %), numbness (1 %
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vs. 68 %), and better overall arm mobility (0 % vs. 21 % mobility restriction) than

those randomized to the ALND arm of the trial [46].

In the NSABP B-32, SLNB was associated with significantly fewer shoulder

abduction deficits (75 % vs. 41 %; P< 0.001), lymphedema (7–9 % vs. 13–14 %),

arm numbness (31.0 % vs. 8.1 %; P< 0.001), and tingling (13.5 % vs. 7.5 %;

P< 0.001) compared to ALND [47]. In a meta-analysis of 98 prospective or

retrospective cohort studies and randomized control trials, patients undergoing

ALND were significantly more likely to develop lymphedema compared with

patients undergoing a sentinel lymph node dissection (RR¼ 3.07, 2.20–4.29) [48].

Similarly, at 12 months, the axillary lymphatic mapping against nodal axillary

clearance (ALMANAC) trial found SLNB to be associated with significantly less

lymphedema (relative risk [RR], 0.37) and sensory loss (RR, 0.37) compared to

ALND. SLNB alone was also associated with shorter time to resumption of normal

daily activities (P< 0.001), as well as improved patient-recorded quality of life and

arm functioning scores (P� 0.003) [49].

The sentinel node versus axillary clearance (SNAC) trial randomized 1,083

patients to routine axillary clearance or SLNB (followed by axillary clearance if

the SLN was positive or not detected). At 1 year, compared to routine ALND, the

Table 8.1 A summary of three non-inferiority prospective randomized trials evaluating survival

and locoregional recurrence in early stage breast cancer with low-burden axillary disease

Trial Pathology Axillary Rx

5-year survival

5-year axillary

recurrence

No

ALND ALND

No

ALND

(%)

ALND

(%)

IBCSG 23 Tumor �5 cm, N0, and

micrometastatic disease

on SLNB

SLNB

vs. ALND

OS

97.5 %

97.6 % <1 <1

DFS

87.8 %

84.4 %

OS, p¼ 0.73;

DFS, p¼ 0.16

ACOSOG

Z0011

T1/T2 N0, <3 +ve SLN SLNB

vs. ALND

OS

92.5 %

91.8 % <1 <1

DFS

83.9 %

82.2 %

OS, p¼ 0.25;

DFS, p¼ 0.14

AMAROS T1/T2 N0, <3 +ve SLN Axillary RT

vs. ALND

OS

92.5 %

93.3 % 1.19 0.43

DFS

82.7 %

86.9 %

OS, p¼ 0.34;

DFS, p¼ 0.18

AMAROS trial: The 5-year lymphedema rate was 28 % in the ALND group versus 14 % in the AR

group, p< 0.001
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SLNB group had a significant decrease in arm swelling, wound infection, impaired

shoulder motion, and numbness/paresthesia [50].

A meta-analysis of seven randomized controlled trials with a total of 9608

patients found SLNB (with completion ALND if SLNB was positive) was associ-

ated with lower rates of infection (OR¼ 0.58, P¼ 0.0011), seroma (OR¼ 0.40,

P¼ 0.0071), arm swelling (OR¼ 0.30, P¼ 0.0028), and numbness (OR¼ 0.25,

P¼ 0.0018) compared to standard ALND [51].

Based on these results, consensus statements from the American Society of

Clinical Oncology and the National Comprehensive Cancer Network recommend

initial axillary evaluation with SLND rather than ALND in patients with early stage

breast cancer who are clinically node negative. In patients with a negative SLNB,

ALND may be omitted without an adverse impact on recurrence or survival. When

metastases are identified on SLND, a completion ALND (cALND) has, until

recently, been generally recommended [52].

Numerous trials have found that patients with clinically node-negative breast

cancer who undergo SLNB have similar survival and local recurrence rates com-

pared to those who undergo standard ALND.

Veronesi et al. randomized 341 women with clinical T1N0 breast cancer and a

negative sentinel lymph node (SLN) to SLNB alone or SLNB followed by ALND.

The false-negative rate of SLNB was 5 % (8/174) when compared to ALND. At

7-year follow-up, there was no difference in local or distant recurrence between the

groups. More importantly, disease-free and overall survival was equivalent between

the two groups [46].

The NSABP B-32 trial randomized patients with clinically N0 invasive breast

cancer to either SLNB plus ALND or SLNB alone (followed by ALND only if SLNB

were positive). At 8 years, there was no significant difference in overall survival

(OS 92 %, ALND vs. 90 %, SLNB), disease-free survival (DFS 82 %, ALND

vs. 82 %, SLNB), local recurrence (P¼ 0.55), or regional recurrence (P¼ 0.22).

In a subsequent meta-analysis of 48 studies that included almost 15,000 node-

negative breast cancer patients with a tumor-negative SLNB and no subsequent

ALND, the overall axillary recurrence rate was found to be 0.3 % at a median

follow-up of 34 months [53].

Another systematic review, performed by the ASCO expert guideline panel, that

included 69 eligible trials of SLND in early stage breast cancer representing 8059

patients, was successful in identifying the SLN in 95 % of patients with a median

false-negative rate of 7.3 % [54, 55].

Taken together, these studies suggest that SLNB is less morbid than ALND and

can predict spread of tumor to regional nodes in �95 % of cases, with no adverse

effect on OS, DFS, or locoregional recurrence.

Importantly, despite SLNB being associated with a 5–10 % false-negative rate

(i.e., patients with negative SLNB who undergo ALND and subsequently found to

have disease on ALND), the rates of regional recurrence reported in the studies

mentioned above are consistently <1 % [47, 56, 57].

While the widespread use of SLNB for initial axillary evaluation in clinically

node-negative breast cancers has reduced morbidity, Ronka et al. cited an increase
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in cost associated with the procedure compared to ALND due to the need of

preoperative lymphoscintigraphy, intraoperative γ-probe use, and prolonged oper-

ative time while waiting for frozen section results [58].

Also, with up to 20 % false negatives on frozen section (see next section), a
second surgical procedure for axillary node dissection may be required [59].

Several studies however found length of hospital stay to be the primary driver of

cost and that SLNB, while involving more expensive techniques, was overall less

expensive than ALND [60].

8.6 Management of Sentinel Node-Positive Breast Cancer

Increased use of SLNB technology during the past 15 years has led to improved

techniques of histopathological analysis. The sentinel node is often subjected to a

more detailed histological examination than nodes that are harvested with ALND.

Thus, pathologists are more likely to uncover a metastatic deposit in a sentinel node

than in other nodes in the axillary basin. Although this has the potential to improve

staging accuracy, it has also given rise to a new dilemma; the detection of occult

disease in the sentinel node, namely micrometastases and isolated tumor cells. The
seventh edition of the American Joint Committee on Cancer (AJCC) defines

macrometastases as foci of tumor greater than 2.0 mm, micrometastases as tumor

deposits greater than 0.2 mm and/or more than 200 cells but less than 2.0 mm, and

isolated tumor cells (ITCs) as clusters of cells not greater than 0.2 mm or fewer than

200 cells [61].

Compared to standard ALND, SLNB using H&E staining combined with IHC is

associated with an increased detection of both macro- (42 % vs. 29 %; P< 0.03)

and micrometastatic disease (16 % vs. 3 %; P< 0.0005) [62]. In recent years, the

results of three large randomized trials have provided further insights into the

optimal management of patients with low-volume axillary disease detected on

SLNB: the IBCSG 23, the ACOSOG Z0011, and the AMAROS trials (see

Table 8.1).

8.7 IBCSG 23-01

Between 2001 and 2010, the International Breast Cancer Study Group (IBCSG)

randomized 934 patients with primary breast tumors �5 cm and with one or more

sentinel lymph nodes with micrometastases (�2 mm) and no extracapsular exten-

sion, to undergo SLNB alone versus completion ALND. Two-thirds of patients had

tumors <2 cm, more than 80 % were estrogen receptor positive, and almost all

patients (90 %) underwent lumpectomy and radiotherapy. Following serial section-

ing, evaluation consisted of either H&E staining or IHC.

In patients undergoing ALND following SLNB, the 5-year overall and disease-

free survival rates were equivalent in patients undergoing completion ALND versus

SLNB alone. Axillary recurrence was <1 % in both arms of the trial.
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Patients who underwent ALND were more likely to report lymphedema, sensory

neuropathy, and wound infection when compared to patients treated with SLNB

alone.

This trial was a non-inferiority trial and criticized for lower-than-projected event

rates and low accrual that resulted in early closure (target accrual, 1960; actual

accrual, 934) [63]. Nonetheless, the results of this trial are interpreted to mean that

ALND can be safely avoided in patients with SLNB showing micrometastases in

the sentinel node.

The development of newer SLN evaluation techniques such as immunohisto-

chemistry (IHC), molecular marking, and reverse transcriptase-polymerase chain

reaction (RT-PCR) has resulted in a dramatic increase in the detection of

micrometastatic disease in lymph nodes [64].

The clinical significance of H&E-negative IHC-positive SLN metastasis was

examined in the American College of Surgeons Oncology Group (ACOSOG)

Z0010, a prospective observational study. Of 3326 breast cancer patients with

H&E-negative SLNs, 10 % were found to have occult metastases with IHC. At a

median of 6.3-year follow-up, there was no increased risk of recurrence or death in

patients with IHC micrometastatic disease versus those without (DFS 90 %

vs. 92 %, P¼ 0.82) [65].

Similarly, in the NSABP B-32, of 3887 patients with H&E-negative SLNs,

15.9 % had IHC detectable metastases. Through 10 years of follow-up, there was

a 4 % difference in DFS (P¼ 0.02) between patients with IHC-positive and

IHC-negative SLNs, yet there was no statistically significant difference in OS

[66]. Current consensus guidelines thus advise against routine IHC testing,

recommending multilevel nodal sectioning with H&E staining alone [67, 68].

In view of these results, for patients with micrometastases on SLNB, ALND can

be safely avoided with no adverse impact on locoregional recurrence or survival.

While the IBCSG only enrolled women with micrometastatic disease on SLNB,

the ACOSOG Z0011 and the AMAROS trials were primarily dedicated to patients

with macrometastatic disease on SLNB.

8.8 ACOSOG Z0011

The Z0011 trial randomized 891 patients with early stage breast cancer (T1/T2) and

one to two positive SLNs (detected by H&E only) to completion ALND versus no

axillary treatment. All patients were treated with lumpectomy, tangential field

radiation therapy, and, when indicated, adjuvant systemic therapy.

At a median follow-up of 6.3 years, there was no difference in local or regional

recurrence between the two groups (SLNB 0.5 % and 1.6 % vs. ALND 0.9 % and

3.1 %, respectively, P¼ 0.45). Also, there was no statistically significant difference

in DFS (SLNB 83.9 % vs. ALND 82.2 %, P¼ 0.14) or OS [69].

The following considerations are important in interpreting the findings of the

Z0011:
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1. All patients received whole-breast irradiation (WBI) with opposing standard

tangential fields. Although designed to treat the breast, it’s well known that WBI

also includes a significant portion of the lower axilla in the treatment field. Based

on published data, 51 % of level I and 26 % of level II axillary nodes received

95 % of the prescribed dose [70–73]. Thus, the results of this trial can only be

applied to patients who receive lumpectomy with radiotherapy.

2. Women enrolled were low risk with favorable breast cancers (69 % T1 tumors,

83 % ER positive tumors).

3. It was a non-inferiority trial, and it was underpowered. It failed to meet its

accrual target and had lower-than-expected event rates, and almost 20 % of

patients were lost to follow-up. This is attributable to low recurrence rates in the

patient population.

4. The follow-up duration was also relatively short. ER-positive tumors are noto-

rious for metastatic “dormancy,” whereby regional recurrence does not occur for

many years after resection of the primary tumor [74].

The extent of tangential axillary radiation in the Z0011 trial was a subject of

considerable criticism. Radiation oncologists were not blinded to patients’ treat-
ment assignments and, given the lack of uniform field design, may have preferen-

tially treated patients on the SLN-only arm with high tangents to include a

component of axillary level I/level II more often than those in the ALND arm.

Detailed radiation treatment records for 228 patients were submitted for post hoc

central review, and it was determined that high tangents were used in up to 50 % of

patients and that 19 % received directed regional nodal RT using>3 fields [72, 75].

8.9 AMAROS Trial

The AMAROS (After mapping of the axilla: Radiotherapy or surgery?) trial set out

to determine if axillary radiotherapy (ART) could serve as an alternative to surgery

in patients with early stage breast cancer (T1/T2, N0) and low-volume axillary

disease. In this trial, 1,425 women with a positive SLNB were randomized to either

completion ALND or ART. About 60 % of patients had macrometastases, 29 % had

micrometastases, and 12 % had ITCs on SLNB.

In patients undergoing ALND, additional nodal disease was detected in 33 % of

patients (similar rates are expected in those undergoing ART). Median follow-up

was 6.1 years.

Axillary recurrence at 5 years was 0.43 % in the ALND group and 1.19 % in the

axillary RT group. Also, there were no significant differences in DFS (ALND,

86.9 % vs. ART, 82.7 %; p¼ 0.18) and OS (ALND, 93.3 % vs. ART, 92.5 %;

p¼ 0.34) between the two groups. At 5 years, the authors also found the rate of

lymphedema in the surgery group to be twice that of the radiotherapy group.

The AMAROS trial was not blinded, and this may have contributed to a

systematic bias whereby investigators may have been more inclined to note
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lymphedema in those undergoing ALND. Nonetheless, this difference in lymph-

edema rates did not translate into improved patient quality of life; and no differ-

ences in shoulder mobility were found between the two groups.

As in the Z0011 trial, the AMAROS trial was underpowered, and there were

fewer axillary recurrences than predicted. Patient and tumor characteristics were

also both quite favorable, as 74 % of patients had T1 tumors, 77 % had only one

positive SLN, and 40 % had only micrometastatic disease or ITCs. The authors

concluded SLNB plus axillary RT could serve as an alternative to ALND.

AMAROS also raised the question about whether omission of ALND in patients

with positive SLNB would impact adjuvant therapy decisions due the loss of

information derived from histopathological analysis of axillary contents. This was

addressed in a multivariate analysis of the factors associated with the administration

of adjuvant chemotherapy in the first 2000 women enrolled in the AMAROS trial.

Age, tumor grade, multifocality, and the size of the SLN metastasis were all

associated with the use of adjuvant systemic therapy. The extent of nodal involve-

ment was not a factor, suggesting that this decision could be based on the primary

tumor and sentinel node, not axillary contents [76].

8.10 Conclusion

In summary, the IBCSG 23-01, ACOSOG Z0011, and AMAROS trials seem to

suggest that a completion ALND may not be necessary in all women with T1/T2

tumors that are clinically node negative and have low axillary tumor burden (see

Table 8.1).

Patients with micrometastatic disease may forego axillary treatment with no

increased risk of recurrence or adverse survival effects. However, patients with

macrometastatic disease on SLNB should undergo some form of axillary treatment

(ALND vs. ART) until further evidence defining which patients may benefit from

observation alone emerges.
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Chapter 9

Lymphatic Mapping and Optimization

of Sentinel Lymph Node Dissection

Tomoharu Sugie and Takashi Inamoto

Abstract Sentinel lymph node (SLN) biopsy is a standard of care for axillary

staging in breast cancer. The modalities involving radioisotope (RI) and blue dye

are the most widely used for SLN mapping. Near-infrared fluorescence imaging

using indocyanine green (ICG) visualizes superficial lymphatic flow from tumor to

SLN transcutaneously and directs the surgeon to the tumor-draining SLN in the

axillary basin. This novel method achieves a high detection of SLN comparable

with the RI method, and the additional use of ICG fluorescence maximizes the

detection impact of RI. The ICG fluorescence method is reliable and safe and would

be an acceptable alternative to SLN mapping using radioactive tracers in early

breast cancer.

Keywords Lymphatic mapping • Near-infrared fluorescence • Indocyanine green •

Sentinel lymph node

9.1 Introduction

The theory of the radical mastectomy with axillary lymph node dissection (ALND)

was that removal of breast cancer cells as far as they extended might have benefit of

not only local control of breast cancer but also survival. The alternative theory that

breast cancer was a systemic disease at inception induced total mastectomy to

partial mastectomy in early breast cancer treatment based upon results of random-

ized control trials. However, data from meta-analyses suggest that inadequate local

therapy can increase risk of local recurrence [1]. ALND has been used for the past

century as a means of preventing lymph node metastasis of breast cancer. Because

ALND confers a high probability of complications such as arm edema (lymph-

edema) and neuropathy (locomotors disorder, pain, etc.), reduction in patient QOL

is a major problem of ALND. In the 1990s, the concept of sentinel lymph nodes
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(SLNs) directly receiving lymphatic drainage from the tumor was proposed. As

SLNs represent metastatic status of regional lymph nodes, removal of SLNs can be

alternative to completion of ALND for diagnosis of axillary status.

Since this concept was first applied in 1992 to melanoma patients by Morton

et al. [2], its application to various fields has been attempted. In the field of breast

cancer, the validity of the SLN biopsy was evaluated in 1993 by Krag et al. [3] using

a radioisotope (RI) and during approximately the same period by Giuliana et al. [4]

using blue dye. Thereafter, many reports supporting the validity of the SLN biopsy

using RI, blue dye, or the combination of both have been published. On the basis of

large multicenter clinical studies, the mapping involving RI and/or blue dye

becomes currently a standard method used worldwide.

9.2 SLNMapping Using Near-infrared (NIR) Fluorescence

Imaging Technique

At present, the standard methods achieve a high detection rate of SLN with a low

false negative rate. In a meta-analysis by Kim et al., the median detection rate by the

standard methods was 96 %, with a false negative rate of 7.3 % [5]. The RI method

is advantageous with respect to a high SLN detection rate, but its applicability is

restricted in high-volume hospitals that have nuclear medicine departments and

radiation protection areas. The blue dye method is advantageous with respect to

cost-effectiveness but has some drawbacks, such as a low SLN detection rate and

the necessity of trained surgical skill [6].

To overcome the issues of the standard methods, Kitani et al. [7] reported in

2005 the application of indocyanine green (ICG) instead of RI and NIR fluores-

cence imaging system in breast cancer. The ICG fluorescence method utilizes the

optic fluorescent characteristics of ICG within the NIR optic window

(700–900 nm). The advantages of the NIR light include high tissue penetration

due to less absorbance by water and hemoglobin and low autofluorescence. The

ICG fluorescence method is currently adopted at the discretion of the physicians in

view of the following advantages: (1) no risk for exposure to radiation, (2) applica-

ble outside of large hospitals because this method does not requires nuclear

medicine or a radiation protection area, (3) optimal for intraoperative SLN local-

ization because it enables real-time imaging of lymphatic flow over the skin, and

(4) requiring little skill. The technical aspects of SLN mapping using each modality

are summarized in Table 9.1.
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9.3 Current Perspective of ICG Fluorescence Method

9.3.1 Current Devices for ICG Fluorescence Method

For the detection device, the NIR fluorescence imager, photodynamic eye (PDE,

Hamamatsu Photonics, Hamamatsu Co., Japan) device, is widely used in the

majority of clinical studies. This handheld device is composed of a light-emitting

diode (LED) and a charge couple device (CCD) camera (Fig. 9.1a). The LED

produces light at a wavelength of 760 nm to activate ICG, the CCD converts

fluorescence light at a wavelength of 830 nm to digital imaging, and the filter of

the camera cuts off the region of light at a wavelength below 820 nm. This ICG

fluorescence method visualizes subcutaneous lymphatic flow in real-time

(Fig. 9.1b) and directs orderly and sequential dissection to harvest SLNs

(Fig. 9.1c, d). Another commercially available device is the Hyper Eye Medical

System (HEMSTM, Mizuho Co. Toyo Japan). The HEMES can acquire both ICG

fluorescence and color video imaging simultaneously, and this real-time imaging

can direct the surgeon to the SLNs in the axilla without switching on or off the

surgical light [8]. The FLARE and MIN-FLARE systems, which are not commer-

cially available, have two light sources for the visible (400–650 nm) and NIR

(760 nm) optic range and it can overlay the NIR signal on the color video image

of the operation field [9]. There is no report of a direct comparison among these

three devices. Each study, however, has reported highly successful detection rates,

demonstrating that the diagnostic performance of ICG fluorescence is reliable and

reproducible independent of the device.

9.3.2 Optimization of the ICG Fluorescence Signal

ICG is an amphiphilic molecule and quickly binds to plasma proteins in the

vascular compartment. The protein-bound ICG fluorescence exhibits increased

Table 9.1 Technical aspects of SLN mapping using each modality

Tracers Advantage Disadvantages

RI High detection rate Expensive

No real-time guidance

Requirement of permitted facilities

Dye Cost-effective Low detection rate

Cannot be seen over the skin

Requires training

ICG fluorescence High detection rate More LNs removed

Real-time guidance Unable to detect SLNs over the skin

Visualizing lymphatic ducts The limit of detection is 1–2 cm
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hydrostatic diameter, and this hydrostatic diameter is important for retention in the

SLN. In general, there is a nonlinear association between ICG concentration and the

intensity of an ICG fluorescence signal, and a high ICG concentration leads to

decreased fluorescence intensity by fluorescence quenching. An optimal concen-

tration of ICG absorbed to human serum albumin (ICG: HSA) was investigated for

SLN biopsy in breast cancer patients. An ICG: HSA injection of 400–800 μM
achieved the highest signal-to-background ratio (SBR) for SLNs compared with

higher concentrations [10]. In melanoma, a dose of 600 μM ICG: HAS was optimal

to obtain high SBR [11]. An ICG concentration of 0.5 % (5 mg/ml; 6.4 mM) was

widely used following the original report in 2005 [7]. Although this dose is

approximately tenfold higher than the optimal dose reported, a high detection rate

was obtained in subsequent studies. For studies of lymphatic function or intracel-

lular optical imaging, several compounds containing ICG, such as liposomal

formulation of ICG or bovine serum albumin-coated polymeric nanocapsules

loaded with ICG, have been developed [12, 13]. These new technologies could

develop NIR fluorescence imaging for cancer detection and treatment.

Fig. 9.1 (a) Photodynamic Eye (PDE) system (Hamamatsu Photonics, Japan). (b) Subcutaneous

lymphatic mapping using ICG fluorescence. (c) ICG fluorescence navigation to the sentinel lymph

nodes. (d) Removal of the SLN with a high ICG florescence signal
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9.3.3 Technical Aspects of SLN Mapping Using ICG
Fluorescence

Several technical issues should be addressed to optimize lymphatic mapping for

axillary staging. For the site of ICG injection, the subareolar site is acceptable in the

case of intradermal or subcutaneous injection because these superficial injections

yield a favorable visualization of lymphatic drainage and high fluorescence signals

in the axillary basin compared with deep injection in the peritumoral site. It is still

unknown whether ICG should be injected in the subareolar and the peritumoral site

together or the subareolar site alone. Indeed, injection in the peritumoral site directs

ICG to deep lymphatic flow and sometimes reveals extra-axillary drainage in the

breast (i.e., inframammary chain). However, the main purpose of SLN biopsy is

axillary staging, and we believe that subareolar injection alone is acceptable for the

routine SLN mapping irrepective of tumor location [14].

After the induction of general or local anesthesia, 1 ml of ICG at a concentrate of

0.05–0.5 % is injected into the periareolar area, and a brief massage promotes the

movement of ICG toward the axilla. As it takes 1–5 min for ICG to reach the axilla,

NIR fluorescence imaging must be performed shortly after ICG administration.

Fluorescence streaming can be detected on the skin surface by directing PDE onto

the breast. During this process, blood vessels are sometimes visualized. The

distinction between blood vessels and lymph ducts is easy because the flow rate

of ICG through blood vessels is higher than through lymph ducts. ICG fluorescence

in blood stream is quickly washed out, whereas it persists in lymphatic stream and

visualizes lymphatic ducts longer.

As the fluorescence signal is attenuated by adipose tissue and cannot penetrate

more than 2 cm in depth, fluorescent afferent lymphatic channels are interrupted at

the site where they enter the axillary space. To press the skin over SLN using a

plastic hemisphere decreases the distance between the skin and SLNs and helps to

visualize fluorescent SLNs [15]. When SLNs cannot be identified over the skin, the

skin incision made 2 cm distal to the site where the fluorescence signal disappears is

recommended. While taking care to avoid injury of lymph ducts otherwise spoiling

the operation field with spilled ICG, the anatomical and didactic dissection can be

achieved in the axillary basin, and the fluorescence-emitting SLNs are exposed

below the fascia [16].

Of the fluorescence-emitting lymph nodes, the lymph node to which the lymph

ducts enter first is removed as the first SLN. The next fluorescence-emitting lymph

nodes, if any, are removed as the second and subsequent SLNs. Furthermore, lymph

nodes palpable in the operative field are also resected as SLNs. The ICG fluores-

cence method leads to this sequential and orderly SLN removal.
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9.3.4 Definition of SLN Using ICG Fluorescence

SLN is defined as the first lymph node(s) to which cancer cells are most likely to

spread from a primary tumor. In clinical practice, however, tracer positivity is

commonly used as a surrogate for lymphatic drainage, and the identification of

SLNs depends heavily on the specificity of the agent(s) used for the mapping. Using

NIR fluorescence imaging system, SLNs can be categorized based on both the

positivity of the fluorescent signal and the anatomical site in conjunction with

lymphatic flow. For the RI method, the hottest SLN represents the definitive

SLN, whereas the brightest SLN for fluorescence is only a good candidate for the

definitive SLN; however, the quantification of the fluorescence signal has not yet

been established. For the ICG fluorescence method, the removed SLN can be

classified as follows:

1. Definitive SLN: This single node is the most proximal lymph node along the

subcutaneous lymphatic flow and uptakes ICG fluorescence. This node is usually

harvested first during the dissection procedure and sometimes exhibits the green

color when 0.5 % ICG is used. This first lymph node represents actual lymph

node status in the axilla.

2. Probable SLNs: These lymph nodes usually appeared adjacent to the first lymph

node with fluorescence signals. One to two nodes are often harvested in the

second and/or further tier.

3. Less probable SLNs: Palpable lymph nodes without any fluorescence signal may

be included in this category

9.3.5 Comparison Between ICG Fluorescence and Blue Dye

The cumulative results for the ICG fluorescence method demonstrate that the ICG

fluorescence method achieved a higher SLN detection rate (99–100 %) compared

with the use of blue dye [17–22]. A large prospective study [23] comparing the ICG

fluorescence method and the blue dye method in detection of SLNs reported that the

ICG fluorescence method detected a significantly larger number of SLNs than did

the blue dye method, and the median difference in the number of SLNs identified

between the two methods was one ( range 0–6, p< 0.001). The overall detection

rate and the false negative rates for the ICG fluorescence and the blue dye method

was 99 % and 78 % ( p< 0.001) and 0 % and 30 %, respectively. A recent meta-

analysis [24] also confirmed that the ICG fluorescence method is significantly

superior to the blue dye method for SLN detection (OR 18.37, 95 % CI

8.63–39.10). When ICG is used under visible light, the SLN detection rate is only

73.8 %, whereas ICG can achieve a high detection rate using NIR imaging system.

Van den Vorst and colleagues [25] reported that blue dye did not have any impact

on SLN detection when ICG fluorescence is used in combination with radioactivity.

On the basis of these results, blue dye can be spared when NIR imaging system

is used.
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9.3.6 Comparison Between ICG Fluorescence and RI

Several clinical trials have already demonstrated that the ICG fluorescence method

is safe and can achieve a high SLN detection rate comparable with or superior to the

RI method. Murawa et al. [26] analyzed the accuracy of SLN biopsy with the RI

method and the ICG fluorescence method in 20 patients with breast cancer. In that

study, the SLN detection rate for RI and ICG was 85 % and 100 %, the sensitivity in

13 lymph node metastasis-positive cases was 77 % and 92 %, and the false negative

rate was 23 % and 8 %, respectively. The prospective direct comparison between

the ICG fluorescence method and the RI method revealed that the SLN detection

rate with the ICG fluorescence method was higher than that with the RI method

(100 % v 91.3 %, p< 0.001) [27]. Other clinical trials [28, 29] also showed clinical

utility of the ICG fluorescence method compared with the RI method, although

these analyses do not have enough statistical power because of small cohort studies.

As summarized in Table 9.2, the recent prospective study [30], which recruited

821 early breast cancer patients with clinically node-negative disease, demonstrated

that there was no difference between the ICG fluorescence and the RI method for

overall SLN detection rate (97.2 % v 97.0 %, p¼ 0.88) and for tumor-positive SLN

detection rate (93.3 % v 90 %, p¼ 0.18). However, the additional use of ICG

fluorescence with RI significantly improved the detection rate for overall and

tumor-positive SLN compared with RI alone (99.8 % v 97.0 %, p< 0.001,

97.2 % v 90 %, p< 0.001, respectively). On the basis of these results, the ICG

fluorescence method could be considered an alternative and additional method to

SLN detection using RI in breast cancer.

9.3.7 SLN Biopsy After Preoperative/Neoadjuvant Systemic
Therapy

SLN biopsy after preoperative/neoadjuvant systemic therapy (NACT) was previ-

ously not recommended because of a high false positive rate. However, several

clinical studies have revealed that the sensitivity of SLN biopsy after NACT is not

Table 9.2 Detection rate for

SLN
SLN detection % (n/N) p

Overall (N¼ 821)

RI 97.0 (796/821)

ICG fluorescence 97.2 (798/821) 0.88

RI+ICG fluorescence 99.8 (819/821) <0.001

Positive node (N¼ 180)

RI 90.0 (162/180)

ICG fluorescence 93.3 (168/180) 0.18

RI+ICG fluorescence 97.2 (175/180) <0.001
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inferior to that before systemic therapy. Recent meta-analyses reported that the

conventional RI method provided a detection rate of 90–90.5 % and a false negative

rate of 10–12 % [31, 32] and that there is no significant difference in SLN detection

between the groups before and after NACT. Based on these findings, the 2014

ASCO guidelines reported that SLN biopsy may be offered after NACT [33]. Che-

motherapeutic agents, however, might cause fibrosis and obstruction of lymphatic

channels, which leads to a less accurate procedure using the conventional RI

method. As the hydrodynamic diameter of ICG (<1 nm) is smaller than that of

RI (>50 mm), ICG may potentially reach the first SLN or the further tier more

easily than RI. In the SENTIA trial [34], the false negative rate for SLN mapping

was 14.2 % for patients who converted from clinically node-positive to node-

negative disease after NACT. For the detection technique, the additional use of

blue dye tended to improve the false negative rate. This false negative rate was also

associated with the number of SLNs harvested, and the accuracy of SLN biopsy was

apparently improved when more than two SLNs were harvested. ICG fluorescence

yields the mean number of 2.3 SLNs removed [30] and has the potential to localize

SLNs even in narrow lymphatic channels after NACT. As ICG would be a suitable

method for SLN mapping after NACT, a large-scale clinical trial is required to

confirm the clinical utility of ICG after NACT in patients with axillary

involvement.

9.4 Conclusions

The cumulative results clearly demonstrate the advantage of NIR fluorescence

imaging using ICG for SLN mapping in breast cancer. The ICG fluorescence

method could be considered as an alternative and an accebtable additional method

to SLN mapping using RI in breast cancer. This nonradioactive imaging system has

the potential to be widely adopted in accordance with efforts to reduce radiation

exposure.

References

1. Halsted CP, Benson JR, Jatoi I (2014) A historical account of breast cancer surgery: beware of

local recurrence but be not radical. Future Oncol 10(9):1649–1657

2. Morton DL, Wen DR, Wong JH et al (1992) Technical details of intraoperative lymphatic

mapping for early stage melanoma. Arch Surg 127:392–399

3. Krag DN, Weaver DL, Alex JC, Fairbank JT (1993) Surgical resection and radiolocalization of

the sentinel node in breast cancer using a gamma probe. Surg Oncol 2:335–339

4. Giuliano AE, Kirgan DM, Kuenther JM, Morton DL (1994) Lymphatic mapping and sentinel

lymphadenectomy for breast cancer. Ann Surg 220:398–401

5. Kim T, Giuliano AE, Lyman GH (2006) Lymphatic mapping and sentinel lymph node biopsy

in early-stage breast carcinoma. Cancer 106:4–16

126 T. Sugie and T. Inamoto



6. Morrow M, Rademaker AW, Bethke KP et al (1999) Learning sentinel node biopsy: results of

a prospective randomized trial of two techniques. Surgery 126:714–720

7. Kitai T, Inomoto T, Miwa M, Shikayama T (2005) Fluorescence navigation with indocyanine

green for detecting sentinel lymph nodes in breast cancer. Breast Cancer 12:211–215

8. Yamauchi K, Nagafuji H, Nakamura T et al (2011) Feasibility of ICG fluorescence-guided

sentinel node biopsy in animal models using the HyperEye Medical System. Ann Surg Oncol

18:2042–2047

9. Troyan SL, Kinzard V, Gibbs-Strauss SL et al (2009) The FLARE intraoperative near-infrared

fluorescence imaging system: a first-in-human clinical trial in breast cancer sentinel lymph

node mapping. Ann Surg Oncol 16:2943–2952

10. Mieog JS, Troyan SL, Hutteman M et al (2011) Towards optimization of imaging system and

lymphatic tracer for near-infrared fluorescent sentinel lymph node mapping in breast cancer.

Ann Surg Oncol 18:2483–2491

11. van der Vorst JR, Schaafsma BE, Verbeek FP et al (2013) Dose optimization for near-infrared

fluorescence sentinel lymph node mapping in patients with melanoma. Br J Dermatol

168:93–98

12. Proulx ST, Luciani P, Derzsi S et al (2010) Quantitative imaging of lymphatic function with

liposomal indocyanine green. Cancer Res 70:7053–7062

13. Bahmani B, Gupta S, Upadhyayula S et al (2011) Effect of polyethylene glycol coatings on

uptake of indocyanine green loaded nanocapsules by human spleen macrophages in vitro. J

Biomed Opt 16:051303

14. Sugie T (2010) Controversy of axillary diagnosis and treatment. In: Toi M, Winer EP (eds)

Local and systemic management of primary breast cancers. Kyoto University Press, Kyoto, pp

61–71

15. Kitai T, Kawashima M (2012) Transcutaneous detection and direct approach to the sentinel

node using axillary compression technique in ICG fluorescence-navigated sentinel node

biopsy for breast cancer. Breast Cancer 19:343–348

16. Sugie T, Kassim KA, Takeuchi M et al (2010) A novel method for sentinel lymph node biopsy

by indocyanine green fluorescence technique in breast cancer. Cancers 2:713–720

17. Abe H, Mori T, Umeda T et al (2011) Indocyanine green fluorescence imaging system for

sentinel lymph node biopsies in early breast cancer patients. Surg Today 41:197–202

18. Tagaya N, Yamazaki R, Nakagawa A et al (2008) Intraoperative identification of sentinel

lymph node by near-infrared fluorescence imaging in patients with breast cancer. Am J Surg

195:850–853

19. Takeuchi M, Sugie T, Abdelazeem K et al (2012) Lymphatic mapping with fluorescence

navigation using indocyanine green and axillary surgery in patients with primary breast cancer.

Breast J 18:535–541

20. Aoyama K, Kamio T, Ohchi T et al (2011) Sentinel lymph node biopsy for breast cancer

patients using fluorescence navigation with indocyanine green. World J Surg Oncol 9:157

21. Hirano A, Kamimura M, Ogura K et al (2012) A comparison of indocyanine green fluores-

cence imaging plus blue dye and blue dye alone for sentinel node navigation surgery in breast

cancer patients. Ann Surg Oncol 19:4112–4116

22. Inoue T, Nishi T, Nakano Y et al (2014) Axillary lymph node recurrence after sentinel lymph

node biopsy performed using a combination of indocyanine green fluorescence and the blue

dye method in early breast cancer. Breast Cancer. doi:10.1007/s12282-014-0573-8

23. Sugie T, Sawada T, Tagaya N et al (2013) Comparison of the indocyanine green fluorescence

and blue dye methods in detection of sentinel lymph nodes in early-stage breast cancer. Ann

Surg Oncol 20:2213–2218

24. Ahmed M, Purushotham AD, Douek M (2014) Novel techniques for sentinel lymph node

biopsy in breast cancer: a systematic review. Lancet Oncol 15:e351–e362

25. van der Vorst JR, Schaafsma BE, Verbeek FP et al (2012) Randomized comparison of near-

infrared fluorescence imaging using indocyanine green and 99(m)technetium with or without

9 Lymphatic Mapping and Optimization of Sentinel Lymph Node Dissection 127

http://dx.doi.org/10.1007/s12282-014-0573-8


patent blue for the sentinel lymph node procedure in breast cancer patients. Ann Surg Oncol

19:4104–4111
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Chapter 10

Personalisation of Radiotherapy for Breast

Cancer

Ian H. Kunkler, Carol Ward, Corey Speers, Lori Pierce, Felix Feng,

James Meehan, and Simon P. Langdon

Abstract The role of radiotherapy is well established in the multidisciplinary

management of breast cancer. However, its use could be customised further with

the intent of enhancing tumour cell radiosensitisation and reducing normal cell

toxicity. The importance of tumour heterogeneity and the microenvironment in the

response to radiotherapy is under intense scrutiny, and the value of molecular

profiling is being increasingly recognised. Genome-wide association studies are

likely to play an important role in elucidating the molecular pathogenesis of

radiotoxicity in the emerging area of radiogenomics. Biomarkers of tumour radio-

sensitivity should help indicate potentially responsive and unresponsive cancers.

Further understanding of the tumour microenvironment and better preclinical

models will help identify targets to enhance radiosensitivity or reverse

radioresistance.

Keywords Radiotherapy • Partial breast irradiation • Radiosensitivity • Tumour

heterogeneity • Tumour microenvironment

10.1 Introduction

Adjuvant radiotherapy continues to play a key role in the multidisciplinary man-

agement of breast cancer. Its objective is to eradicate residual tumour after surgery.

Adjuvant radiotherapy has traditionally been restricted to the postoperative setting

after breast-conserving surgery and selectively after mastectomy. It has an

established role in locally advanced disease either following systemic therapy
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where inflammatory changes or peau d’orange preclude mastectomy or

postmastectomy. Recently, it has been investigated in the preoperative setting in

an early phase clinical trial in combination with neoadjuvant chemotherapy [1].

The Oxford overview shows that, after mastectomy and breast-conserving ther-

apy, radiotherapy reduces significantly both local recurrence and breast cancer

mortality. At 15 years of follow-up, for every four recurrences prevented in the

first 5 years, one breast cancer death can be avoided [2]. As the incidence of breast

cancer rises globally, as a consequence of early detection from breast-screening

programmes and rising life expectancy, demands for adjuvant irradiation are likely

to rise. Using models of evidence-based recommendations, 83 % of patients with

breast cancer will require external beam irradiation [3]. Increasing pressures on

limited radiotherapy resources pose challenges for better selection of patients

predicted to benefit from irradiation. The rationale for personalisation of radiother-

apy is therefore strong. There are two possible areas of individual modulation:

tumour and normal tissue radiosensitivity. Scope for modulation of the former

seems a more realistic prospect than the latter, given how little we understand

about the genetic basis of normal tissue radiosensitivity. With the rising population

of older patients in whom comorbidities may preclude surgery and chemotherapy,

the understanding of normal tissue radiosensitivity and the interaction with

comorbidities will become increasingly important [4].

Traditionally, the treatment of breast cancer has been based on evidence from

patients in clinical trials with a limited range of clinicopathological characteristics

(typically TNM staging, grade, ER status, etc.). Where data show clinically signif-

icant benefit from intervention (surgery/drug/radiation), which reached a predefined

threshold (e.g. 3 % in overall survival benefit at 5 years), the results are applied to

all patients meeting the eligibility criteria for that trial. In the case of adjuvant

radiotherapy for breast cancer, the application of a boost of irradiation to the site of

excision after breast-conserving surgery (with clear margins) and whole breast

irradiation is predominantly applied to women under the age of 50 where most

benefit in reducing local recurrence is obtained [5].

10.2 The Rationale for Treatment Personalisation

The development of high-throughput sequencing and improvements in our under-

standing of the molecular mechanisms underlying malignant transformation and

progress have facilitated a move away from a ‘one size fits all’ approach to efforts

to personalise treatment for breast cancer [6]. One of the major limitations of the

‘one size fits all’ approach has been the underrepresentation of older patients in

clinical trials of adjuvant radiotherapy, in part due to the historical exclusion of

such patients due to arbitrary age eligibility caps at around 70 years. Advances in

the therapeutic ratio for adjuvant radiotherapy either have to achieve a higher level

of local control for the same or lower levels of acute and late radiation-induced

toxicity or the same level of local control for lower levels of radiotoxicity.
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Much of the current focus on the personalisation of the treatment of breast cancer

has been driven by two developments. The first has been risk assessment in early

stage breast cancer to avoid overtreatment, in particular in node-negative disease

with the application of molecular profiling [7]. The second is the availability of

targeted therapies, particularly for HER2-positive disease. Much less attention and

research has been devoted to customising radiotherapy to the biology of the cancer

and to the sensitivity of normal tissues to irradiation. This field is still in its infancy.

Progress has been hampered in part because radiotherapy is not accepted as a

targeted therapy and therefore personalization is not viewed in the same way as

targeted therapies such as trastuzumab for HER2-positive cancers.

10.3 Advances in Radiation Planning and Delivery

Already, there has been significant progress in personalising radiotherapy through

the application of 3D treatment planning with radiation portals customised to

maximise target coverage whilst minimising irradiation of critical structures such

as the heart and the lungs. More recent developments have been the application of

intensity-modulated (IMRT) and image-guided radiation therapy (IGRT) to opti-

mise dose distribution [8]. Much less progress has been made in understanding the

biological factors which underlie differences in radiosensitivity between patients.

We are therefore some way from an assay which would predict clinical radiation

response for individual patients [9]. Gilbert Fletcher, a pioneer in the development

of radiotherapy, compared the successful development of a radiotherapy predict

assay to the quest for the Holy Grail [9, 10].

10.4 Importance of Tumour Heterogeneity

The heterogeneity within tumours is an acknowledged component in resistance to

both radiation and systemic therapy. Studies in renal cancer have demonstrated that

each area of a tumour displays specific genomic arrangements [11]; these findings

are now being replicated in breast cancer [12, 13]. Such heterogeneity has a

significant influence on radio and chemotherapy [14]. Differences in radiation

sensitivity are apparent amongst patients with similar types of breast cancer,

which may reflect disparities in the mutational burden of these tumours [15]. Var-

iation in response can also be caused by the presence of radioresistant breast cancer

stem cells [16–18], and further by the induction of ‘stemness’ by radiation treatment

itself [19, 20].
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10.5 Enhancing the Efficacy of Adjuvant Radiation

Therapy

Adjuvant radiotherapy is a potent agent in the multidisciplinary armamentarium of

anticancer therapy in breast cancer both in terms of locoregional therapy and

survival. The 2005 Early Breast Cancer meta-analysis of adjuvant radiotherapy

after breast-conserving surgery and mastectomy showed a direct relationship

between the absolute reduction in locoregional recurrence at 5 years and an

improvement in long-term survival at 15 years [2]. This equated to a 4:1 ratio

with one breast cancer death being avoided for every four locoregional recurrences

prevented by radiotherapy. This was the first evidence of a systemic effect of

radiation in breast cancer. However, this equation proved to be erroneous because

of the competing risks of local and distant disease, the lack of definition of time to

locoregional recurrence and the systemic effect of RT [21]. As a result, the

EBCTCG decided to report the effects of RT on first recurrence whether

locoregional or distant. The Oxford overviews of adjuvant postoperative radiother-

apy for breast cancer after breast-conserving surgery and mastectomy show that it

has a higher effect to locoregional control and overall survival [22, 23]. It halves

approximately the risk of first recurrence at 10 years after breast-conserving surgery

[22] and improves long-term survival. For patients treated by mastectomy and

axillary clearance (at least level II), the overview shows that radiotherapy reduced

mortality from breast cancer by 20 % in women with one to three positive lymph

nodes (rate ratio [RR], irradiated vs. not, 0 · 80, 95 % CI 0 · 67–0 · 95; 2p¼ 0 · 01)

and by 13 % in women with at least four positive axillary nodes (RR 0 · 87, 95 % CI

0 · 77–0 · 99; 2p¼ 0 · 04) [23].

It is important to recognise that the benefits of radiotherapy as a local therapy in

terms of survival need to be seen in the context of systemic therapy. Systemic

therapy reduces the risks of both local and distant recurrence. With the ability of

systemic therapy to control micrometastatic disease, locoregional control assumes

even greater importance. However whilst these meta-analyses provide important

insights to the effectiveness of locoregional radiotherapy, they do not predict

individual patient benefit. Indeed, the magnitude of benefit might be larger amongst

the radiosensitive population of patients since the benefits in the overview may be

diluted by patients with radioresistant tumours. Hence, the dividends of being able

to predict radiotherapy benefit by biomarkers may be substantial if they are more

accurate than conventional clinicopathological factors. This is an area of active

investigation. Personalisation of breast cancer radiotherapy can be considered in a

number of ways: (1) selection for treatment based on clinicopathological factors

and molecular features, (2) optimising dose distribution within the irradiated

volumes and (3) minimising locoregional morbidity by minimising dose to critical

structures, particularly the lung and heart.
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10.6 Theories of Breast Cancer Spread

Personalisation of radiotherapy must consider the heterogeneity of breast cancer. In

the first half of the twentieth century, breast cancer was believed to be a disease that

spread from the primary site to the regional nodes (the Halstedian hypothesis),

giving a rationale for aggressive locoregional treatment. This was succeeded by the

view of breast cancer as a systemic disease (the Fisher hypothesis), based on the

observation that patients developed distant metastases despite the primary site

being controlled. Fisher argued that patients could be divided into two categories;

those tumours with the ability to spread to distant sites and those that lacked that

ability [24]. Neither view was valid for all breast cancers [25]. The current

‘spectrum’ theory advanced by Samuel Hellman is that breast cancer is a ‘hetero-
geneous disease. . .[with] a spectrum of proclivities extending from a disease that

remains local throughout its course to one that is systemic when first detectable’
[26, 27]. Although some tumours have not metastasised from the primary site at the

time of diagnosis, there is no current reliable method to detect micrometastatic

disease. Failure to achieve local control may facilitate metastatic spread and reduce

survival. Hellman’s theory acknowledges that the higher the chance that systemic

disease is present at the time of diagnosis, the lower the impact of local therapy.

This may explain why the survival advantage of locoregional postmastectomy

radiotherapy in the Danish Cooperative Breast Group trials is seen in the subgroup

of good prognosis ER or PgR-positive, HER2-negative patients and not in ER or

PgR-negative or HER2-positive patients where the latter have probably developed

distant metastases [28]. With the recognition that breast cancer is a heterogeneous

range of diseases with distinct molecular subtypes (luminal A, luminal B, HER2/

neu), optimal strategies for different subsets of patients may be necessary [29].

Molecular profiling might assist in identifying patients (a) at sufficiently low risk

of relapse that radiation might be avoided, (b) at sufficiently high risk of

locoregional recurrence who might benefit from additional radiation dose or com-

bination with systemic therapy, (c) with early breast cancer who would benefit from

postmastectomy radiotherapy and (d) suitable for partial breast irradiation [29]. In

addition, molecular targets that may be related to radiation resistance might be

found.

10.7 Personalisation of Radiotherapy, Heterogeneity

and Tumour/Normal Tissue Radiosensitivity

Improving the therapeutic gain of radiation (i.e. improving local control for the

same level of normal tissue toxicity) for individual breast cancer patients is an

enormous challenge because of tumour heterogeneity and the limited understanding

of the genetic basis of tumour and normal tissue radiosensitivity. Breast cancer is a

spectrum of diseases with heterogeneity at molecular, histopathological and clinical
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levels [30]. This heterogeneity includes the tumour microenvironment and its

different cellular components involving many different biological processes includ-

ing angiogenesis, tumour metabolism and the immune response. New approaches

on combining drugs targeting the pH regulatory mechanisms of breast cancer in

preclinical models in combination with radiation are discussed later in this chapter.

10.8 Selection of Patients on Clinicopathological Factors

Already, we have some degree of personalisation of adjuvant radiotherapy based on

clinicopathological factors. For example, patients under the age of 50 benefit from

an additional boost dose to the site of excision following breast-conserving surgery

and postoperative whole breast irradiation [5]. The biological mechanism underly-

ing the impact of young age still remains poorly understood.

10.9 Biomarkers of Tumour Radiosensitivity

It is a common clinical experience that local control rates following adjuvant

systemic therapy and radiotherapy based on traditional clinicopathological factors

(tumour size, grade, nodal status and clinical stage) do not reliably predict clinical

outcome. One of the holy grails of radiation oncology in general and breast cancer

in particular has been to identify reliable and clinically applicable biomarkers of

tumour radiosensitivity which could select patients likely to benefit and those that

would either derive no or minimal benefit. Patients with no evidence of radiosen-

sitivity might be spared the toxicity of radiation therapy and offered alternative

systemic approaches. Those with low or moderate radiosensitivity might be subject

to combinatorial approaches with drugs increasing radiosensitivity. There is, how-

ever, a limited number of studies, all retrospective showing promise for molecular

markers of breast cancer radiosensitivity. Prospective studies and randomised trials

will be needed to evaluate their clinical utility.

The variables which determine radiosensitivity can be categorised into three

groups: (i) intrinsic radiosensitivity, (ii) tumour oxygenation status and (iii) tumour

proliferative potential (Tpot). Clonogenic cell survival assays have been the cor-

nerstone for measuring intrinsic radiosensitivity. However, they are difficult to do

as the ex vivo plating efficiency is around 1 % and none of these assays is applicable

in the clinic. The Eppendorf probe has been the main method of measuring

intratumoural oxygenation status but is impractical to apply in breast cancer and

other solid deep-seated tumours. Tpot is a measure of tumour-doubling time based

on flow cytometry from a tumour biopsy stained with bromodeoxyuridine. How-

ever, it is a weak predictor of outcome [9].
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10.10 Gene Expression Classifiers

Genomic profiling technologies have allowed the stratification of human breast

tumours into clinically useful groups and have further aided in the personalization

of the treatment of breast cancer. The genomic era has produced an exponential

increase in our understanding of cancer biology and has greatly accelerated cancer

drug development. With the advent and implementation of microarray expression

profiling, it is now possible to evaluate gene expression in tumours on a genome-

wide basis. These advances have led to the utilisation of gene expression profiling

to not only subtype cancers, but to predict prognosis and disease-free survival and

determine optimal treatment.

Emerging gene expression data suggests that breast cancer is a clinically het-

erogeneous disease. This clinical heterogeneity is driven to a large extent by

abnormal gene expression within tumours. Investigators now have the ability to

identify the gene expression fingerprint of an individual’s tumour. This information

may be used to rationally design treatment regimens for patients in the future and

also to predict the clinical course of an individual’s disease, including response to a
radiation treatment. Genetic profiles of tumours are now being correlated with

clinical outcome, and several prognostic and predictive indicators have emerged

based on this research. Additionally, transcriptional and proteomic profiling is

advancing our understanding of the RNA and protein alterations in human cancers.

Despite early limitations, genomic classifiers are now being used clinically to better

risk stratify patients and guide rational therapy decisions by clinicians.

Multiple gene sets have been developed in an attempt to stratify patients based

on the gene expression signature of their tumours. One of the first of these was the

Rotterdam gene set. It was developed to predict the prognosis of patients with

lymph node-negative (LNN) breast cancer [31]. Markers were selected separately

from ER-negative and ER-positive tumours and were combined into a single

76-gene prognostic signature that was able to predict distant metastatic recurrence

with a sensitivity of 93 % and a specificity of 48 % [31]. This prognostic indicator

performed better than standard, clinical variables in a multivariate analysis (hazard

ratio [HR], 5.55; 95 % confidence interval [CI], 2.46–12.5). Subsequently, this test

was also validated using two other sets of patients with early stage breast cancer that

were not included in the original study. This test is now FDA-approved and is

clinically used to identify patients who should receive chemotherapy. The success

of this gene expression profiling approach to address clinically relevant uncer-

tainties underscores the utility of such profiling in the management of breast cancer.

Subsequent gene expression profiles have been developed and are now being

used clinically to help identify individual tumours that will respond to chemother-

apy. One such example is OncotypeDx®. This 21-gene assay was derived from

250 candidate genes chosen from gene expression profiling experiments, published

literature and genomic databases and then correlated with breast cancer recurrence

in 447 patients [32, 33]. Sixteen cancer-related genes and five reference genes were

selected from the candidate genes. The 16 cancer-related genes were then used to
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develop an algorithm based on the expression levels of these genes, thus allowing a

Recurrence Score™ (RS) to be computed for each specimen. This RS correlated

with the rate of distant recurrence at 10 years. The OncotypeDx® assay was

externally validated in the National Surgical Adjuvant Breast and Bowel Project

(NSABP) clinical trial B-14, which examined the effect of adjuvant tamoxifen in

patients with hormone receptor-positive LNN breast cancer [32, 33]. The results of

this analysis showed that 7 % of low-risk patients (RS<18) relapsed, whereas 31 %

of high-risk patients (RS>31) relapsed. Subsequent studies have shown that the RS

is independently associated with sensitivity to chemotherapy and mortality

[33, 34]. The OncotypeDx® assay is now FDA-approved for use in profiling the

risk and need for chemotherapy responsiveness in breast cancers. It is now in wide

clinical use by oncologists to determine which patients would benefit from

chemotherapy.

OncotypeDx® is not the only prognostic gene profiling test being used clini-

cally. Other tests currently approved include Mammaprint [35], Mammostrat [36],

Prosigna [37–39] and CellSearch [40]. These tests, which also mainly rely on the

use of gene expression technologies and molecular signatures, underscore the

power and utility of such approaches at identifying expression derangements and

the potential for treatment personalisation for individual patients.

In addition to defining molecular subtypes of cancers and predicting prognosis

and disease-free survival, gene expression classifiers have been used to determine

optimal treatment [7, 41–44]. Several groups have already used expression profiling

to identify gene signatures of chemotherapeutic resistance [41, 42, 45]. These

studies have identified tumour gene expression profiles associated with response

to chemotherapy including docetaxel [41, 42], adriamycin/cyclophosphamide [46],

paclitaxel, fluorouracil, doxorubicin, cyclophosphamide [47] and epirubicin, cyclo-

phosphamide and paclitaxel [48] in the neoadjuvant setting. Together, these studies

indicate the potential to not only determine the likelihood of response to a particular

therapy, but may be incorporated into ways to personalise radiation therapy.

As mentioned previously, gene expression assays have been developed to

predict clinical outcomes in breast cancer. The main focus of these has been to

predict systemic rather than local recurrence. The 70-gene signature was the first to

identify patients who are at higher risk of systemic relapse. This signature was

developed using a cohort of 78 patients with axillary node-negative, ER-positive or

ER-negative early stage breast cancer all under the age of 55 years with tumours up

to 5 cm in size [46]. This approach identified 70 genes that were able to identify

women with a significantly increased risk of distant metastasis and death from

breast cancer. Not surprisingly, genes associated with cell cycle regulation, inva-

sion, metastasis and angiogenesis predominantly comprised the 70-gene signature.

Interestingly, this signature also was able to identify BRCA1 mutation carriers

based on the expression level of these genes. This was one of the first successful

applications of the gene expression analysis to guide clinical care. Prior to the

development of genomic tools, a number of prognostic approaches to assess tumour

radiosensitivity were developed including hypoxic fraction, DNA strand break and

repair, intrinsic radiosensitivity and proliferation cell fraction [49].
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Despite the development of numerous gene expression signatures to predict

survival, distant metastasis and response to chemotherapy in patients with breast

cancer (i.e. OncotypeDX®, Mammaprint®, Prosigna®) there has, until recently,

been no attempt to develop signatures predictive of radiation response. One of the

first attempts to identify such a radiation response came from a group out of the

University of Chicago [45]. This group derived an IFN-related DNA damage

resistance signature and then applied it to 34 cancer cell lines from the NCI60

panel. The genes in this signature that correlated most robustly with radiation

resistance (SF-2Gy) were retained within the signature and then applied to patient

datasets. The authors found that the IFN-related DNA damage resistance signature

was able to predict response to both chemo- and radiotherapy. Though not further

developed into a clinically translatable test, it was the first proof-of-principle

attempt to develop a molecular signature predictive of radiation response.

One test recently proposed for clinical practise is borrowed heavily from the

existing OncotypeDx® test, a test that was developed to predict response of patients

with ER-positive, lymph node-negative breast cancer to adjuvant chemotherapy.

This spin-off of the OncotypeDx® test was recently reported to estimate local

recurrence risk in the absence of radiotherapy in women with DCIS after breast-

conserving surgery [50]. Whilst not yet validated in a prospectively run clinical

trial, it does suggest the potential power of molecular signatures to personalise

treatment decisions regarding the need for adjuvant radiation treatment.

More recently, a ten-gene expression signature (AR, cJun, STAT1, PKC, RelA,

cABL, SUMO1, CDK1, HDAC1 and IRF1) has been described by Eschrich

et al. [51]; this signature was developed initially in studies using a panel of 48 cancer

cell lines before being validated in three independent datasets (rectal, esophageal

and head and neck cancers) [51]. In these initial validation studies, the signature

was able to accurately predict which patients were at increased risk of recurrence

based on the expression of these ten genes. Furthermore, when applied to two

independent breast cancer datasets (totalling 503 patients), it indicated that the

radiosensitivity signature may also act as a predictive biomarker for breast cancer,

though these studies looked at distant metastasis and not local recurrence [51].

A final and most recent signature has been developed by investigators at the

University of Michigan [52]. Previous attempts to identify signatures predictive of

response to radiation using gene expression data have relied on expression data

from patient tumour samples for signature development and have repeatedly failed

external validation. The University of Michigan group instead assessed the intrinsic

radiation sensitivity of 21 breast cancer cell lines and identified a panel of 147 genes

whose expression was significantly correlated with radiation sensitivity. This

147-gene signature was then trained, locked and validated on cohorts of patients

with early stage breast cancer treated with radiation therapy after breast-conserving

surgery for whom local recurrence data was available. This radiation sensitivity

signature (RSS) was shown to effectively and accurately identify patients with high

rates of local recurrence based on predicted radiation resistance as reflected by the

RSS score. This was the first signature to specifically identify patients with

increased rates of local recurrence, not systemic progression, after radiation
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treatment. Like the signature developed by Eschrich et al., this signature awaits

external validation before it can be effectively translated into clinical care.

10.11 Personalising Approaches to Minimise Radiation-

Induced Toxicity

In the clinic, we see wide variations in the intensity of acute and late radiation

reactions (e.g. skin erythema and breast fibrosis). It is estimated, based on studies of

internal mammary irradiation, that patient-specific factors account for 49–90 % of

these differences [53], but the exact reasons for these variations or how they might

be modified based on genetic profiles of radiosensitivity are little understood. In

older patients, radiotoxicity might also interact with comorbidities such as heart

disease and diabetes. Currently, no clinically applicable assays predict normal

tissue radiosensitivity. Preclinical tests using lymphocyte and fibroblast radiosen-

sitivity proved too complex and non-replicable to be used clinically [54].

In vitro tests of radiosensitivity in humans demonstrate a nearly normal distri-

bution, implying that normal tissue sensitivity is a polygenic trait; therefore, most

of the clinically observed variation in radiosensitivity is likely to be due to

low-penetrance genetic variants [55]. The radiosensitivity phenotype is possibly

influenced by multiple loci ranging from rare variants with large effects to common

variants with minor effects [56]. The scope for modulating the response of indi-

vidual patients by any form of drug therapy in the foreseeable future is therefore

likely to be limited.

One promising new approach to understanding the genetic basis of normal tissue

radiosensitivity is the emerging field of radiogenomics which investigates the

influence of genetic variation on radiation response [57]. The long-term goal of

this research is to develop SNP-based risk models to stratify patients for

individualised radiotherapy protocols [58]. Genetic association studies initially

focussed on candidate genes involved in known radioresponse pathways and sought

to identify functional SNPs (single nucleotide polymorphisms) that influence nor-

mal tissue radiotoxicity [57]. SNPs within the XRCC family of genes, ATM and

TGFB1 genes have all been suggested to be involved in radiotoxicity in breast

cancer patients [59]. Transforming growth factor Beta 1 (TGFB1) is one of the

candidate genes considered to be involved in the genesis of radiation-induced

breast/chest wall fibrosis [60]. However, data analysis of SNPs in predicting

radiation toxicity shows conflicting results. For example, the independent valida-

tion of SNPs in 46 genes previously published to be associated with radiosensitivity

was not confirmed in the UK RAPPER study [60]. The more recently introduced

genome-wide association studies (GWAS) could play an important role in eluci-

dating the molecular pathogenesis of radiotoxicity [60]. An important finding in

many of the GWAS studies is that the identified SNPs are not in known genes or
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pathways already considered to be key candidates [57]. Furthermore, many of the

SNPs are found in noncoding regions without any known or obvious function.

The principal challenge for emerging radiogenomics consortia is the availability

of accurately reported toxicity data [61]. Risk models incorporating genetic assays

as well as comorbidities, radiation dose and the volume irradiated require develop-

ment [62, 63].

What is presently achievable on an individual basis is maximising the homoge-

neity of dose distribution in the breast and reducing where possible exposure of

critical structures such as the lungs and the heart to radiation. Acute toxicities have

been defined as those occurring within 90 days of treatment, affecting tissues such

as the skin which have a rapid renewal rate. Late toxicities occur more than 90 days

after radiotherapy [56]. The changing shape of the breast in the transverse and

sagittal planes makes it difficult to irradiate homogeneously. There is level I

evidence that the application of intensity-modulated radiotherapy (IMRT) reduces

acute skin toxicity [64] and improves cosmesis [65] compared to standard RT.

10.12 Minimising Radiation-Induced Cardiac Toxicity

Before the advent of 3D planning, it was difficult to assess how much of the heart

was being irradiated by postoperative radiotherapy after breast-conserving surgery

or mastectomy. The Oxford overview showed that an approximately 2 % 20-year

reduction in breast cancer mortality from adjuvant radiation therapy was

counterbalanced by a similar percentage of non-breast-cancer mortality (mainly

cardiac) [66]. Much of the cardiac morbidity and mortality may have been

accounted for by older radiation techniques where the doses delivered to the heart

were higher. However, minimising cardiac exposure has been a contemporary

priority in adjuvant radiotherapy for breast cancer. A study of two cohorts of

women from Denmark and Sweden shows that there is a linear relation between

mean heart dose and the rate of major coronary events with an increase of 7.4 % per

Gy [67]. A prospective trial has shown that active breathing control can reduce

mean heart dose by ¼/> 20 % of patients in 88 % of cases [68].

10.13 Personalisation of Radiotherapy: Preclinical Models

Most preclinical research in oncology begins with the use of panels of cell lines that

reflect the relevant cancer and its diverse subtypes. This is an oversimplistic model

that neither replicates the in vivo tumour microenvironment nor the heterogeneity

found in breast and other tumours (see above). Single-cell sequencing illustrates

that tumours are made up from many distinct clones with varied mutations

[69]. Therefore, even in cancers of the same subtype, different clones and mutations

will be present that will determine the outcome of both systemic and radiation
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treatment. Cell line-derived xenograft models are extremely useful to monitor

tumour growth, drug pharmacokinetics, efficacy and toxicity and have the added

benefit of modelling the oxygen and pH gradients found in the tumour microenvi-

ronment, but the models are still dependent on available cell lines. Genetically

engineered mouse models allow investigation of specific mutations, but although

they can closely replicate clinical trial results, they are not personalised tumours.

One method that can examine a specific patient’s tumour directly is tumour

grafting or patient-derived xenografts (PDXs) [70]. In this model, cells from

digested patient tumour tissue are transferred to immunodeficient mice, and then

passaged from host to host. PDXs of human breast cancer accurately duplicate

receptor expression, growth, metastatic capability and pathology of the actual

tumour [71, 72]. However, these models have substantial costs, because PDXs

must be sustained in mice, and like other xenografts, tumour growth can take

time to establish [73]. Although these and other animal models are extremely

useful, all have limitations and none are suitable for fast, high-throughput method-

ology [74, 75].

However, primary tumour material (explants) from a specific breast cancer

patient can be investigated ex vivo, using pretreatment biopsy material

[76, 77]. This method can be a useful adjunct in the thrust for personalised

treatment, allowing analysis of a heterogeneous tumour, with an intact microenvi-

ronment and stromal tissue [78]. In our laboratory, pieces of tissue from all breast

cancer subtypes are placed in a collagen matrix and cultured with or without drug or

radiation treatment. Changes can be perceived within 5 days in most cases. There-

fore, this system could be used to investigate tumour responses to a specific therapy.

Our studies indicate that these cultures can be maintained with minimum manage-

ment for at least 30 days [77]. Such cultures can be continuously observed and

examined when necessary and lysed or fixed for analysis when required.

Using the explant model, we are currently investigating the radioresponsiveness

of individual breast cancer patient tumours to radiotherapy (Fig. 10.1). This figure

illustrates the use of tumour tissue obtained from pretreatment breast cancer patient

biopsies. In Fig. 10.1a, the invasive growth of an untreated single explant is

monitored for 10 days. This control explant could be treated with drug or radiation

and the effects on further growth or invasion monitored. Figure 10.1b shows a

radiosensitive explant in which no further growth or invasion has occurred in tissue

treated with 5GY radiation, compared with control explants, where invasive growth

has increased by approximately 500 %. Contrast this with Fig. 10.1c, where 5GY

radiation treatment has had no effect on explant growth in comparison to untreated

control explants, showing that tumour material from this patient is radiation resis-

tant. Use of this experimental system could (a) allow personalisation of radiation

treatment and (b) permit therapeutic strategies for radiation sensitisation to be

assessed in a more physiological model using actual breast cancer tissue.
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10.14 The Radioresistant Tumour Microenvironment:

Novel Therapeutic Targets

Hypoxia causes significant resistance to both radio- and chemotherapy and is found

in approximately 40 % of all breast cancers and 50 % of advanced breast cancers

demonstrating oxygen concentrations under 0.3 % [79]. Tumour cells use aerobic

glycolysis to provide fuel and components for growth, even in the presence of

sufficient oxygen [80, 81]. This leads to the excess production of CO2, lactate and

protons, which lowers the intracellular pH (pHi). However, several ion pumps,

enzymes and transporters preserve pHi between 7.0 and 7.4 [80]. These include

carbonic anhydrase (CA) IX, a hypoxia-inducible factor-1 (HIF-1)-induced enzyme

that catalyses the conversion of CO2 and H2O to hydrogen ions and HCO3�; the
hypoxia-activated Naþ/Hþ exchanger 1 (NHE1), which extrudes hydrogen for

sodium ions; monocarboxylate transporters (MCTs), which are Hþ/lactate trans-

porters; and finally, V-ATPases, which act as Hþ-transporters [80]. However, these
proteins, whilst contributing to the alkaline pHi found in hypoxic cancer cells, lead

Fig. 10.1 Personalised assessment of radiosensitivity using pretreatment breast cancer patient

biopsy material. (a) Tumour biopsy material was trimmed to remove fat. 1 mm3 pieces were

cultured in a collagen matrix and growth monitored over 10 days. (b) Illustration of a radiosen-

sitive tumour treated with 5GY radiation and monitored for 15 days. Data shown indicates changes

in growth normalised to Day 0 area (n¼ 4� SD). (c) Illustration of a radioresistant tumour treated

with 5GY radiation and monitored for 15 days. Data shown indicates changes in growth

normalised to Day 0 area (n¼ 4� SD)
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to acidosis in the tumour microenvironment, facilitating invasion and metastasis

and also increasing resistance to both systemic and radiation treatment [82]. Radi-

ation resistance increases because hypoxia decreases cell proliferation and DNA

damage is augmented in proliferative cell populations; lactate, via its antioxidant

properties, has also been linked to resistance mechanisms in several tumours [82–

84]. Therefore, targeting the adaptation mechanisms induced by the changing

microenvironment may offer new targeted therapies. Currently, preclinical strate-

gies are exploring novel compounds that disrupt pH regulation in concert with

radiation and systemic drug therapies [85–87].

Preclinical research in our laboratory suggested that NHE1 inhibitors could

sensitise breast cancer cells to radiation (unpublished data); however, phase III

clinical trials of these drugs reported increased levels of stroke [88]. Several

xenograft models have shown enhanced sensitivity to radiation in colorectal and

small cell lung cancer using MCT1 inhibitors [89, 90]. MCT1 and MCT4 require an

accessory molecule, CD147, for correct situation in the plasma membrane. Silenc-

ing of CD147 in breast cancer cells caused robust inhibition of lactate production

and glycolysis [91]. Strategies that reduce lactate concentration in the tumour

microenvironment should reduce radiation resistance [83, 92, 93]. Invasion and

metastasis of breast cancer cells can be inhibited by blocking V-ATPase activation

[94, 95]. Some inhibitors are too toxic to be used clinically, but several proton pump

inhibitors (PPIs) are used therapeutically, with negligible contraindications, and

these compounds also act as V-ATPase inhibitors [96]. Radiation resistance may be

partly influenced by the induction of autophagy, which is V-ATPase-dependent

[97]; therefore, PPIs may increase sensitivity to radiation.

Currently, CAIX inhibition is a promising therapeutic objective. This enzyme is

often overexpressed in breast cancer, where it correlates with poor prognosis [98],

but it is infrequently found in normal breast tissue. CAIX knockdown in murine

models show that the consequences are limited to gastric hyperplasia, implying

limited toxicity issues [99, 100]. Knockdown of CAIX has been linked to radiation

sensitisation [101], and a novel class of sulfamate CAIX inhibitors enhanced the

effects of radiation in a colorectal cancer model, both in vitro and in vivo

[86, 87]. Preclinical research in our laboratory suggests that these novel inhibitors

may sensitise breast cancer to radiation using several models.

10.15 Personalisation of Treatment Through Monitoring

Strategies

Because of the erratic tumour vasculature, tumour hypoxia is discontinuous. If

tumour oxygenation could be monitored in real time, radiation treatment could be

given when oxygen concentrations in the tumour were at their highest to achieve

maximal efficiency. Alternatively, hypoxic areas could be treated with larger

radiation doses to increase efficacy. Oxygen and metabolic indicators can be
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observed in real time using microphysiometry equipment in in vitro research [64],

and currently, biosensors are being developed that would permit personalised

monitoring of tumour hypoxia in real time [http://www.see.ed.ac.uk/drupal/impact]

and allow optimal radiation treatment strategies to be scheduled with the greatest

clinical benefit for each patient.
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Chapter 11

New Technologies in Radiation Therapy

Michio Yoshimura and Chikako Yamauchi

Abstract The evolution of radiation therapy in the treatment of breast cancer is

remarkable in recent years. In the matter of dosing and schedule, shorter fraction

schedules of whole-breast irradiation (WBI) have been admitted. Three randomized

clinical trials comparing hypofractionated radiation therapy (RT) to standard frac-

tionated RT have demonstrated equivalent local control and less adverse effect in

the hypofractionated groups. Although there are still controversies for patient

selection, hypofractionated RT is an effective and safe technique. Prone positioning

technique for WBRT has developed for women with large and pendulous breasts.

Prone technique decreases the inhomogeneity of a breast and dose of the lung and

heart. Accelerated partial breast irradiation (APBI) is a hypofractionated radiation

treatment with the use of limited and focused irradiation as alternatives to conven-

tional WBI following breast-conserving surgery. There are various methods for

APBI, and several clinical trials of each technique have been conducted. Some of

the trials have demonstrated that APBI is tolerable and an effective treatment

strategy. WBI with concurrent boost is also a new technique to shorten the overall

treatment time. Ongoing clinical trials are expected to show the non-inferior control

rate with tolerable toxicities, and WBI with concurrent boost could be an option of

standard radiotherapy regimens.
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11.1 Hypofractionated Radiation Therapy

11.1.1 Background

In whole breast irradiation (WBI) following breast-conserving surgery (BCS), a

total dose of 45–50.4 Gy in 25–28 fractions (fr) over a period of 4.5–5.5 weeks has

been conventionally used. Although that is considered as the standard radiation

schedule, shorter hypofractionated (HF) schedules were examined in three random-

ized clinical trials (RCTs).

11.1.2 Clinical Trials

In an RTC conducted by the Ontario Clinical Oncology Group, a dose of 42.5 Gy in

16 fractions as an HF regimen and a standard dose of 50 Gy in 25 fractions were

compared [1]. From 1993 to 1996, 1234 women with invasive breast cancer who

were treated by lumpectomy and had pathologically negative margins and negative

axillary lymph nodes were randomly assigned to receive WBI of 42.5 Gy in

16 fractions (HF arm) or 50 Gy in 25 fractions (standard arm). The risk of local

recurrence in 10 years was 6.7 % in the standard arm as compared with 6.2 % in the

HF arm (absolute difference, 0.5 %; 95 % CI, �2.5–3.5). In 10 years, the proba-

bility of survival was 84.4 % in the standard arm as compared with 84.6 % in the HF

arm (absolute difference, �0.2 %; 95 % CI, �4.3–4.0), and no statistically signif-

icant difference was shown between the two arms. The cosmetic outcome has also

shown that 71.3 % of women in the standard arm, as compared with 69.8 % of

women in the HF arm, had an excellent or good cosmetic result (absolute differ-

ence, 1.5 %; 95 % CI, �6.9–9.8).

Moreover, two large RCTs, the Standardization of Breast Radiotherapy

(START) A and START B, were conducted in the UK. The RCTs compared several

HF RT schedules with standard schedules (50 Gy in 25 fractions over 5 weeks).

Patients with both node-negative and node-positive breast cancer after BCS or

mastectomy were included these RCTs. At first, the START A trial compared

two different HF schedules and standard schedule [2]. In the trial, 2236 patients

were randomly assigned to receive either 39 Gy or 41.6 Gy delivered in 13 fractions

over 5 weeks or a standard regimen of 50 Gy in 25 fractions. After a median follow-

up of 9.3 years, 10-year rates of local-regional recurrence did not differ significantly

between the 41.6-Gy and 50-Gy regimen (6.3 %, 95 % CI 4.7–8.5 vs 7.4 %,

5.5–10.0; hazard ratio [HR] 0.91, 95 % CI 0.59–1・38; p¼ 0.65) or 39-Gy

(8.8 %, 95 %CI 6.7–11.4) and 50-Gy regimen (HR 1.18, 95 % CI 0.79–1.76;

p¼ 0.41). However, normal tissue effect of moderate or marked breast induration,

telangiectasia, and breast edema were significantly less common in the 39-Gy arm

than in the 50-Gy arm. On the other hand, the normal tissue effects were equivalent

in the 41.6-Gy and the 50-Gy group.
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In the START B trial, 2215 women were enrolled and randomly assigned to the

HF arm consisting of 40 Gy in 15 fractions over 3 weeks and the standard arm. With

a median of 9.9 years, the local-regional relapse rates in 10 years were not

significant in the difference between the HF group (4.3 %, 95 % CI 3.2–5.9) and

standard group (5.5 %, 95 % CI 4.2–7.2; HR 0.77, 95 % CI 0.51–1・16; p¼ 0.21).

Moreover, breast shrinkage, telangiectasia, and breast edema were significantly less

common in the HF group than the standard group. A meta-analysis of the UK

START trials concluded that appropriately dosed hypofractionated radiotherapy is

safe and effective for patients with early breast cancer [3]. On the other hand, there

is still the controversy underlying the optimal selection of patients. The American

Society for Therapeutic Radiology and Oncology (ASTRO) panel recommends HF

WBI for patients older than 50 years old with pT1-2 N0, without chemotherapy, and

with appropriate dose homogeneity. For the other patient, HF may be considered to

use under taking care of reduction of irradiation to the heart [4]. In a Cochrane

review evaluating these clinical trials, it was concluded that although the HF

method for selected patients could reduce acute side effects without increasing

local recurrence, a longer follow-up is required for a more complete assessment of

the effect of altered fractionation [5]. Recently, more aggressive HF regimens with

higher doses of radiation per fraction are evaluated. The FAST (faster radiotherapy

for breast cancer patients) trial randomized women aged 50 years with node-

negative breast cancer to standard group (50 Gy in 25 fractions) or HF (30 Gy in

5 fractions or 27.5 Gy in 5 fractions) over 5 weeks. At 3 years median follow-up,

28.5 Gy in 5 fractions is comparable to 50 Gy in 25 fractions, and significantly

milder than 30 Gy in 5 fractions, in terms of adverse effects in the breast [6]. The

Radiation Therapy Oncology Group (RTOG) conducted a non-inferiority phase III

trial (RTOG 1005) comparing standard fractions (50 Gy in 25 fractions) or HF

(42.7 Gy in 16 fractions) plus a sequential boost with an HF regimen that includes a

concomitant boost to the tumor bed (40–48 Gy in 15 fractions). Furthermore, the

long-term results of patients who do not meet the criteria of the ASTRO guideline

and treated with HF regimen are expected to be reported.

11.2 Prone Technique

11.2.1 Background

Standard tangential WBI after breast-conserving surgery is predominantly

performed in the supine position. Historically, supine position has been used in

the important landmark clinical trials or clinical setting in breast-conserving ther-

apy. However, it has been also noted that patients with large breast size experience

increased acute and late adverse effects. An acute effect of increased skin toxicities,

especially inframammary fold, was recognized. Late effects of increased fibrosis,

retraction, and telangiectasia were often noted. Prone breast irradiation has been
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emerged for women with large, pendulous breasts for the purpose of reducing

adverse effects in the early 1990s. It is expected to decrease dose inhomogeneity

by prone positioning. The prone positioning has been used for MRI and stereotactic

biopsy. In radiotherapy, its adoption was delayed, because it was needed that the

special device for the patients to lie with the ill breast be suspended, and the lack of

the setup accuracy was the problem.

11.2.2 Techniques

In 1994, investigators from the Memorial Sloan Kettering Cancer Center (MSKCC)

reported prone breast radiotherapy [7]. In this study, the utility of the prone

technique improved the dose distribution of the breast and reduced the volume of

normal tissues irradiated during WBI. Especially irradiation of the heart, lungs, and

contralateral breast are minimized in prone position irradiation. They developed a

platform for prone breast irradiation to add to the treatment couch. The same group

evaluated retrospectively, and the toxicity of WBI was delivered with prone

positioning [8]. They analyzed 245 women with 248 early-stage invasive or in

situ breast cancers treated between 1992 and 2004. WBI was carried out using a

prone breast board with 46–50.4 Gy with standard fractionation by photon. Tumor

bed boosts were administered in 85 % of cases, and adjuvant chemotherapy and

hormonal therapy were delivered to 42 % and 62 % of patients, respectively. After a

median follow-up of 4.9 years, the 5-year actuarial ipsilateral breast tumor recur-

rence rates were 4.8 % and 1.3 %, respectively. The 5-year actuarial rates of

regional nodal recurrence and distant metastases were 1.6 % and 7.4 %. Actuarial

disease-free, disease-specific, and overall survival rates in 5 years were 89.4 %,

97.3 %, and 93 %, respectively. Only 4.9 % of patients complained of acute chest

wall discomfort. Regarding the acute adverse effects, grade 3 acute dermatitis was

less than 2 % in patients, and chronic grade 2–3 skin and subcutaneous tissue

toxicities were reported in 4.4 % and 13.7 % of patients, respectively.

Another group from New York University also researched prone breast irradi-

ation with focus on designing a device adequate with prone positioning. They

developed several types of the devices for prone position made of various materials

and shapes and improved immobility, comfort, and convenience [9].

There were data suggesting feasibility of prone positioning, but almost all results

of the studies used electronic portal imaging (EPI) to investigate inter-fractional

variations. A randomized trial of supine versus prone breast radiotherapy (SuPr

study) was conducted to compare setup errors and respiratory motion. It was

designed to test a prone position against the standard supine position in terms of

feasibility (including patient comfort, radiographer satisfaction, and treatment

times), setup errors using cone-beam kV-CT (CBCT), and respiratory motion

using 4D-CT. Twenty-five patients were randomized and a total of 365 fractions

were analyzed. CBCT data were matched to planning CT data using the chest wall
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and clips, and systematic and random errors were calculated. Maximal displace-

ment of the chest wall and clips with respiration was measured on 4D-CT. Patient

comfort scores and treatment times were also evaluated. 3D population systematic

errors were 1.3–1.9 mm in supine and 3.1–4.3 mm in prone ( p¼ 0.02), and random

errors were 2.6–3.2 mm in supine and 3.8–5.4 mm in prone ( p¼ 0.02). Prone

positioning reduced chest wall and clip motion in 0.5� 0.2 mm versus 2.7� 0.5 mm

( p< 0.001) with respiration. Calculated CTV-PTV margins were greater for prone

(12–16 mm) than for supine treatment (10 mm). Patient comfort scores and

treatment times were comparable ( p¼ 0.06).

Prone position breast radiation results in similar long-term disease control with a

favorable toxicity profile compared with standard supine tangents and may con-

tribute to improving the therapeutic ratio of WBI by improving dose homogeneity

and minimizing cardiac and lung dose. One trade-off of the prone technique is

lesser coverage of axillary lymph nodes [10].

A study was designed to compare the dosimetry of target and normal tissues. The

CT images of 20 patients who had undergone simulation in supine and prone

positions were used for planning, and the axillary lymph node regions (levels I–

III), breast tissue, tumor bed, heart, and bilateral lungs were manually contoured.

Although coverage of the LN regions was insufficient in either position, the mean

dose to the nodal regions for levels I–III was approximately 50 % less on average in

the prone as compared with the supine position.

11.3 Accelerated Partial Breast Irradiation (APBI)

11.3.1 Background and Rationale

Breast-conserving therapy has become a standard treatment option for stages I–II

breast cancer patients. Several randomized trials showed the postoperative radio-

therapy is essential after the breast-conserving surgery. The standard regimen of the

radiotherapy is whole breast irradiation (WBI) at 45–50 Gy/1.8–2.0 Gy and, in

some cases, is followed by a tumor bed boost in five to ten fractions (fr). But since it

takes approximately 5–7 weeks to complete the whole course of radiotherapy, the

patients, who live far from the radiotherapy facilities, are elderly with low perfor-

mance status, are working with busy schedules, or have limited finance means,

would not choose breast-conserving therapy due to the long treatment duration.

Shortage of the radiotherapy duration will offer advantage for such patients.

The majority of recurrence in the ipsilateral breasts of the patients who did not

receive radiotherapy after breast-conserving surgery is observed close to the tumor

bed [11–15]. And the rate of new cancer development in the ipsilateral breast in the

remote area from the tumor bed (“elsewhere failures”) is similar to that in the

contralateral breast [15]. These evidences suggested that whole-breast irradiation
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could be overtreatment and that partial breast irradiation could be enough. Partial

breast irradiation can spare the normal tissue such as the lung and heart, resulting in

the lower development of radiation pneumonia and ischemic heart failure.

Based on these rationales, several groups started short-course partial breast

radiotherapy.

11.3.2 Patient Selection Criteria for APBI

In recent years many breast cancer patients have been treated with APBI after

breast-conserving surgery, but few data were available to define which patients

could be safely treated with APBI and which patients should receive WBI. From the

viewpoint of these issues, the American Society for Radiation Oncology (ASTRO)

published a consensus statement for proper patient selection regarding the use of

APBI in 2009. The guideline classified the patients into three groups, “suitable,”

“cautionary,” and “unsuitable” (Table 11.1).

11.3.3 APBI Techniques (Table 11.2)

11.3.3.1 Intraoperative Radiotherapy

Single-fraction intraoperative radiotherapy has been utilized for APBI with

low-energy X-rays or electrons. The most common regimen for intraoperative

radiotherapy is 20–21 Gy in one fraction. One of the advantages of this technique

is that radiotherapy can be delivered to the accurate position of the tumor bed

because radiotherapy is performed at the time of surgery. Another advantage is that

radiotherapy can be completed at the same time of the lumpectomy and patients do

not have to return to the hospital to receive radiotherapy after discharge. The

disadvantage is the intraoperative radiotherapy must be delivered before the final

pathological diagnosis.

11.3.3.2 Brachytherapy

Multicatheter Interstitial Brachytherapy

Multicatheter interstitial brachytherapy was initially developed for a tumor bed

boost after whole-breast irradiation and then utilized for APBI. The catheters are

placed around the lumpectomy cavity, and low-dose rate (Iodine-125) or high-dose

rate (Iridium-192) radioactive sources are temporarily afterloaded into each
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multicatheters. Multicatheters enable radiation oncologists to deliver accurate

irradiation to the tumor bed. The Radiation Therapy Oncology Group conducted

the phase II trial of APBI using multicatheter brachytherapy after lumpectomy in

early-stage breast cancers and reported excellent in-breast control rates (RTOG

95-17) [18].

Intracavitary Single-Lumen Brachytherapy

Proxima Therapeutics developed a single-lumen balloon catheter for intracavitary

brachytherapy to reduce the technical difficulties of interstitial brachytherapy. The

standard treatment dose is 34 Gy in ten fractions over 5 days using iridium-192

high-dose-rate brachytherapy [19, 20].

Table 11.1 ASTRO consensus: “suitable,” “cautionary,” and “unsuitable” patient groups for

APBI [16]

Factors “Suitable” group “Cautionary” group “Unsuitable” group

Patient factors

Age, year ≧60 50–59 <50

BRCA1/2

mutation

Not present NA Present

Pathologic factors

Tumor size ≦2 cm 2.1–3.0 cm >3 cm

T stage T1 T0 or T2 T3–T4

Margins Negative by �2 mm <2 mm Positive

Grade Any – –

LVSI No Limited/focal Extensive

ER status Positive Negative –

Multicentricity Unicentric only – Present

Multifocality Clinically unifocal with

total size ≦2 cm

Clinically unifocal with

total size 2.1–3.0 cm

Clinically multifocal

or total size >3 cm

Histology Invasive ductal or other

favorable subtype

Invasive lobular –

Pure DCIS Not allowed ≦3 cm >3 cm

EIC Not allowed ≦3 cm >3 cm

Associated

LCIS

Allowed – –

N stage pN0 – pN1, pN2, pN3

Nodal surgery SN biopsy or ALND – None performed

Neoadjuvant

therapy

Not allowed – If used

LVSI lymph-vascular space invasion, EIC extensive intraductal component, SN sentinel node,

ALND axillary lymph node dissection
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Intracavitary Multi-lumen Brachytherapy

Since a single-lumen balloon catheter have limitation of target coverage, multi-

lumen catheters such as SAVI, MammoSite ML, and Contura MLB have been

developed to improve target coverage and utilized for APBI. These catheters are

approved for use in the NSABP B-39/RTOG 0413.

Table 11.2 Comparison of APBI techniques [17]

3D CRT

Interstitial

brachytherapy

HDR, LDR,

PDR MammoSite

TARGIT,

50-kV

X-rays IORT, electrons

Coverage of

target

Best Variable Good Good Good

Dose

homogeneity

Best Fair Fair Fair Fair

Sparing of

normal

breast/other

organs

Least Good Good Best Varies with

location

Skin dose Least Least Variable Least (can

shield)

Least

Technical

feasibility

for various

size, shape,

or location

of cavity

Suitable

for virtu-

ally all

cases

Not suitable if

inadequate tis-

sue or near

axilla

Not suitable

for large/irreg-

ular cavities or

at the periph-

ery of the

breast

Not suitable

for large/

irregular

cavities or

at the

periphery

of the

breast

Not suitable for

tumors near

brachial plexus/

axilla or skin

Expertise

required

Average High Average High Very high

Potential for

widespread

use

Very good Fair Very good Fair Limited

Main

drawback

Relatively

higher

dose to

normal tis-

sue and

breathing

motion

Adequacy of

target cover-

age in some

cases and

wider

applicability

Cavity shape

and size.

Although easy

to use, strin-

gent QA is

required. Skin

dose may be

high

Very lim-

ited depth

irradiated;

cavity

shape and

size. His-

tology not

available

Wider applica-

bility. Histol-

ogy not

available.

Based on

quadrantectomy
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3D Conformal External Beam Radiotherapy (EBRT)

Three-dimensional conformal external beam radiotherapy has been introduced to

deliver APBI, because this technique is less invasive than interstitial brachytherapy.

In general, three to five beams are used. The most common regimen is 38.5 Gy in

ten fractions given twice daily over 5 days.

3D-CRT has many advantages over brachytherapy. First, this technique is

noninvasive, because invasive surgery or anesthesia is not needed. Second, most

radiotherapy centers have the radiotherapy facilities for 3D-CRT, and most radia-

tion oncologists are familiar with the skills required for the planning of 3D-CRT.

Finally, radiation oncologists can wait for the confirmation of pathological diagno-

sis regarding the surgical margin status before starting 3D-CRT (Fig. 11.1).

Several institutions reported the preliminary results of APBI with 3D-CRT. For

example, the Radiation Therapy Oncology Group (RTOG) conducted RTOG 0319

trial, which utilized 3D-CRT with 38.5 Gy in ten fractions over 5 days and reported

most patients enrolled in RTOG 0319 were satisfied with their treatment, and all

would choose to have the 3D-CRT APBI again [21].

11.3.4 Clinical Trials

Several phase III clinical trials of APBI are now ongoing (Table 11.3).

11.3.4.1 TARGIT

The TARGIT-A trial compared single-dose targeted intraoperative radiotherapy

(TARGIT) with fractionated external beam radiotherapy (EBRT) for breast cancer.

The 5-year risk for local recurrence in the conserved breast was 3 · 3 % for

TARGIT versus 1 · 3 % for EBRT ( p¼ 0 · 042). Breast cancer mortality was much

the same between groups 2 · 6 % for TARGIT versus 1 · 9 % for EBRT ( p¼ 0 · 56),

but there were significantly fewer non-breast-cancer deaths with TARGIT,

Fig. 11.1 3D CRT planning
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attributable to fewer deaths from cardiovascular diseases and other cancers. Overall

mortality was 3 · 9 % for TARGIT versus 5 · 3 % for EBRT ( p¼ 0 · 099) [27]. And

grade 3 or 4 skin toxicities were significantly reduced with TARGIT ( p¼ 0 · 029).

11.3.4.2 ELIOT

The ELIOT trial compared intraoperative radiotherapy with electrons with whole-

breast external radiotherapy after breast-conserving surgery with early-stage breast

cancer.

With a median follow-up of 5.8 years, the 5-year recurrence rates for ELIOT

versus external beam radiation therapy (EBRT) patients were 4.4 % and 0.4 %,

respectively, ( p¼ 0.0001). Five-year overall survival was 96 · 8 % in the

intraoperative radiotherapy group and 96 · 9 % in the external radiotherapy group.

Fewer acute or chronic skin side effects were observed in patients in the

intraoperative radiotherapy group (8.0 %; 37/464) than in those in the external

beam radiotherapy group (2.7 %; 11/412) ( p¼ 0 · 0002) [23].

11.3.4.3 NSABP B-39/RTOG

The NSABP B-39/RTOG 0413 trial allows the three radiotherapy options to be

utilized (multicatheter interstitial brachytherapy, balloon intracavitary brachyther-

apy, and external beam 3D conformal therapy).

The definitive results from this trial will be reported many years later and useful

to compare the outcome of these modalities and have the potential to expand the

standard radiotherapy after breast-conserving surgery.

11.3.4.4 GEC-ESTRO

The GEC-ESTRO APBI trial is the phase III trial to compare interstitial brachy-

therapy with WBI. The regimens of APBI is HDR with 32.0 Gy/8 f. (twice/day),

30.3 Gy/7 f. (twice/day), or pulsed dose rate of 0.60–0.80 Gy/h to 50 Gy (1 pulse/h,

24 h/day). Between 2004 and 2009, 1233 patients have been randomized in

16 centers from seven European countries.

The results of the large multi-institutional, prospective, randomized trial that

will define the long-term efficacy of APBI are eagerly anticipated.

11 New Technologies in Radiation Therapy 161



11.4 Whole-Breast Irradiation (WBI) with Concurrent

Boost (Fig. 11.2)

11.4.1 Background

11.4.1.1 Tumor Bed Boost

Two prospective randomized trials showed that a 10–16 Gy sequential boost after

WBI reduced local recurrence rate even in breast cancer patients with negative

resection margins after breast-conserving surgery [28, 29]. An international survey

of physician members of the American Society for Therapeutic Radiology and

Oncology (ASTRO) and the European Society for Therapeutic Radiology and

Oncology (ESTRO) showed that 98 %/94 % of American/European respondents

would offer a sequential boost with close margins, and 85 %/75 % of American/-

European respondents would deliver a boost even in patients with negative

margins [30].

W
hole

breast
Tum

or
bed

D.
Hypofractionated WBI
+ concurrent boost

15fr

B.
Hypofractionated WBI
→sequential boost

15fr+5fr

A.
Conventtionally fractionated WBI
→sequential boost

25fr 5fr
2 Gy/fr

2.67 Gy/fr

C.
Conventtionally fractionated WBI
+ concurrent boost

28fr

1.8 Gy/fr

2 Gy/fr

2.3 Gy/fr

2.67 Gy/fr

3.2 Gy/fr
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or
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W
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hole

breast
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or
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Fig. 11.2 Scheme of treatment regimen
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11.4.1.2 Hypofractionated WBI

As was described in 11.1, several randomized trials showed hypofractionated WBI

not inferior to conventionally fractionated WBI.

Hypofractionated WBI has become one of the standard radiotherapy regimens

after breast-conserving surgery in several countries.

11.4.2 Conventionally Fractionated WBI with Concurrent
Boost

The use of sequential boost of 1–2 weeks extends the radiotherapy treatment time,

which is unfavorable for patients. To solve the disadvantage, the techniques of

conventionally fractionated WBI with concurrent boost were introduced.

McDonald et al. reported that conventionally fractionated WBI with concurrent

boost reduced treatment duration by five fractions with a favorable acute toxicity

profile and showed an excellent 3-year locoregional control rate [31]. Bantema-

Joppe et al. reported that conventionally fractionated WBI with concurrent boost

resulted in an excellent 3-year local control rate and did not impair toxicity and

cosmetic outcome [32, 33].

The IMRTMC2 trial, which is a phase III randomized trial to compare intensity-

modulated radiotherapy (IMRT) with simultaneous integrated boost (SIB) with

conventional WBI plus a sequential boost after breast-conserving surgery, has

opened in 2011. The regimen of WBI with a sequential boost is 50.4 Gy/1.8 Gy/

28 f. for the whole breast, followed by a 16 Gy/2 Gy/8 f. boost, while the prescribed

dose of the SIB-IMRT regimen is 50.4 Gy and 64.4 Gy/28 f. for the whole breast

and tumor bed, respectively. The primary end point of the study is the evaluation of

the cosmetic results of 6 weeks and 2 years and the 2- and 5-year local recurrence

rates, and secondary objectives are long-term overall survival, disease-free sur-

vival, and quality of life [34].

11.4.3 Hypofractionated WBI with Concurrent Boost

Either a hypofractionated regimen or concurrent boost is very useful as a treatment

strategy to shorten radiotherapy duration, respectively. To maximize the advantage,

several institutions conducted the studies of hypofractionated WBI with concurrent

boost for early breast cancer. Several groups have reported single institutional

studies of hypofractionated WBI with concurrent boost resulted in favorable

tumor control and tolerable side effects (Table 11.1).

Based on these studies, two groups started phase III randomized trials of

hypofractionated WBI with concurrent boost (Table 11.2).
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The Radiation Oncology Group has opened a phase III trial of hypofractionated

WBI plus concurrent boost versus standard WBI plus sequential boost after lump-

ectomy for early-stage breast cancer in 2011 (RTOG1005) [35]. The regimen of

standard WBI for the control arm can be 50 Gy/2 Gy or 42.5 Gy/2.67 Gy plus

sequential boost at 12–14 Gy/2 Gy. The WBI dose fractionation in the experimental

arm is 40 Gy/2.67 Gy with the concurrent boost receiving 48 Gy/3.2 Gy. The

primary objective is to determine whether hypofractionated WBI with concurrent

boost will prove to be non-inferior in local control to standard WBI with a

sequential boost. The secondary end points are examining local control, breast-

related symptoms, cosmesis, cost, and toxicities (Tables 11.4 and 11.5).

The UK Intensity Modulated and Partial Organ Radiotherapy (IMPORT) high

trial has opened in 2009. This trial will recruit 2568 participants and compare two

hypofractionated concurrent boost regimens with sequential boost regimens. The

fractionation of the control arm is 40 GyWBI in 15 fractions with a sequential boost

of 16 Gy/8 fr, while the treatment regimens of two experimental arms are 36 Gy for

the whole breast, 40 Gy for the partial breast, and 48 Gy (test treatment 1) or 53 Gy

(test treatment 2) for the tumor bed in 15 fractions. The primary end point is local

tumor control and secondary end points include normal tissue toxicity [45].

We expect that the results from these two trials will show the non-inferior

control rate with tolerable toxicities and that hypofractionated WBI with concurrent

boost will be an option of standard radiotherapy regimens after breast-conserving

surgery.
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Chapter 12

Radiotherapy Following Neoadjuvant

Chemotherapy in Locally Advanced Breast

Cancer

Nisha Ohri and Alice Ho

Abstract Neoadjuvant chemotherapy (NAC) is commonly used in patients with

locally advanced breast cancer. Several challenges faced by radiation oncologists in

treating these patients include the lack of an accurate pathologic stage to guide

management and determining how response to NAC should affect further local

therapy. In the postmastectomy setting, the available data demonstrates that both

initial clinical stage and final pathologic stage independently predict for

locoregional recurrence (LRR). Postmastectomy radiation therapy (PMRT)

improves local control in patients with locally advanced clinical stage III disease,

regardless of response to NAC, and in those with residual pathologic nodal disease.

Patients with early-stage disease who respond well to NAC are at low risk for LRR.

Within the intermediate risk groups, additional factors such as molecular subtype

and presence of a complete pathologic response, both of which have been shown to

predict for LRR, may help guide further management decisions. With regard to

breast-conserving therapy after NAC, the available data demonstrates this is a safe

and effective option in patients with minimal up-front nodal disease and small

residual tumors after NAC. Additional contraindications for lumpectomy in any

setting should also be considered. The role of regional nodal irradiation in patients

who have received NAC is controversial, particularly among pathologically node-

negative patients. There are two ongoing randomized trials open for accrual in the

USA that aim to evaluate the benefits of adjuvant radiation therapy, including

regional nodal irradiation, after NAC.
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12.1 Introduction

Neoadjuvant chemotherapy (NAC) is a common treatment modality for patients

with locally advanced breast cancer. It can be used to facilitate surgery when

up-front surgical resection is not feasible or to avoid mastectomy in cases where

up-front breast conservation surgery may result in poor cosmetic outcome

[1, 2]. Delivering preoperative systemic therapy may also treat micrometastatic

disease and avoid delays due to postoperative healing issues after surgery.

The benefits of radiation therapy (RT) after breast conservation surgery with or

without adjuvant chemotherapy have been well-established by the Early Breast

Cancer Trialists’ Collaborative Group (EBCTCG) meta-analysis [3]. Similarly,

multiple randomized trials have demonstrated locoregional recurrence (LRR) and

breast cancer survival benefits with postmastectomy radiation therapy (PMRT) in

appropriately selected patients [4, 5]. The use of PMRT in general will likely

increase, given that the most recent update of the EBCTCG meta-analysis showed

significantly lower 10-year recurrence and 20-year breast cancer mortality rates

with the addition of PMRT in patients with only one to three positive lymph

nodes [6].

These trials included in the EBCTCG meta-analysis, however, did not enroll

patients who received NAC. Neoadjuvant chemotherapy has been shown to change

the extent of disease in 80–90 % of cases [2]. As a result, the pathologic indications

for adjuvant radiation therapy after up-front surgical resection may be different in

the setting of preoperative systemic therapy. Several common challenges faced by

radiation oncologists when treating patients who have undergone NAC include the

lack of an accurate pathologic stage to guide treatment decisions, assessing how the

response to NAC should affect further local therapy, and formulating new treatment

strategies for patients who demonstrate a poor response to NAC. To date, there is

limited data from randomized trials to help answer these questions. This chapter

will review the evolution of the role of radiation therapy in optimizing locoregional

control in breast cancer patients who receive NAC.

12.2 LRR After NAC and Mastectomy Without PMRT

Available data from randomized studies comes from the National Surgical Adju-

vant Breast and Bowel Project (NSABP) B-18 and B-27 trials. Mamounas

et al. performed a retrospective combined analysis of these two trials to examine

the rates and patterns of LRR after NAC as well as identify independent predictors

of local failure. These trials were conducted in the late 1980s and 1990s before the

benefits of PMRT were established [4, 5]. At that time, clinical trials did not allow

postmastectomy chest wall or regional nodal RT, allowing the group to study LRR

rates after NAC and mastectomy in patients who did not receive adjuvant radiation.
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The NSABP B-18 trial randomly assigned 1523 patients with operable and

palpable T1-3 and N0-1 breast cancer to receive either four cycles of neoadjuvant

doxorubicin and cyclophosphamide (AC) or four cycles of adjuvant AC. Patients

aged 50 or greater received hormonal therapy with tamoxifen for 5 years regardless

of receptor status. The NSABP B-27 trial had similar enrollment criteria and

randomly assigned 2411 patients to receive either four cycles of neoadjuvant AC

or four cycles of neoadjuvant AC followed by four cycles of either neoadjuvant or

adjuvant docetaxel. All patients received hormonal therapy with tamoxifen for

5 years regardless of age or receptor status. In both studies, patients who underwent

breast conservation surgery received adjuvant radiation therapy. Patients who

underwent mastectomy did not receive PMRT. The combined data set included

742 patients from the neoadjuvant AC arm of B-18 and 2346 patients from all three

arms of B-27.

For the entire cohort, the 10-year cumulative incidence of LRR was 11.1 %.

Among 1947 patients who underwent mastectomy, 12.6 % had a LRR (9.0 % local,

3.6 % regional). Several independent predictors of LRR were identified for all

patients: age �50 years at randomization, clinical tumor size >5 cm before NAC,

clinical nodal involvement before NAC, pathologic breast tumor response, and

nodal status at surgery. For patients who underwent mastectomy, all factors except

age remained significant on multivariate analysis. When LRR rates were examined

according to the number of pathologically involved nodes at surgery, rates were

higher with four or more positive lymph nodes than with one to three positive

lymph nodes. However, LRR rates were above 10 % for all subsets of pathologi-

cally node-positive patients, indicating that residual nodal disease following NAC

is an important negative prognostic factor for locoregional recurrence [7].

A series of retrospective reviews from the MD Anderson Cancer Center

(MDACC) has also helped identify clinical and pathologic factors that predict for

LRR after NAC and mastectomy without adjuvant radiation. The first study,

published in 2002, analyzed outcomes from 150 breast cancer patients with early-

stage to locally advanced disease treated on prospective institutional trials. With a

median follow-up of 4.1 years, the 5- and 10-year actuarial rates of LRR were 27 %.

Three factors independently predicted for LRR: (1) clinical stage IIIB or greater

disease, (2) four or more positive lymph nodes, and (3) lack of tamoxifen. The

pathologic complete response (pCR) rate was 10 % at the time of mastectomy.

However, the LRR rate among those patients who achieved a pCR remained high at

about 20 %, with pretreatment clinical stage ranging from IIA to IIIB. Patients who

did not achieve a pCR had a similar rate of LRR (28 %). These results suggested

that PMRT should be considered in patients who present with clinical stage III

disease, even in the setting of a pCR. Clinical stage II disease is associated with a

lower baseline risk of LRR, suggesting that the local control benefit of PMRT is

also smaller [8].

To further study these lower-risk patients who undergo NAC and mastectomy,

Garg et al. similarly analyzed a cohort of stage I and II patients from the same data

set. The study included 132 patients, with 95 % of patients presenting with clinical

stage II disease. All patients received either an anthracycline-based neoadjuvant
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regimen or single-agent paclitaxel followed by modified radical mastectomy.

Nineteen percent of patients had no residual invasive disease at the primary site,

43 % had residual tumors �2 cm, and 26 % had residual tumors >2 cm. Among

patients who presented with clinically involved lymph nodes, 36 % were patholog-

ically node negative. The overall 5- and 10-year LRR rates were 10 %. Several

factors associated with increased LRR were identified: (1) clinical stage T3N0 at

presentation, (2) four or more positive lymph nodes at surgery, (3) age �40 at

diagnosis, and (4) lack of tamoxifen. The 5-year LRR rate for patients with clinical

T1-2 disease and one to three nodes positive at surgery was very low (5 %). This led

investigators to conclude that among patients presenting with clinical stage II

disease, PMRT is indicated for those who are young (defined as �40 years old),

have T3 tumors, or have four or more positive lymph nodes at surgery. Conversely,

patients with initial clinical T1-2 disease and one to three positive lymph nodes at

surgery may have too low a risk of LRR to benefit from PMRT [9].

12.3 The Role of PMRT in Minimizing LRR After NAC

and Mastectomy

Another series of retrospective studies from the MDACC investigated the role of

PMRT in locally advanced breast cancer patients treated with NAC and mastec-

tomy. In 2004, Huang et al. published a study including 676 patients treated from

1974 to 1998 with doxorubicin-based NAC and mastectomy � PMRT. Ninety-five

percent of patients also received adjuvant chemotherapy. Radiation therapy

included 50 Gy to the chest wall and regional lymph nodes with an additional

10 Gy boost to the chest wall. About 30 % of patients received adjuvant hormonal

therapy with tamoxifen.

At a median follow-up of 5.7 years, patients who received PMRT had a signif-

icantly lower 10-year rate of LRR compared to patients who did not (11 % vs. 22 %,

p¼ 0.0001). Patients presenting with clinical stage I-IIA disease had similar rates of

LRR with and without radiation, while those with stage IIB disease or greater had

significantly lower rates of LRR with PMRT (11 % vs. 26 %, p< 0.0001). Strati-

fying by clinical T-stage and N-stage, patients with T3-4 tumors or N2-3 nodal

disease benefited significantly from PMRT. Looking at posttreatment pathology,

LRR rates were lower with PMRT for residual tumors >2 cm or with four or more

positive lymph nodes ( p< 0.001 for both parameters). In a subset of patients with

clinical stage II disease and one to three positive lymph nodes after NAC, there was

no difference in LRR rate with PMRT. Among patients who achieved a pCR,

10-year LRR rates were similar for patients with clinical stage I or II disease

( p¼ 0.22) but were significantly improved with the addition of PMRT in patients

with clinical stage III disease (33 % vs. 3 %, p¼ 0.006). PMRT significantly

improved cause-specific survival (CSS) in patients with clinical stage IIIB disease

or greater (44 % vs. 22 %, p¼ 0.002), clinical T4 tumors at presentation (45 %
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vs. 24 %, p¼ 0.007), and four or more positive lymph nodes (45 % vs. 18 %,

p¼ 0.005). Similar to prior studies, this review identified multiple pretreatment

clinical factors and posttreatment pathologic factors that predicted for LRR after

NAC and mastectomy. PMRT was highly effective in patients with significant

residual disease burden after NAC and in patients who presented with locally

advanced disease, even in the setting of a pCR [10].

A follow-up study analyzing clinical and pathologic predictors of LRR in the

same cohort of 542 patients, all of whom received NAC, mastectomy, and PMRT,

was subsequently published 1 year later. Over 70 % of the cohort had clinical stage

IIIA or stage IIIB disease. Median follow-up was 70 months. The 5-year rate of

LRR was 9 %, and the 10-year rate was 11 %. Over 60 % of failures occurred in the

chest wall, and about 30 % occurred in the supraclavicular lymph nodes. On

multivariate analysis, five factors were independently associated with LRR:

(1) skin/nipple involvement, (2) supraclavicular lymph node involvement,

(3) extracapsular extension, (4) estrogen-receptor-negative disease, and (5) lack

of tamoxifen use. The 10-year LRR rate for patients with one or none of these

factors was only 4 % compared to 8 % with two factors and 28 % with three or more

factors ( p< 0.0001). This data provided compelling evidence for the benefit of

PMRT in patients receiving NAC with multiple high-risk features and also illumi-

nated the need for alternative treatment strategies in such patients [11].

12.4 PMRT Following NAC for T3N0 Breast Cancer

The role of PMRT in patients with clinical T3N0 disease treated with NAC and

mastectomy is controversial given the absence of nodal involvement upon disease

presentation. An MDACC study specifically examined this question in a large

retrospective series of 162 patients with cT3N0 breast cancer who received NAC

followed by mastectomy. A substantial proportion of patients (n¼ 119; 73 %)

received PMRT, which targeted the chest wall, high axilla, and supraclavicular

fossa � internal mammary node irradiation. The 5-year LRR rate for the irradiated

group was 4 % compared to 24 % in the non-irradiated group ( p< 0.001). How-

ever, more patients in the irradiated group had pathologically involved lymph nodes

at surgery (52 % vs. 26 %, p¼ 0.003), which previous studies identified as a

negative prognostic factor for LRR. Among all patients with pathologically

involved lymph nodes, the 5-year LRR rate was lower with PMRT (5 %

vs. 53 %, p< 0.001). Among pathologically node-negative patients, there was a

trend toward improved 5-year LRR rate with PMRT (2 % vs. 14 %, p¼ 0.06). In the

subset of patients who achieved a pCR (n¼ 13; 8 %), there were no locoregional

recurrences. However, it is difficult to interpret these results given the limitations of

a very small sample size. This study demonstrated a significant locoregional control

benefit with PMRT after NAC and mastectomy in patients presenting with clinical

T3N0 breast cancer who have pathologically involved lymph nodes. Even in
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patients who are pathologically node negative at surgery, the risk of LRR may be

high enough to warrant consideration of PMRT [12].

12.5 Posttreatment Pathology and LRR

One of the biggest challenges in assessing patients who have received NAC is the

lack of an accurate pathologic stage, as many patients are downstaged after

treatment. From the NSABP B-18 trial, clinical breast tumor size was reduced in

80 % of patients (n¼ 693), and clinical nodal response was observed in 89 % of

node-positive patients (n¼ 185) [2].

To explore how posttreatment pathology impacts LRR rate, Buchholz et al. from

the MDACC performed a retrospective study of mastectomy patients treated with

neoadjuvant vs. adjuvant chemotherapy without PMRT. The analysis included

1031 patients who received adjuvant chemotherapy and 150 patients treated with

NAC. Most patients received a doxorubicin-containing regimen. Ninety-two per-

cent of patients in the neoadjuvant group received additional chemotherapy after

mastectomy. About 30 % of patients in both groups received tamoxifen.

Advanced clinical stage at presentation was significantly more common in the

neoadjuvant group (55 % with clinical stage IIIA disease or greater vs. 9 %,

p< 0.001). However, the pathologic size of primary tumor and nodal involvement

was significantly less in the neoadjuvant group, suggesting favorable response to

treatment. Fifty-six percent of patients had residual tumors measuring less than

2 cm, and 46 % were pathologically node negative (28 % presented as clinically

node negative). The overall 5-year rate of LRR was higher in the neoadjuvant group

(27 % vs. 15 %, p¼ 0.001). When stratified by primary tumor size (0–2 cm,

2.1–5.0 cm, >5.0 cm), the 5-year LRR rate remained significantly higher in the

neoadjuvant group for each subset. Based on lymph node status, a significantly

higher rate of LRR was seen in patients with four or more positive lymph nodes

after NAC. For pathologically node-negative patients or those with one to three

involved lymph nodes, the LRR rates were similar between both groups. While

patients with T1N1 disease had similar rates of LRR (both <20 %), patients with

T2N1 disease had higher rates of LRR with neoadjuvant chemotherapy (30 %

vs. 15 %, p¼ 0.016). The group concluded that PMRT should be offered to all

patients with pathologic N2 or T3 disease or clinical stage IIIA disease, regardless

of preoperative or postoperative chemotherapy. There was insufficient information

to assess LRR in patients with clinical stage II disease who received NAC,

particularly in those with residual nodal involvement [13].
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12.6 LRR After a Pathologic Complete Response

Previous retrospective series demonstrated that LRR rates in patients with locally

advanced disease at presentation who achieved a pCR after NAC in the breast and

axilla remained relatively high and were significantly reduced with the addition of

PMRT [10]. As systemic therapy regimens continue to improve, the rate of pCR

after neoadjuvant chemotherapy is expected to increase.

McGuire et al. from the MDACC performed a retrospective review specifically

evaluating the outcomes of patients with locally advanced breast cancer who

achieved a pCR after NAC. The study included 106 patients, with about 70 %

presenting with clinical stage III disease. Over 90 % of patients received an

anthracycline-based chemotherapy regimen before modified radical mastectomy.

Seventy-two patients (68 %) received PMRT, which consisted of 50 Gy in 25 frac-

tions to the chest wall and regional lymph nodes and an additional 10 Gy boost to

the chest wall. The supraclavicular fossa and axillary apex were treated with a

photon field, and the internal mammary nodes and medial chest wall were treated

with an electron field.

Median follow-up was 5 years. While the irradiated group had a significantly

higher proportion of patients who presented with advanced clinical stage (81 %

vs. 35 % stage III, p< 0.001), the 10-year rates of LRR remained similar between

the irradiated and non-irradiated groups (5 % vs. 10 %, respectively; p¼ 0.40).

Stratifying by presenting clinical stage, there were no locoregional recurrences

among patients with stage I or II disease, regardless of PMRT. Conversely,

among patients with stage III disease, the use of PMRT was associated with a

significantly lower 10-year LRR rate (7.3 % vs. 33.3 %, p¼ 0.040). No additional

predictors of LRR were identified. Irradiated patients had significantly higher rates

of 10-year distant metastasis-free survival (88 % vs. 41 %, p¼ 0.0006), CSS (87 %

vs. 40 %, p¼ 0.0014), and OS (77 % vs. 33 %, p¼ 0.0016). This study confirmed

that in locally advanced breast cancer patients who achieve a pCR after NAC,

PMRT improves both local control and survival, again highlighting the significant

impact of high disease burden at presentation [14].

12.7 Biology Subtype, pCR Rates, and Long-Term

Outcomes

Over the past decade, multiple studies have determined that the likelihood of

achieving a pathologic complete response (pCR) is associated with breast cancer

subtype, with triple-negative (TN) and trastuzumab-treated Her2+ patients demon-

strating a greater proclivity toward pCR compared to hormone-receptor-positive

patients. Several studies have also demonstrated that a pathologic complete

response to NAC can predict for improved long-term outcomes in breast cancer

patients. A retrospective review by Kuerer et al. of 372 patients with locally
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advanced breast cancer treated on two prospective trials with anthracycline-based

NAC examined pCR rates and survival outcomes. All patients underwent total

mastectomy or segmental mastectomy with axillary dissection, additional adjuvant

chemotherapy, and adjuvant radiation therapy. The pCR rate was 12 %. The 5-year

OS and DFS rates were significantly higher in patients who achieved a pCR (89 %

and 87 %, respectively) compared to the rest of the cohort (64 % and 58 %,

respectively) [15].

More recently, von Minckwitz et al. from the German Breast Group performed a

larger pooled analysis of 6377 patients from seven prospective neoadjuvant che-

motherapy clinical trials. The group aimed to precisely define a pathologic com-

plete response and determine its prognostic impact on long-term survival outcomes

based on molecular subtype of breast cancer. All patients received neoadjuvant

anthracycline-taxane-based chemotherapy. The median tumor size was 4.0 cm, and

12 % of patients presented with locally advanced disease. At a median follow-up of

46.3 months, there were 1466 relapses (23 %) and 775 deaths (12.2 %).

Various definitions of pCR were studied, including ypT0 ypN0 (15.0 %), ypTis

ypN0 (4.8 %), and ypT0/is ypN+ (2.9 %). DFS was highest among patients with no

residual invasive or in situ disease in the breast or lymph nodes or ypT0 ypN0,

followed by ypTis ypN0, and finally ypT0/is ypN+ ( p< 0.001). Patients were then

stratified by the following molecular subtypes: luminal A, luminal B/Her2�,

luminal B/Her2+, Her2+, and triple negative. Pathologic complete response rates

ranged from 9 % (luminal A) to 50 % (Her2+ with trastuzumab). Both DFS and OS

were significantly correlated with pCR only for the Her2+ (with and without

trastuzumab) and triple-negative subtypes ( p< 0.001). While DFS and OS rates

were favorable for low-proliferating luminal A-like tumors, pCR was not predictive

of survival outcomes in this molecular subtype. A mixed pattern was seen for

luminal B-like tumors, with pCR appearing prognostic for Her2� tumors but not

Her2+ tumors. This study demonstrated that to achieve the greatest prognostic

value, pCR should be defined as no residual invasive or in situ disease in the breast

or axilla. Additionally, pCR can serve as a surrogate marker for long-term outcomes

in patients with Her2+, triple-negative, and luminal B/Her2� disease and may help

guide treatment decisions for patients in whom the role of further local therapy

remains unclear [16].

While pCR can be a reliable surrogate for DFS in certain patients, its relationship

to LRR outcomes is less clearly defined. To address this question, another study

from the MDACC by Caudle et al. aimed to identify patients at high risk for LRR

after NAC and breast-conserving therapy based on response to NAC and molecular

subtype. This study included 595 patients for analysis and used the following

subtypes: ER+ or PR+ (HR+) and Her2�, HR+/Her2+, HR�/Her2+, and HR�/

Her2�. All patients underwent lumpectomy with axillary node evaluation. Clini-

cally node-negative patients underwent sentinel lymph node biopsy with comple-

tion axillary dissection if positive. Clinically node-positive patients underwent

axillary dissection. Radiation therapy included 50 Gy in 25 fractions to the breast

with an additional 10 Gy boost to the tumor bed. Regional nodal irradiation was

delivered per physician discretion. Because this study was conducted before the
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routine use of neoadjuvant trastuzumab, patients who received trastuzumab were

excluded.

Patients with HR� tumors had the greatest response to NAC. Pathologic com-

plete response rates were lower in the HR+/Her2� (9 %) and HR+/Her2+ (18 %)

subsets than in the HR�/Her2+ (36 %) and HR�/Her2� (38 %) subsets

( p< 0.001). Additionally, HR� tumors had smaller pathologic tumor sizes and

less residual nodal disease burden. However, 5-year LRR-free survival and OS rates

were significantly higher for HR+/Her2� (97.0 % and 92.5 %, respectively) and

HR+/Her2+ patients (95.9 % and 85.8 %, respectively) than for HR�/Her2+

(86.5 % and 84.4 %, respectively) and HR�/Her2� patients (89.5 % and 83.0 %,

respectively). Among patients who did not achieve a pCR, those who were HR�
had decreased 5-year LRR-free survival, while HR+ patients maintained high rates

of LRR-free survival. While this study was limited by the lack of trastuzumab use in

the neoadjuvant setting, it demonstrated high rates of local control in the HR+/

Her2� and HR+/Her2+ subtypes, regardless of response to NAC. Although there

are currently no alternative treatment strategies to improve locoregional control in

patients with HR– subtypes who do not achieve a pCR after NAC, improving the

efficacy of locoregional treatment in this subset of patients who are at high risk for

LRR is an important research endeavor [17].

The most compelling evidence for the significance of a pathologic complete

response and biologic subtype as independent predictors for LRR in patients

receiving NAC comes from the pooled analysis of the CTNeoBC (Collaborative

Trials in Neoadjuvant Breast Cancer) trials. In the final analysis, 5694 patients with

data on biologic subtype and all covariates included in the multivariable analysis

model were studied. Thirty-six percent of patients were HR+/grade 1, 11 % HR+/

grade 3, 14 % HR�/Her2+, 18 % HR+/Her2+, and 21 % TN. The overall rate of

LRR at 5 years was low (6.8 %). Biologic subtype (TN vs. HR+/grade 1: HR of 4.09

[3.01–5.55]) and pCR (ypN+ vs. pT0/isN0: HR 2.36 [1.62–4.34]) were the strongest

predictors of LRR, with an overall LRR rate of 12.2 % in TN patients and 11.8 % in

patients with residual positive lymph nodes following NAC. These results provided

further evidence for the impact of biologic subtype and response to NAC on LRR

risk [18].

12.8 Success of Breast Conservation Therapy After NAC

One significant advantage of NAC is the ability to potentially convert patients who

would require up-front mastectomy to breast conservation candidates. The NSABP

B-18 and EORTC 10902 trials compared locoregional control rates in patients who

had preoperative chemotherapy with patients who had postoperative chemotherapy.

Both studies demonstrated higher rates of breast conservation therapy in the

preoperative chemotherapy arms [2, 19].

Long-term results of the NSABP B-18 trial showed similar rates of LRR in the

preoperative chemotherapy and postoperative chemotherapy groups. For patients

12 Radiotherapy Following Neoadjuvant Chemotherapy in Locally Advanced Breast. . . 179



who underwent lumpectomy, the in-breast tumor recurrence (IBTR) rates were

13 % and 10 %, respectively ( p¼ 0.21) [20]. Similarly, 10-year OS and LRR rates

from the EORTC 10902 trial for patients who underwent breast conservation

therapy were similar with preoperative chemotherapy and postoperative

chemotherapy [21].

To study the patterns and predictors of local failure after NAC and breast-

conserving therapy, Chen et al. from the MDACC performed a retrospective review

of 340 patients with stage I–III breast cancer. A majority of patients (96 %) were

clinical stage II–III at presentation. Lumpectomy included gross excision of the

residual primary tumor with a margin of normal-appearing tissue. Re-excision was

performed for positive margins, with 4 % of patients having focally positive final

margins. About 80 % of patients underwent axillary level I–II dissection. Adjuvant

radiation therapy included 50 Gy in 25 fractions to the whole breast with an

additional 10 Gy electron boost to the tumor bed. Regional nodal irradiation was

delivered at the discretion of the treating physician.

At a median follow-up of 60 months, 29 (8.5 %) patients developed LRR, and

16 were IBTRs. The 5-year LRR-free survival was 91 %, and the 5-year IBTR-free

survival was 95 %. Four factors correlated with increased IBTR and LRR rates:

(1) clinical N2 or N3 disease, (2) pathologic residual tumor >2 cm, (3) multifocal

pattern of residual disease, and (4) lymphovascular space invasion (LVSI) [22]. The

same group subsequently developed the MD Anderson Prognostic Index (MDAPI),

which used the presence or absence of these four predictors of recurrence to

establish an overall score ranging from 0 to 4. The actuarial 5-year IBTR-free

survival rates were 97 % for a score of 0–1 (n¼ 276), 88 % for a score of 2 (n¼ 43),

and 82 % for a score of 3–4 (n¼ 12), p< 0.001 [23]. These studies demonstrated

that breast-conserving therapy after NAC in appropriately selected patients results

in low rates of LRR and IBTR. This was confirmed by results from the recent large

CTNeoBC pooled analysis (LRR rate of 6.0 % with a pCR after NAC and 6.3 %

without a pCR) [18].

The available data demonstrates that breast-conserving therapy after NAC is a

safe and effective option in patients with minimal nodal disease at presentation,

residual T1 tumors or smaller after NAC without multicentric disease, and without

LVSI. The contraindications for lumpectomy in any setting should also be consid-

ered, including up-front multicentric disease, diffuse microcalcifications, and per-

sistently positive resection margins following lumpectomy. Finally, all patients

should undergo whole-breast irradiation after breast-conserving surgery.

12.9 Regional Nodal Irradiation

The benefits of regional nodal irradiation (RNI) have been studied in both breast-

conserved and postmastectomy patients, however in the setting of adjuvant che-

motherapy delivery only. The National Cancer Institute of Canada Clinical Trials

Group (NCIC-CTG) MA.20 trial was a randomized multicenter trial that included
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over 1800 patients with high-risk node-negative or node-positive breast cancer. All

patients underwent breast-conserving surgery with axillary level I/II lymph node

dissection. Patients were randomized to whole-breast irradiation (WBI) or WBI +

RNI. The breast was treated to 50 Gy in 25 fractions with or without a 10 Gy boost

to the tumor bed. The axillary apex, supraclavicular fossa, and internal mammary

nodes were treated to 45 Gy in 25 fractions. Over 80 % of patients had one to three

positive lymph nodes, and over 90 % received adjuvant chemotherapy.

Median follow-up was 62 months. The WBI + RNI group had a higher DFS

(89.7 % vs. 84.0 %, p¼ 0.003), locoregional DFS (96.8 % vs. 94.5 %, p¼ 0.02),

and distant DFS (92.4 % vs. 87.0 %, p¼ 0.002). There was a trend toward improved

5-year OS with WBI + RNI (92.3 % vs. 90.7 %, p¼ 0.07). While a longer follow-up

may be required to establish an OS benefit with RNI, these results suggest that all

patients undergoing breast-conserving surgery with node-positive disease should

receive RNI in addition to WBI [24]. Coupled with the recent update of the

EBCTCG meta-analysis demonstrating improved 10-year recurrence and 20-year

breast cancer mortality rates with the addition of PMRT in patients with one to three

positive lymph nodes, there appears to be a local control and survival benefit when

these patients are treated more aggressively [6].

A recent meta-analysis by Budach et al. performed a pooled analysis of three

large randomized trials (MA.20, EORTC 22922–10925, and the French trial) to

further establish the benefits of regional nodal irradiation. Combining all three

trials, there was a significant OS benefit with the addition of medial supraclavicular

lymph node irradiation (HR 0.88, 95 % CI 0.80–0.97), with an absolute benefit of

1.6 % at 5 years from the MA.20 trial, 1.6 % at 10 years from the EORTC trial, and

3.3 % at 10 years from the French trial. Looking at the MA.20 and EORTC trials,

medial supraclavicular and internal mammary lymph node irradiation was associ-

ated with a significant improvement in DFS (HR 0.85, 95 % CI 0.77–0.94) and

distant metastasis-free survival (HR 0.82, 95 % CI 0.73–0.92). These combined

results again indicate a statistically significant survival benefit with RNI [25].

There is little data to guide treatment decisions regarding regional nodal irradi-

ation after NAC. A study from the Rene Huguenin Cancer Center in France looked

specifically at patients who were pathologically node negative after NAC and

breast-conserving surgery with axillary lymph node dissection. All patients

(n¼ 248) received adjuvant whole-breast irradiation, with 64 % also receiving

regional nodal irradiation. The 5-year LRR-free survival and OS rates were similar

with regional nodal irradiation (89.4 % and 88.7 %, respectively) and without

regional nodal irradiation (86.2 % and 92 %, respectively). However, the targeted

lymph nodes varied significantly within the regional nodal irradiation group [26].

Similar results were seen in another retrospective study by the Korean Radiation

Oncology Group (KROG 12-05). This study looked at the benefit of elective nodal

irradiation in patients with clinical stage II–III breast cancer who received NAC

followed by breast-conserving therapy and were pathologically node negative. The

overall 5-year LRR-free survival and DFS rates were 95.5 % and 90.5 %, respec-

tively. Elective nodal irradiation did not significantly affect survival outcomes [27].
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While the necessity of regional RT or PMRT for ypN0 patients has been studied,

data regarding the clinical benefits from treatment is conflicting. Internal mammary

lymph node irradiation was not standardized in these studies. It is possible that

exclusion of the IMNs from the radiation treatment volumes may have increased the

risk of locoregional recurrence, consequently obscuring the benefit of PMRT [26–28].

12.10 Ongoing Trials Investigating the Role of RT

After NAC

There are two ongoing randomized NAC trials that are open for accrual in the USA.

The NSABP B-51/RTOG 1304 (NRG 9353) trial is enrolling patients with clinical

stage II–III breast cancer (T1-3N1M0) with biopsy-proven axillary nodal disease

(Fig. 12.1). Patients receive NAC with anti-Her2-targeted therapy if Her2+.

Patients who are pathologically node negative at surgery (by axillary dissection

or sentinel lymph node biopsy) are randomized to breast RT alone (lumpectomy) or

no RT (mastectomy) vs. breast RT with regional nodal irradiation or PMRT with

regional nodal irradiation. This study aims to evaluate the benefits of adjuvant

radiation therapy, including regional nodal irradiation, in patients who are initially

node positive and become node negative after NAC [29].

Fig. 12.1 NSABP B-51/RTOG 1304 (NRG 9353) schema. Abbreviations: NAC neoadjuvant

chemotherapy, ALND axillary lymph node dissection, SLNB sentinel lymph node biopsy, WBI
whole-breast irradiation, RNI regional nodal irradiation
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The Alliance A11101 trial (Fig. 12.2) is another randomized trial that is enroll-

ing patients with clinical stage II–III breast cancer (T1-3N1M0). Patients receive

NAC with anti-Her2-targeted therapy if Her2+. Patients who are pathologically

node positive by sentinel lymph node biopsy after NAC are randomized to breast/

chest wall and regional nodal RT vs. axillary lymph node dissection and breast/

chest wall and regional nodal RT. This study aims to compare axillary lymph node

dissection to axillary radiation therapy in patients who remain node positive after

NAC [30].

12.11 Conclusions

While we await the results of ongoing randomized trials, there is a lack of

randomized data to guide treatment decisions for local therapy after NAC. Based

on the available data, which is mostly retrospective, the initial clinical stage at

presentation and the final pathologic stage after NAC both independently predict

for LRR. A suggested treatment algorithm for PMRT after NAC is shown in

Fig. 12.3. Following NAC, PMRT is indicated for patients who initially present

with clinical stage III disease or greater regardless of response to NAC. It is also

indicated for patients with residual pathologic nodal disease at the time of mastec-

tomy. Clinical T3N0 disease has been associated with high LRR rates as well,

Fig. 12.2 Alliance A11101 schema. Abbreviations: NAC neoadjuvant chemotherapy, ALND
axillary lymph node dissection, SLNB sentinel lymph node biopsy
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warranting further local therapy in the absence of a pCR. Even with a pCR, PMRT

can be considered. Patients who present with early-stage clinically node-negative

disease and remain pathologically node negative at the time of surgery do not seem

to benefit from PMRT. The remaining groups of patients with clinical stage II

disease may not require further therapy, as suggested by the reviewed data. How-

ever, this is largely based on results from small retrospective series. Additional

factors such as age and molecular subtype can be considered for these patients.
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Chapter 13

Novel Translational Research of

Neo-adjuvant Endocrine Therapy

Alexey A. Larionov

Abstract Neo-adjuvant endocrine therapy has an established place in the treatment

of post-menopausal oestrogen-receptor positive breast cancers. However, a number

of clinical questions still need to be addressed to realise the full potential of the

neo-adjuvant endocrine treatment. Thus, there is a shortage of data about direct

comparison between endocrine and cytotoxic neo-adjuvant treatments in ERþve

patients. Other questions under investigation include optimal duration of therapy,

utility of neo-adjuvant endocrine therapy in pre-menopause, selection between

different endocrine agents and predicting and overcoming resistance. The latter

attracts most of the translational attention. Significant effort has been directed

toward (i) development of response-predictive bio-markers, (ii) understanding

molecular diversity of resistance in clinical samples and (iii) development of new

treatments targeting the resistance mechanisms (such as combination of m-TOR

and aromatase inhibitors). The recent response prediction studies included

re-analysis of established molecular markers (ER, PgR, HER2, Ki67) and devel-

opment of new multi-gene signatures. Some of the transcriptional signatures ini-

tially developed for the adjuvant setting are being studied in neo-adjuvant

endocrine context (e.g. Oncotype DX). Despite being able to improve response

prediction, these signatures still provide limited information about the individual

mechanisms of resistance. New analytical methods, new trial designs and new

bioinformatics resources are being employed to overcome this limitation and to

develop a panel of mechanism-focused tests for guiding future neo-adjuvant endo-

crine therapies in breast cancer.
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Abbreviations

AI Aromatase inhibitors

ER Estrogen receptor

PgR Progesterone receptor

13.1 Introduction

Neo-adjuvant treatment is indicated for large non-disseminated tumours to shrink

them before potentially curative surgery. The reduction of tumour volume may

either reduce the volume of surgery or allow mastectomy for previously inoperable

tumours [1]. The term “neo-adjuvant” was introduced to distinguish it from the

“adjuvant” therapies, which had been used after surgery to delay or prevent relapse

[2]. On the other hand, neo-adjuvant treatment should be distinguished from

primary systemic treatment of disseminated disease, when there is no possibility

for a potentially curative surgery. The main endocrine agents used in neo-adjuvant,

adjuvant and disseminated modalities are the same. However, the duration of

treatment, response assessment and clinical objectives differ between these set-

tings. Importantly, the biology of large non-disseminated primary tumours (the

primary target in neo-adjuvant setting) may differ from biology of both micro- and

macro- metastatic disease (which are the primary targets in adjuvant and dissem-

inated settings respectively).

Initial trials of primary endocrine treatment for operable breast cancer were

reported in the 1980s, shortly after the introduction of tamoxifen into breast cancer

clinics. They were focused on elderly patients (over 70 years old) with the intention

of saving these patients from surgery [3]. Twenty-year follow-ups have recently

been reported for these studies [4, 5]. The analysis showed that the addition of

surgery to tamoxifen in elderly patients does not improve overall survival. How-

ever, it has also been shown that primary endocrine treatment could not substitute

surgery in operable patients for local control. The hazard ratio (HR) for

progression-free survival in operable elderly patients favoured surgery over tamox-

ifen (HR¼ 0.55, p¼ 0.0006, 95 % CI 0.39–0.77), as well as addition of surgery to

primary tamoxifen (HR¼ 0.65, p¼ 0.0001, 95 % CI 0.53–0.81) [6, 7]. Thus the

focus shifted towards combination of primary endocrine treatments with surgery

when shrinkage of tumour was desirable to improve surgical outcomes [1]. At the

same time, it should be noted that neo-adjuvant treatment may also be considered as

the earliest opportunity to restrain the occult micro-lesions, in addition to the main

effects on the primary tumour [2].

In parallel to the clinical benefits, it was recognised early that neo-adjuvant

setting provides a unique model to study tumour biology and response to endocrine

treatment [8]. The large size of primary tumours allows for sequential biopsies

during neo-adjuvant treatment. Coupled with modern methods of molecular anal-

ysis, this provides an opportunity to study biology and changes in individual
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tumours during treatment [9, 10]. In turn, the neo-adjuvant research informs new

clinical approaches by development of biomarkers for response prediction [11, 12]

and personalised classification of tumours [13] and by suggesting rational targets to

prevent or overcome resistance to endocrine treatment [14]. This chapter will

review recent findings in translational research relating them to clinical challenges

in neo-adjuvant endocrine treatment of breast cancer.

13.2 Hormonal vs Cytotoxic Treatment in Neo-adjuvant

Setting

Endocrine treatment is not the only possible neo-adjuvant option in breast cancer.

The other common alternatives include cytotoxic chemotherapy and HER2-

targeting agents. It has been shown that HER2-positivity requires inclusion of

HER2-targeting agents [15, 16], and ER-negativity excludes the use of endocrine

treatment. In contrast, there is no definitive evidence supporting a choice between

cytotoxic and endocrine neo-adjuvant treatment in ER-positive patients.

The field was initially shaped by numerous neo-adjuvant trials, which compared

different cytotoxic regimens between each other. These trials established patholog-

ical complete response (pCR) as a surrogate end-point [17] and reported typical

cytotoxic pCR response rates in a range 10–30 % [18]. At the same time, typical

pCR rates reported for neo-adjuvant endocrine treatments ranged from 0 to 10 %

[19]. This put into question the efficiency of neo-adjuvant endocrine treatments,

suggesting that it should be used only when side effects of cytotoxic treatments are

not acceptable. However, such indirect comparison may be flawed because (i) it

does not take into account ER-status of patients, (ii) it assumes that pCR has

prognostic value in endocrine treatment and (iii) it ignores that the initial endocrine

neo-adjuvant studies often used sub-optimal duration and drug selection. In fact, the

high pCR rates of cytotoxic treatments are mainly limited to ER-negative tumours

[20–23], pCR is not prognostic in ERþve tumours [24] and is not recommended for

response assessment in endocrine treatments [17]. Furthermore, the extention of

neo-adjuvant endocrine treatment beyond the initially practiced 3–4 month may

improve the pCR response rates up to 17 % [25]. A direct trial with adequate

treatment duration and response assessment is still needed to compare the efficacy

of cytotoxic and endocrine neo-adjuvant treatment for ERþve patients.

To date, there are only three reports about randomised comparison of

neo-adjuvant endocrine and cytotoxic treatments in ERþve patients [26–28]

(Table 13.1). These studies are relatively small. The biggest of them randomised

239 postmenopausal patients with large non-disseminated (T2-4, N0-2, M0)

non-treated tumours between endocrine (3 months of anastrozole or exemestane)

and cytotoxic (a standard antracycline-containing regimen followed by taxanes)

arms [27]. There was no difference in clinical response rates (64 % of clinical

responses were reported for both arms), pCR was detected in 3 % and 6 %,
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Table 13.1 Studies directly comparing efficacy of neo-adjuvant Endocrine and Cytotoxic treat-

ments in breast cancer

Trial, number

and reproductive

status of patients

Endocrine

treatment Cytotoxic treatment Results

Semiglazov [27]

n¼ 239

Post-menopausal

Randomised

Anastrazole or

Exemestane for

3 months

Doxorubicin and

Paclitaxel

No statistically significant

differences in clinical

response rates (64 % in both

arms) and in pCR rates (3 %

in endocrine and 6 % in

cytotoxic arm)

Numeric trend to better

conservation rates in endo-

crine arm (33 % vs 24 %,

p¼ 0.06)

Alba [26] n¼ 95

Pre- (n¼ 51) and

post-menopausal

(n¼ 44)

Randomised

Exemestane (plus

goserelin in

pre-menopause)

for 6 months

Epirubicin plus Cyclo-

phosphamide followed

by Docetaxel

All patients: no statistically

significant differences in

clinical response rates,

numeric trend favouring

cytotoxic treatment (objec-

tive response rates 66 %

and 48 %, p¼ 0.08)

Pre-menopausal patients:
superiority of cytotoxic

treatment (75 % vs 44 %,

p¼ 0.027),

Post-menopausal patients:
no difference in response

rates (57 % vs 52 %,

p¼ 0.78)

Palmiery [28]

n¼ 44

Post-menopausal

Randomised

Letrozole

4–6 months

Fluorouracil, Epirubicin

and Cyclophosphamide

with optional switch to

Docetaxel

NEOCENT trial, stopped

because of the low accrual;

radiological response:

54.5 % in the cytotoxic arm

vs 59.1 % in the letrozole

arm; the low sample size

precluded a statistical

inference

Thomas [29]

n¼ 103

Non-randomised

Retrospective

Letrozole

3 months

Non-specified Non-balanced by age, ER,

reproductive status and

other clinical parameters

Higher pCR rates in cyto-

toxic group (18 % vs 1.9 %,

p¼ 0.007)

No differences in clinical

response rates (89 vs 85 %,

p¼ 0.8)
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respectively. A tendency to a better conservation rates in the endocrine arm has

been observed (33 % vs 24 %, p¼ 0.06). The second randomised neo-adjuvant trial

enrolled 95 patients to compare cytotoxic treatment (epirubicin plus cyclophospha-

mide followed by docetaxel) with exemestane [26]. Importantly, the authors

enrolled both pre- and post-menopausal patients (combining exemestane with

goserelin in the premenopause). Overall, there was no statistically significant

difference between the arms; however, the authors highlighted a numerical trend

favouring cytotoxic treatment (objective response rates 66 % and 48 %, p¼ 0.08).

A sub-group analysis showed that the superiority of cytotoxic treatment was limited

to pre-menopausal patients (75 % vs 44 %, p¼ 0.027), while in post menopause the

response rates were virtually identical (57 % vs 52 %, p¼ 0.78). The third trial

randomised 44 patients and stopped because of the low accrual [28]. Objective

radiological response was reported as 54.5 % in the cytotoxic arm and as 59.1 % in

the letrozole arm; the low sample size precluded a statistical inference. One

non-randomised retrospective comparison reported similar clinical response rates

in post-menopausal endocrine and cytotocic neo-adjuvant treatment (53 vs

50 patients, respectively; clinical response rates 89 % vs 85 %, p¼ 0.8) and

superiority of the cytotoxic treatment in achieving pathological response (18 %

vs 1.9 %, p¼ 0.007) [29]. However, this comparison was retrospective and unbal-

anced by age, reproductive status, ER, tumour sizes and other clinical parameters.

No other studies have been reported so far to directly compare efficacy of endocrine

and cytotoxic treatments in a neo-adjuvant setting [30]. Given the evidence avail-

able to date it could be suggested that the efficacy of neo-adjuvant endocrine

treatment in ER-positive tumours is not inferior to cytotoxic chemotherapy, espe-

cially in ER-rich low-grade post-menopausal tumours [31]. At the same time,

endocrine treatment allows to save ERþve patients of the toxicity associated with

cytotoxic agents.

The side effects of cytotoxic therapies limit their use in breast cancer for a large

proportion of breast cancer patients. Thus, cytotoxic treatment is used in less than

3 % of patients older than 70 years [32]. Importantly, these elderly patients

constitute more than 30 % of all breast cancers [33]. The cytotoxic agents typically

used for neo-adjuvant breast cancer treatment include antracyclines, mitotic poi-

sons (taxanes), antimetabolites (antifolites and pyrimidine analogues) and cross-

linking agents (such as cyclophosphamide and platinum-containing compounds).

Their side effects are frequent and may reach life-threatening levels

[34]. Cardiotoxicity is most severe in antracyclines, which are the major component

in most neo-adjuvant cytotoxic regimens used in breast cancer. Myelosuppression

is observed in virtually all cytotoxic agents. It is quite common (up to 20–30 % in

some regimens) and severe (up to febrile neutropenia). Gastrointestinal toxicity

includes stomatitis (up to 10–15 % in some regimens) and diarrhoea. The latter is

most common in combinations of antimetabolites with cross-linking agents (up to

5 %) and may be life-threatening. Nausea, vomiting and alopecia are common in

most of the cytotoxic agents too. Such a combination of side effects, including the

life-threatening ones, applies strict limitations for the use of cytotoxic agents in
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patients after 60, which is the majority of ERþve breast cancers. None of these

severe adverse effects are observed in endocrine treatments.

Another group of common side effects of cytotoxic agents include damage to the

ovaries, which is especially characteristic for DNA-cross-linking agents [34–

38]. Damage to the ovaries is reported in up to 70–80 % of patients treated with

regimens that include cross-linking agents and antimetabolites. These cytotoxic drugs

are designed to cause DNA damage in tumour cells, which may affect ovaries and

oocytes along with the tumour, introducing a risk of long-term effects to fertility and

genetic defects in children, whichmay be of concern for younger patients. Again, none

of the endocrine agents cause irreversible damage to fertility. Moreover, GnRH

agonists were suggested for fertility preservation in pre-menopausal patients under-

going cytotoxic treatments [39, 40], although their effectiveness is yet to be confirmed

[37, 38, 41].

Adverse effects commonly reported for endocrine agents in the neo-adjuvant

setting include hot flashes, arthralgia, myalgia, stiffness, fatigue, night sweats,

nausea and headaches [1, 14, 27, 42–46]. Many studies highlight good tolerability

of endocrine treatment with up to 95 % of treatment-related adverse events being

mild (grade 1 or 2). These side effects are similar to ones reported for the adjuvant

endocrine setting. However, a short duration of the neo-adjuvant treatment prevents

development of other adverse effects, which could be observed in the long-term

endocrine treatments (increased risk of cardio-vascular events, fractures, venous

thrombosis or endometrial carcinoma) [47].

The comparison of side effects between cytotoxic and endocrine treatments

makes it clear that, independently of the future outcome of direct comparison of

their efficacy, neo-adjuvant endocrine treatment will be indicated to many breast

cancer patients. Contrary to the common belief, the available evidence does not

preclude a simultaneous administration of cytotoxic and endocrine drugs; however,

the preliminary reports suggest that such combination may have efficacy similar to

either of the therapies alone [48–51].

13.3 Clinical Context of Translational Studies

in Neo-adjuvant Endocrine Treatment

Clinical context is very important for design and interpretation of translational

studies. The key clinical aspects that should be considered when reviewing

neo-adjuvant endocrine studies in breast cancer include (i) response assessment,

(ii) differences between endocrine agents, (iii) duration of treatment and

(iv) reproductive status of patients.
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13.3.1 Response Assessment

There are multiple approaches to response assessment of breast cancer in the

neo-adjuvant setting. Different studies report responses based on measurement of

clinical, pathological, proliferative or molecular changes [52]. This may signifi-

cantly influence the numerical representation of response rates and complicate

comparison between studies [30, 53].

13.3.1.1 Clinical Response

Clinical response assessment is based on measuring the size and spread of the

tumour. This approach is implemented in RECIST and WHO criteria, which

categorise patients to complete, partial responders, and those having a stable or

progressive disease [54, 55]. While setting the important reference framework, this

categorisation may lack the sensitivity needed in translational research. Specifi-

cally, the stable disease category includes any response ranging from 50 % tumour

reduction to 25 % tumour growth. While being meaningful for clinical purposes,

this broad grouping may ignore important biological differences substantial in

translational studies. Reporting and analysing actual tumour sizes may provide

better resolution required for translational purposes. Several methods are used to

measure tumour size including callipers, mammography and ultrasound

[30, 56]. Calliper measurement is the simplest, but most subjective and least

accurate method. Mammography provides an objective record; however, it is

two-dimensional. Also, compression of mamma during mammography may influ-

ence response assessment, if the tumour responds by softening, rather than shrink-

ing. CT and MRI provide the most accurate three-dimensional measurements and

provide an objective record. However, these methods are expensive and they are not

used in routine clinical practice. Therefore ultrasound is emerging as a balanced

practical method of choice: it is simple, allows three-dimensional measurements

and provides an accurate record, especially if measurements before and after

treatment are taken by the same operator. It has been shown that ultrasound better

reflects pathological size detected during the surgery than calliper or mammogra-

phy [57]. In addition, the ultrasound can easily be performed many times during the

neo-adjuvant course, allowing for dynamic interim measurements of tumour

volume.

13.3.1.2 Pathological Response

Neo-adjuvant treatment provides a unique opportunity to have a sequential patho-

logical assessment of tumour during treatment. This is an important part of many

neo-adjuvant translational studies [9, 29, 52]. Complete disappearance of tumour

cells on pathological sections in tumour and lymph nodes (pCR) has been
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intensively studied in the cytotoxic neo-adjuvant context because of its prognostic

value in ER-ve tumours [17, 18]. However, pCR assessment is less relevant to

endocrine treatment because it is rarely detected in this treatment modality and it is

not prognostic in ERþve tumours [19, 24, 58]. Importantly, pathological changes

during treatment are not limited by reduction of tumour cellularity. Thus, ~80 % of

breast cancers display substantial morphological changes after 3 months of

neo-adjuvant letrozole [29]. Along with significant reduction in tumour cellularity

endocrine treatment tends to cause development of connective tissue at the centre of

tumour. This has been described as a “central scar”, which may occupy up to 30 %

of tumour volume after the treatment. Formation of “central scar” is associated with

total reduction in tumour volume. Cytotoxic therapy may also cause connective

tissue rearrangement; however, in contrast to the endocrine treatment, it tends to be

scattered, rather than centrally located [29]. Of the other commonly assessed

pathological features it may be noted that neo-adjuvant treatment showed incon-

sistent effects on the expression of estrogen receptors, with stronger

downregulation by tamoxifen than by AIs. In contrast, letrozole has been more

effective than tamoxifen in reducing the expression of progesterone receptors

[9]. The clinical relevance of changes in the expression of steroid receptors is not

clear.

13.3.1.3 Proliferative Response

Reduction in proliferation has been established as the most clinically relevant

pathological change detected during neo-adjuvant endocrine treatment. Multiple

markers may reflect proliferation in breast cancer, including grade, mitotic count,

S-phase fraction, PCNA, PHH3, thymidine or bromodeoxyuridine labelling index

and some others [59–62]. Of them Ki 67 has been most widely accepted and

becoming de-facto standard method for proliferation measurement in clinical

specimens [63–65].

Ki67 was discovered about 30 years ago as a nuclear antigen expressed in

proliferating lymphocytes [66]. Its expression is restricted to G1-S-G2-M phases

of the cell cycle and Ki67 is not detectable in resting cells entering G0 [67–69]. The

exact function of Ki67 in the cell is still poorly understood [70–72]. It is a large

protein (>350 Kda) interacting with chromatin and forkhead-associated domains of

other proteins [73, 74]. It can be phosphorylated [75]. It is associated with nucleoli,

ribosome formation and protein biosynthesis [76, 77]. Because of its involvement in

proliferation and protein biosynthesis, it has been even considered as a potential

target for treatment [78]. Several antibodies have been developed to detect this

Ki67 antigen; therefore in some studies it may be referred as MIB1 [79].

The earliest changes of Ki67 in a neo-adjuvant endocrine trial have been

reported after 2–4 days of treatment [28]. However, most of the studies measure

early changes of Ki67 after 2 weeks of treatment to allow sufficient time for

proliferation to stop. This early Ki67 reduction is predictive of neo-adjuvant

clinical response and is associated with prognosis in the adjuvant setting [80–

82]. Residual post-neo-adjuvant Ki67 is also used for adjuvant prognosis
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[11]. Interestingly, Ki67 changes in relatively small neo-adjuvant studies may be

informative for planning of larger adjuvant trials. Thus, proliferative responses in

the IMPACT trial showed higher efficiency of arimidex than tamoxifen or combi-

nation, which predicted the outcome of the ATAC trial [83–85]. Importantly, the

neo-adjuvant design of the IMPACT study required only 330 patients, while the

adjuvant ATAC trial needed 9366 participants.

Overall, the important role of proliferation in the biology of endocrine response

and the well-documented association of Ki67 with prognosis and response to

endocrine treatment suggested using Ki67 as a surrogate end-point in endocrine

neo-adjuvant treatment resembling the use of pCR in cytotoxic studies [63, 65].

13.3.2 Comparison of Endocrine Agents

A series of trials established superiority of AIs over tamoxifen in all treatment

settings in breast cancer [86, 87]. The key studies comparing AIs with tamoxifen in

the neo-adjuvant setting included PO24, IMPACT and PROACT trials. PO24 trial

compared neo-adjuvant tamoxifen with letrozole. The trial included patients

non-suitable for breast conserving surgery before treatment. The end-points

included clinical response and percent of breast conserving surgery after 4 months

of treatment. In both end-points letrozole showed significantly better results, with

55 % vs 36 % of clinical responses ( p< 0.001) and 45 % vs 35 % of breast

conservation rate ( p¼ 0.022) [42]. IMPACT and PROACT trials compared tamox-

ifen with anastrozole [88, 89]. In both trials, anastrozole showed no significant

improvement in objective response. However, in PROACT trial anastrozole

achieved better breast conservation rates (43.0 % vs 30.8 %, p¼ 0.04), and in

IMPACT trial anastrazole showed significantly better proliferative response than

tamoxifen (93 % vs 85 %, [83]). A meta-analysis of trials involving 1160 patients

confirmed that preoperative AIs show superiority over tamoxifen in breast conserv-

ing surgery rate (relative risk 1.36, p< 0.001) and in objective responses detected

either clinically or by ultrasound (relative risks 1.29, p¼ 0.002) [90].

Comparison between different aromatase inhibitors showed little difference in

their neo-adjuvant clinical efficacy, with a possibility of a non-significant trend in

favour of letrozole. There is experimental evidence suggesting that letrozole is

more effective than other AIs in suppression of blood estrogens in breast cancer

patients [91–94] with possible clinical implications in the advanced setting

[95]. However, this translated to very subtle, if any, difference in the

pre-operative treatment. Thus, ACOSOG Z1031 trial directly compared letrozole,

anasrtozole and exemestane in the neo-adjuvant setting [43]. No differences were

found between treatment arms with respect to proliferative responses measured by

Ki67; although the numerical trend favoured the Ki67 response to letrozole. This

numerical trend was also evident in the clinical response rates, reaching formal

significance between letrozole and exemestane (95 % CI for difference in clinical
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response 0.5–23.3). The authors concluded that each AI markedly improved surgi-

cal outcomes and biomarker data suggested their biological equivalency.

The neo-adjuvant setting has been successfully used for establishing an adequate

dose of fulvestrant in breast cancer. A phase II neo-adjuvant NEWEST study

demonstrated that increasing fulvestrant’s dose from 250 to 500 mg significantly

reduces the residual proliferation [96]. Another pre-operative study even explored a

further dose increase to 750 mg [46]. Experimental data on xenograft models

suggested that combining fulvestrant with anastrozole may prevent the develop-

ment of endocrine resistance [97]. This was consistent with some trials combining

fulvestrant with anastrozole in the advanced setting (FIRST and SWOG-0226

trials) [98, 99]. However, a similar pre-operative study showed no difference in

Ki67 reduction between the arms [100]. Overall, the available evidence suggests

that fulvestrant may be at least as effective as anastrozole in the pre-operative

setting. However, the use of fulvestrant in the pre-operative setting is still

experimental.

13.3.3 Duration of Treatment

Historically, most neo-adjuvant endocrine studies tested 3–4 months of

pre-operative treatment [30]. At the same time, accumulating evidence suggest

that longer treatment might be better for most of the patients. Dixon with co-authors

reported a study on 63 patients treated with neo-adjuvant letrozole in the Edinburgh

Breast Unit. The average tumour volume reduction at 3 months was 52 %, with

further reduction by 50 %, 37 % and 33 % at 6, 9 and 12 month of treatment,

respectively [101]. Similarly, Allevi et al. compared 4, 8 and 12 months of

pre-operative letrozole (40 patients in each group). Both clinical and pathological

response rates significantly rose along with the duration of treatment: the clinical

response rates were 12.5 %, 42.1 % and 57.5 % (p for trend <0.001) and the pCR

rates were 2.5 %, 5 % and 17.5 % (p for trend 0.04) at 4, 8 and 12 months,

respectively [25]. Another study on 32 patients also reported improved response

rates when extending pre-operative letrozole from 4 to 8 months [102]. At the same

time, the authors highlighted that most of the patients had become eligible for breast

conservation after the initial 4 months of treatment, suggesting that further exten-

sion is indicated only on individual basis. This was consistent with the study on

56 patients treated with preoperative letrozole, which reported median time to

objective response at 3.9 months (95 % CI 3.3–4.5), median time to maximal

response at 4.2 months (95 % CI 4.0–4.5) and 37 % of patients achieving the

maximal response after 6 months [103]. Importantly, patients on the extended

treatment have to be carefully monitored because a small number of tumours may

progress during the extension. For instance, 4 out of 116 patients treated with

pre-operative exemestane progressed within the initial 4 months of treatment and

3 more patients progressed between 4 and 8 months; at the same time, 14 patients

have achieved further tumour reduction during the treatment extension
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[104]. Despite the relatively small sizes of the cited studies, the results are highly

consistent. Thus, the emerging consensus with regard to neo-adjuvant endocrine

treatment is that “If used, such treatment should be considered for a duration of

5–8 months or until maximum tumour response” [105].

13.3.4 Neo-adjuvant Endocrine Treatment
in Pre-menopause

Reports about neo-adjuvant endocrine treatment in pre-menopause are scarce.

Historically, neo-adjuvant endocrine treatment was avoided in pre-menopausal

patients because the younger patients can tolerate the cytotoxic treatments, which

showed good pCR rates. However, some young patients with ERþve tumours may

inquire about the possibility of endocrine alternatives because of the ovarian

toxicity of cytotoxic drugs [37]. By analogy with the adjuvant and advanced

settings, a combination of tamoxifen or anastrozole with goserelin has been

explored by Masuda et al. in a neo-adjuvant pre-menopausal trial [45]. Expectedly,

anastrozole showed superiority over tamoxifen (clinical response rates 70 % and

50 %, respectively; p¼ 0.004). Similar response rates have been shown by another

trial for combination of letrozole with GnRH analogue [106].

As mentioned earlier, the only evidence to compare efficiency of cytotoxic and

endocrine treatments in pre-menopause is available from a sub-analysis in a

relatively small randomised trial [26]. This sub-analysis included 24 patients

received epirubicin plus cyclophosphamide followed by docetaxel and 27 patients

received exemestane plus goserilin for 6 months. The results showed the clear

superiority of cytotoxic treatment: the objective response rates measured by MRI

were 75 % (18/24) and 44 % (12/27) respectively, p¼ 0.027. While this result

requires caution with regard to neo-adjuvant endocrine treatment in

pre-menopause, it still awaits an independent confirmation. For instance, as

discussed above, letrozole could show marginally better clinical response than

exemestane in the neo-adjuvant setting [43]. Importantly, the study of Alba with

co-authors [26] confirmed that, despite the potential overall inferiority to cyto-

toxics, a significant proportion of pre-menopausal patients with ERþve tumours

respond to endocrine treatment. This is consistent with the sited above studies,

which showed the response rates in a range 50–70 % [45, 106]. Therefore, a

biomarker-guided neo-adjuvant endocrine treatment may still be a viable choice

in the future for some younger ERþve patients willing to avoid risks to fertility.
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13.4 Predicting Response and Outcome

The neo-adjuvant setting provides a unique opportunity to study markers and

mechanisms of endocrine response and resistance in human breast tumours

[8, 107]. Molecular analysis of sequential tumour biopsies taken during treatment

has been successfully employed to study molecular changes caused by treatment

[10, 52, 108], to predict neo-adjuvant response [12, 109] and to utilise data about

neo-adjuvant response for optimising post-operative treatments [11, 110, 111].

13.4.1 Routinely Assessed Biomarkers

The biomarkers routinely assessed in breast cancer clinic include ER, PgR and

HER2. Estrogen receptor is the main target and marker of endocrine treatment in

breast cancer. No ER-ve tumours benefit from the treatment, while the majority of

ERþve do [112]. Several thresholds have been suggested for oestrogen-receptor

positivity [113]. Of them, the 1 % threshold is most commonly used, assuming that

patients may benefit from endocrine treatment if the tumour contains as little as 1 %

of ERþve cells [114, 115]. Along with the binary categorisation, routine patholog-

ical assessment can provide a semi-quantitative score. The most commonly used

scoring system for semi-quantitative ER assessment in breast cancer is the Allred

score, which splits tumours into eight categories according to the fraction of ERþve

cells and the intensity of staining. Scores 0 and 1 correspond to ER-ve tumours, and

a score of 8 means that 100 % of tumour cells show strong ER expression [114]. A

significant positive association between neo-adjuvant response and ER abundance

have been observed for both tamoxifen and letrozole in P024 study [116]. IMPACT

trial (anastrazole vs tamoxifene or combination) confirmed the association; how-

ever, it was confined to the combination arm only [89]. Importantly, this association

is not absolute: despite the lower overall response rates in ER-poor tumours, many

such tumours may still respond to neo-adjuvant endocrine treatment, especially to

treatment with aromatase inhibitors. Data about the predictive utility of PgR are

inconclusive: IMPACT study reported a positive association of PgR expression

with proliferative response [83], while P024 reported no linear association of PgR

expression with clinical response. Numerous experimental and clinical observa-

tions indicate that HER2-positivity may predispose for endocrine resistance in

breast cancer [117]. However, in the same way as for the ER-poor and

PgR-negative tumours, HER2-positivity does not preclude endocrine responses in

many individual patients [116]. Taken together, these studies suggest that routinely

assessed markers are not sufficient for accurate prediction of neo-adjuvant endo-

crine response within ERþve patients. Therefore, a significant effort has been

directed over the last decade to develop novel multigene biomarkers to predict

response in the neo-adjuvant endocrine setting.
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13.4.2 Multi-gene Signatures

Development of microarray technology enabled obtaining of genome-wide tran-

scriptional profiles in clinical biopsies of breast cancer. A large number of studies

have related these gene expression patterns to various phenotypic features.

13.4.2.1 Intrinsic Subtypes

In 2000, Perou and Sorlie with co-authors employed microarray technology to

suggest the first clinically relevant multigene signature in breast cancer. The

signature allowed separating breast tumours into five biologically distinctive

groups: Luminal A and B, Basal-, Her2- and normal-like intrinsic subtypes of

breast cancer [118, 119]. Overall, the intrinsic subtypes were broadly equivalent

to the pathological classification used at the time (namely: ERþve, ER-ve, HER2þve

and triple-negative tumours). At the same time, importantly for endocrine treatment,

Perou and Sorlie subdivided ERþve tumours into two sub-types: Luminal A and

Luminal B.

Multiple later analyses highlighted the importance of proliferative component in

separating luminal A and B tumours [120]. Addition of Ki67 to the standard clinical

markers (ER, PgR and HER2) provided a practically convenient way to integrate

intrinsic sub-types classification to the routine clinical practice [20, 121]. Alterna-

tively, the PAM50 classification algorithm can be used to classify tumours using

microarray data [122].

Initial studies of the intrinsic sub-types had been conducted in the adjuvant

setting. However, because the PAM50 signature incorporates oestrogen-receptor

and proliferation-associated genes, it could be expected to be informative for the

neo-adjuvant endocrine setting too. This has been tested in a recent study by

Dunbier with co-authors [123]. Somewhat counterintuitively, many of the studied

ERþve tumours showed biological features consistent with non-luminal intrinsic

sub-types. Thus, of the 104 studied ERþve tumours 36 % were classified as

luminal A, 19 % as luminal B, 29 % as normal, 12 % as HER2 and 5 % as basal

phenotype. Surprisingly, the highest proliferative response was observed in the

normal-like subtype (83 % Ki67 suppression). Similar proliferative response was

observed in luminal A and B tumours (75 % mean Ki67 suppression in both

groups). As expected HER2 and basal phenotypes showed the lowest response

rates (50 % and 15 % of Ki67 suppression, respectively). Because of unexpectedly

high proportion of normal-like tumours and their high response to treatment an

independent confirmation of these results is needed, possibly utilising different

methods to detect the intrinsic sub-types (the study only used the PAM50 classifier).

At the same time, the study highlights that a small proportion of ERþve tumours

may be biology similar to the basal intrinsic subtype despite the presence of

oestrogen receptors. If confirmed, such tumours may be considered as candidates

for exclusion from neo-adjuvant endocrine treatments.
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13.4.2.2 Oncotype Dx

Oncotype Dx is a quantitative PCR test that measures the expression of 21 genes in

paraffin-embedded samples of breast cancer. The gene list include five proliferation

genes (Ki67, STK15, Survivin, CCNB1, MYBL2), four estrogen-related genes (ER,

PgR, BCL2, SCUBE2), two HER2-related genes (HER2 and GRB7), two invasion-

related genes (MMP11 and CTSL2), three additional genes (GSTM1, CD68,

BAG1) and five reference genes (ACTB, GAPDH, RPLP0, GUS, TRFC)

[124]. To date, this is the most thoroughly validated prognostic multi-gene test in

breast cancer [125]. Its main clinical utility is to detect patients with a good

prognosis, which do not need adjuvant cytotoxic chemotherapy after surgery

[126, 127].

A recent study of Ueno et al. [109] has demonstrated that Oncotype Dx can be

used to improve response prediction in the endocrine neo-adjuvant setting. The

study showed that clinical responses and rates of conservation were much higher in

low RS group than in the high RS group, as defined by Oncotype Dx (59.4 % vs

20.0 %, p¼ 0.015 for clinical responses and 90.6 % vs 46.7 %, p¼ 0.028 for the

conservation rates). This is consistent with the results in adjuvant studies and with

the biology behind the gene list. At the same time, because the gene list is closely

related to the conventional clinical markers, it has been questioned how much of

additional information is provided by Oncotype Dx to what is available from a

routine quantitative assessment of ER and HER2 [128, 129].

13.4.2.3 Adjuvant Signatures of Endocrine Response

While the intrinsic sub-types and Oncotype Dx can provide additional information

about endocrine responsiveness, they were not initially developed for this purpose.

Multi-gene tests specifically focused on endocrine treatment include SET and

EndoPredict signatures. So far both of these tests were validated for the adjuvant

setting. However, it is reasonable to expect that in the near future they may be tested

for neo-adjuvant setting too.

Development of the SET (Sensitivity to Endocrine Therapy) index was based on

the hypothesis that expression of the oestrogen-related genes may better reflect

functional activity of oestrogen signalling than the expression of ER itself

[130]. The signature includes 165 genes. Importantly, the authors attempted to

avoid proliferation-related genes to minimise the prognostic component of the

signature. It has been shown that low SET index is associated with low ER

expression [131], suggesting that it may also be associated with low neo-adjuvant

endocrine response.

The EndoPredict test has been designed to assess prognosis in ERþve HER2-

negative tumours [132]. The test is based on quantitative PCR measurement of

eight prognostic genes (BIRC5, UBE2C, DHCR7, RBBP8, IL6ST, AZGP1, MGP

and STC2) normalised by three reference genes (CALM2, OAZ1 and RPL37A). It
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may be analysed together with tumour size and node status. It is the only multi-gene

breast cancer test, except for Oncotype Dx, which has reached Level 1 of evidence

for prognosis in ERþve tumours [125]. Importantly, in contrast to Oncotype Dx,

EndoPredict is focused on HER2-negative tumours and can be performed in a

de-centralised manner. Like the SET test, EndoPredict has not yet been assessed

in the neo-adjuvant setting.

13.4.2.4 Transcriptional Profiling of Neo-adjuvant Endocrine

Treatment

A number of studies have performed whole-genome molecular profiling directly in

the endocrine neo-adjuvant setting. The studies reported biological changes asso-

ciated with endocrine treatment, elucidated mechanisms of response and resistance

and suggested several signatures associated with response (although none of these

signatures have yet been developed into a clinically validated test).

A series of studies conducted in Royal Marsden Hospital in London related

transcriptional profiles to the proliferative response. McKay with co-authors

reported that 2 weeks of treatment with letrozole caused changes in the expression

of classical oestrogen-regulated genes, proliferation and stromal remodelling genes

[133]. Recently, Dunbier et al. reported that early changes in a set of immune-

related genes may be associated with changes in proliferation measured by Ki67

[134]. Potentially, these findings may be extrapolated to clinical response because

the early changes in Ki67 are predictive to tumour shrinkage at 3 months [80].

The studies performed in Edinburgh Breast Research Unit directly related

dynamic tumour molecular profiles to neo-adjuvant clinical response. Sequential

frozen biopsies have been collected before, early on treatment and after treatment

with letrozole (Fig. 13.1A). The tumours’ volumes were measured by 3D ultra-

sound. The molecular profiles were analysed to identify what genes and pathways

change during treatment [10] and which of them are predictive to clinical response

[12]. A sub-analysis of non-responding tumours has been conducted to understand

the diversity of resistance and to personalise strategies of tackling the resistance

[135]. These studies confirmed that reduction in proliferation is the most prominent

molecular change after 2 weeks of treatment (Fig. 13.1B). For the first time, it has

been shown that early changes in genes encoding ribosomal proteins are strongly

predictive of the clinical response (Fig. 13.1C) and that reduction in oxidative

phosphorylation takes place after 3 month of treatment. Of the up-regulated path-

ways, it has been shown that post-treatment tumours exhibit features associated

with epithelial-mesenchymal transition and stemness [136]. Other upregulated

biological functions were associated with extracellular matrix rearrangement,

local immune response and tumour-stroma interaction. Basing on these studies,

the Edinburgh Breast Group has recently developed a four-genes test to predict

neo-adjuvant response to letrozole [137]. Another recent study reported a multi-

gene signature to select patients who benefit most from neo-adjuvant fulvestrant

[138]. In contrast to some well-developed adjuvant multi-gene tests (such as
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Fig. 13.1 Identifying molecular changes and predictive markers in a neo-adjuvant endocrine

study. (a) Study design. Endocrine treatment was given for 3 months. Tumour size was monitored

by ultrasound. Frozen biopsies were taken before therapy, after 2 weeks of treatment and at surgery

(3þ months on treatment). Molecular profiles and their changes during treatment correlated with

clinical response (Modified from [10, 12]). (b) Biological processes down-regulated after 2 weeks of

treatment. (c) Biological processes, which changes after 2 weeks of treatment, are most predictive for

response. Panels (b) and (c) show directed acyclic graphs for enriched Gene Ontology terms.

Significantly enriched terms are highlighted in orange (Modified from [10, 12, 135])
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OncotypeDx and EndoPredict), the currently suggested neo-adjuvant signatures are

yet at early stages of development, reaching, at best, Level 2 of evidence [139].

13.4.3 Using Neo-adjuvant Response to Guide Adjuvant
Therapy

Results of neo-adjuvant endocrine treatment may provide useful information to

plan the post-operative adjuvant treatment. Similar to the cytotoxic drugs, good

endocrine response in neo-adjuvant setting is associated with good prognosis after

surgery [140, 141]. This allowed development of the Preoperative Endocrine

Prognostic Index (PEPI) using data generated in P024 trial [11]. The design of

PEPI was inspired by a point system utilised in cardiovascular clinic to predict

outcomes for myocardial infarction. PEPI points are assigned for post-treatment

tumour size, node status, ER and Ki67 levels. Each category can score from 0 to

3 points. Independent validation using data from the IMPACT study confirmed that

low PEPI score can be used to select patients with an excellent prognosis, who may

not need chemo-therapy after surgery. Therefore, the intended clinical utility of

PEPI is similar to the Oncotype Dx or EndoPredict tests. What makes PEPI

different is that this index incorporates information about the neo-adjuvant

response, rather than rely solely on the pre-treatment features. A similar approach

is being tested by a phase III multicentre Japanese trial (NEOS) which is evaluating

whether a good neo-adjuvant response to letrozole can be used to select patients that

do not need adjuvant cytotoxic chemotherapy after surgery [111].

13.5 Future Perspectives

Exciting new directions emerging in neo-adjuvant endocrine translational research

include combining endocrine treatment with other targeted agents, employing novel

multidrug adaptive trial designs, improving monitoring during treatment and

adopting new research tools and bioinformatics resources.

13.5.1 Targeted Treatments and New Trial Designs

An example of successful combination of neo-adjuvant endocrine treatment with a

new targeted agent has been reported by Baselga et al. [14]. They tested the effect of

adding mTOR inhibitor everolimus to neo-adjuvant letrozole. Two hundred seventy

postmenopausal ERþve patients were randomised to letrozole þ placebo or

everolimus. The everolimus arm demonstrated significantly better anti-proliferative
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response (Ki67 reduction: 57 vs 30 %, p< 0.01) and a strong numerical trend

toward better clinical response rate (68.1 % vs 59.1 %, p¼ 0.062). The improved

efficacy was accompanied by a significantly higher rate of serious (grade 3 and 4)

adverse effects (22.6 % vs 3.8 % in everolimus and placebo arms respectively). The

trial incorporated an extensive biomarker analysis, including sequencing of

PI3KCA and P53 genes, assessment of phospho-S6, cyclin D1, Ki67 and the routine

biomarkers (ER and PgR). The patients with mutations in exon 9 of PIK3CA gene

showed higher benefit from the addition of everolimus. Importantly, the study

suggested that in the absence of everolimus this mutation may confer reduction

of the anti-proliferative response to letrozole and a poor long-term outcome. This

finding emphasises molecular diversity within breast cancers and illustrates the

importance of companion-biomarkers for new drug combinations.

Because of the diversity of molecular features between individual patients, it

may not be feasible to design trials focused solely on a specific rare molecular

phenotype. To overcome this limitation, new multi-drug adaptive molecularly

informed trial designs have been suggested [142]. The adaptive design allows

“the eligibility criteria of a trial to be adaptively updated during the trial, restricting

entry to patients likely to benefit from the new treatment” [143]. The molecularly

informed multi-drug designs include “umbrella” and “basket” trials. The

“umbrella” type includes multiple parallel branches when sequentially enrolled

patients may be assigned to different treatments depending on results of the

molecular tests. The “basket” type considers one drug for multiple molecular

phenotypes, possibly within different tumour types. No such trials have yet been

reported in the neo-adjuvant endocrine field; however, they may be expected in the

near future.

13.6 Treatment Monitoring

The feasibility and importance of monitoring blood estrogens in AI trials have been

demonstrated in a recent paper of Ingle with co-authors [144]. Aromatase inhibitors

are indicated in post-menopause, when blood levels of estrogens are very low.

Reliable monitoring of oestrogen suppression in post-menopause is technically

challenging and may not be achievable with routinely used commercial radio-

immuno-assay kits [145, 146]. Mass-spectrometry, an alternative sensitive tech-

nique for steroid measurements, was not affordable or feasible for the large studies

at the time of AI development. Thus, all the major phase 3 AI trials did not report

levels of oestrogens in the blood despite it being the main pharmacological

end-point of AI action [84, 147, 148]. Until recently, the data about oestrogen

suppression in blood by aromatase inhibitors was obtained only in a relatively small

numbers of cases [91, 92, 94, 149, 150]. For the first time, Ingle with co-authors

employed mass-spectrometry to measure blood oestrogens in a large multicentre

adjuvant AI study on 649 patients [144]. In parallel they measured blood levels of

anastrozole, the drug used in the trial. The measurements have been made before
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and after 1 month of treatment. Therefore they are directly relevant to the

neo-adjuvant setting too. In 70 % of patients, oestrogens levels have been

suppressed below the detection limit. However, the remaining 30 % demonstrated

a very broad range of values, including the levels typical for pre-menopause

women. Similarly, some patients showed much lower concentrations of anastrozole

in the blood than others. If confirmed, these results may have important implica-

tions for our understanding of resistance to aromatase inhibitors. Such diversity in

anastrozole and oestrogen concentrations on treatment could be explained by

different factors. Biological explanations may include genetic variability in aroma-

tase gene [162, 163] and individual variations in AI metabolism [164]. The other

explanations may deal with treatment compliance and standards in assessment of

post-menopausal status of patients. Either of these is important for future transla-

tional studies in the field.

13.6.1 New Genomics Methods and Bioinformatics
Resources

Finally, future translational research in neo-adjuvant endocrine studies will be

based on the new laboratory tools and bioinformatics resources. One of the most

important recent developments is the fast progress of the massive parallel sequenc-

ing, which has revolutionised molecular profiling and has generated new datasets

containing vast information about thousands of clinical cancer specimens.

Cancer Genome Atlas (TCGA project) is one of the largest novel molecular

databases, which sets standards for translational bioinformatics resources

[151, 152]. It has been established by NIH in an attempt to provide a comprehensive

resource about genomic alterations in human tumours. It provides multi-layer

molecular data on clinical cancer specimens matched with normal tissues from

the same patient. The data is generated in several dedicated large-scale sequencing

centres. The publically available files include genome-wide somatic mutations,

copy-number variation data (generated by next generation sequencing and aCGH

techniques) mRNA and miRNA expression data (RNA-seq and micro-array),

methylation, proteomics data and clinical annotations of the specimens. Started in

2006 with a focus on lung, brain and ovarian cancers, in 2014 it provides data on

more than 11,000 samples for 34 types of cancers, including more than a thousand

samples for breast cancer. Bespoke analysis of TCGA data yet requires a significant

bioinformatics expertise. However, new tools are being developed (e.g. www.

cbioportal.org web portal) to enhance data access for a wider community.

Several groups have already reported analyses based on the breast sub-set of

TCGA data. Thus, exploring the somatic mutation layer it has been possible to

confirm that TP53 is the most commonly mutated gene in ER-ve cancers, while

PIK3CA is the most common in ERþve ones [20, 152]. This prompted an interest

to potential clinical utility of PIK3CA somatic mutations in neo-adjuvant endocrine

13 Novel Translational Research of Neo-adjuvant Endocrine Therapy 207

http://www.cbioportal.org/
http://www.cbioportal.org/


setting. Thus Baselga with co-authors included PIK3CA assessment in the bio-

marker program of the letrozole � everolimus study described earlier [14]. Simi-

larly, Lopez-Knowles et al. has recently studied potential role of PIK3CA

mutations in neo-adjuvant response to anastrazole [153]. The results of these

studies are inconsistent. While Baselga et al. suggested a poor proliferative

response to letrozole in patients with mutated exon 9 of PIK3CA [14], Lopez-

Knowles with co-authors reported association of PIK3CA mutations with

favourable biomarkers and concluded that somatic mutations in PIK3CA do not

preclude response to neo-adjuvant anastrozole [153].

PIK3CA has also been reported amongst the other genes reported by Ellis

et al. in the recent study that employed massive parallel sequencing for the

molecular profiling of pre-treatment biopsies from neo-adjuvant letrozole and

anastrozole trials [13, 154]. The sequencing was performed on 77 samples:

46 were analysed by whole-genome sequencing and 31 underwent the whole-

exome sequencing. The extensive bioinformatics analysis highlighted pathways

and mechanisms associated with neo-adjuvant endocrine response and identified

18 genes predictive to response. Eight of the genes have already been implicated in

breast cancer biology (PIK3CA, TP53, GATA3, CDH1, RB1, MLL3, MAP3K1 and

CDKN1B). The other somatic mutations were not previously reported in breast

cancer (TBX3, RUNX1, LDLRAP1, STNM2, MYH9, AGTR2, STMN2, SF3B1

and CBFB). However, four of them (RUNX1, CBFB, MYH9 and SF3B1) have

been detected in haematopoietic malignancies. The authors highlight that MAP3K1

somatic mutations were associated with favourable biomarkers. In contrast, P53

was associated with high-grade and high proliferation in the studied samples.

Mutations in GATA3 were associated with good proliferative response. Overall,

the study demonstrated that new sequencing technologies are capable of finding

new genes and pathways associated with response and resistance to neo-adjuvant

endocrine treatments.

13.7 Conclusions

Neo-adjuvant endocrine therapy has an established place in the breast cancer clinic.

A number of reviews traced the development of neo-adjuvant endocrine therapy

over the last decade [19, 30, 33, 51, 56, 86, 87, 155–160]. Despite the wide use of

neo-adjuvant cytotoxic and endocrine treatment, there is a shortage of evidence for

direct comparison of these modalities in ERþve patients. Extending duration of

neo-adjuvant endocrine treatment to 6–8 months or until progression may increase

the response rates. Application of neo-adjuvant endocrine treatment in

pre-menopause is still experimental. Multiple markers based on gene expression

patterns and somatic mutations are being developed to predict endocrine response

in breast cancer, and new technologies are emerging to utilise translational oppor-

tunities provided by the preoperative treatment. However, the current clinical use of

neo-adjuvant endocrine treatment is still based on conventional clinical parameters
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and biomarkers. The current consensus is that neo-adjuvant endocrine treatment is

indicated for large ERþve tumours with low grade and proliferation, which may be

described as luminal A sub-type of breast cancer [31, 65, 121, 161].
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Chapter 14

Alterations of Biomarkers by Neoadjuvant

Endocrine Therapy

Yukiko Shibahara and Hironobu Sasano

Abstract Endocrine therapies exert potent tumor-suppressing effects in breast

cancer (BC). Estrogen receptor (ER) positivity is generally considered the most

powerful biomarker to predict therapy response in a neoadjuvant setting. However,

due to the heterogeneity of BCs, many ER-positive cases do not necessarily respond

to treatment. Therefore, identification of new biomarkers is warranted to predict

treatment response and to detect acquired resistance to therapy. In this chapter, we

discuss clinical factors of BC to predict treatment response and identify available

pathological and immunohistochemical factors. Histologically, shrinkage of tumors

as well as diminished mitosis is evidence of response to endocrine therapy (ET).

Immunohistochemically, ER abundance and the Ki-67 labeling index are used to

predict response to ET. In addition, we assess the utility of miRNAs, especially

circulating miRNAs, as previous studies have indicated that these molecules may

be the next generation of biomarkers to assess treatment response. Acquired

resistance to ET is a major clinical obstacle, especially since there is no established

biomarker to predict treatment response or resistance to aromatase inhibitors in the

neoadjuvant setting of ET before surgery.

Endocrine therapy (ET) for postmenopausal breast cancer (BC) is well

established. At present, aromatase inhibitors (AIs) are first choice agents for

adjuvant ET and are also gaining credibility for use in neoadjuvant ET. While it

is generally assumed that all estrogen receptor (ER)-positive BCs are eligible for

and respond to ET, the reality is different. Some ER-positive BCs do not respond to

ET, and quite a few develop resistance after an initial response. Therefore, treat-

ment resistance has become a major impediment in clinical practice. Thus, further

research of biomarkers to predict response to ET is warranted.

BC is one of the most intensely studied cancers, and various biomarkers to

predict prognosis or therapeutic response have been reported. However, in terms of

ET, in particular AIs, there are relatively few established biomarkers with high

sensitivity and specificity that reflect response or resistance to treatment. ER

positivity and postmenopausal status seem to be the most reliable biomarkers

Y. Shibahara • H. Sasano (*)

Department of Pathology, Tohoku University, Graduate School of Medicine,

2-1 Seiryo-machi, Aoba-ku, Sendai, Miyagi 980-8575, Japan

e-mail: hsasano@patholo2.med.tohoku.ac.jp

© Springer Japan 2016

M. Toi et al. (eds.), Personalized Treatment of Breast Cancer,
DOI 10.1007/978-4-431-55552-0_14

217

mailto:hsasano@patholo2.med.tohoku.ac.jp


currently established to predict response to ET. However, the heterogeneity of

luminal-type BC creates many exceptions, and therefore, monitoring these two

biomarkers is insufficient to guarantee therapy efficacy. In this chapter, we discuss

alterations of biomarkers by ET, mainly AIs, and scrutinize potential biomarkers to

precisely predict response or resistance to ET.

Keywords Radiotherapy • Neoadjuvant • Pathological complete response •

Regional node

14.1 Clinical Factors

Clinical factors, such as sex, age, hormone receptor status, menopausal status,

family history, obesity, and dietary habits, are well-established biomarkers in

BC. In this chapter, we discuss correlations between clinical factors and

ET. First, BC mainly occurs in females, and most studies examine female BC as

the major premise. Therefore, most issues examined in this chapter are based on

female BC studies. But before going any further, we would like to note that male

BC, although comparatively rare, is also of interest to BC researchers. Past studies

indicated that response to and outcomes after ET in male BC may be considered

comparable with female BC studies described in the literature [1].

As mentioned earlier, menopausal status is a major biomarker to predict

response to AI therapy. Neoadjuvant AI therapy is often implemented in postmen-

opausal hormone receptor-positive BC, and its potent tumor-suppressing effects are

well documented. However, some studies have indicated the usefulness of AIs in

premenopausal BC in a neoadjuvant setting, and the current practice is shifting

toward expanding the use of AIs. In premenopausal BC, one study indicated that

neoadjuvant AI therapy plus ovarian suppression (e.g., luteinizing hormone-

releasing hormone analogues) showed clinical as well as pathological responses,

some better than that of tamoxifen therapy [2]. This is one example that the

established biomarker of neoadjuvant ET, menopausal status, is changing, but

further large cohort studies comparing neoadjuvant chemotherapy to ET are needed

to assess the utility of menopausal status in clinical practice.

Body mass index (BMI) is another important biomarker among clinical factors.

A recent study examined correlations between BMI and aromatase or plasma

estrogen levels. Previous studies indicated that pre-AI treatment levels of aromatase

were correlated to plasma estradiol (E2), estrone, and estrone sulfate levels but not

BMI. Intra-treatment plasma estrone sulfate was correlated to BMI, but not aroma-

tization levels, aromatase inhibition rates, or tumor estrogen levels, indicating that

BMI is more of a biomarker of plasma estrogen levels rather than in tumor estrogen

production by aromatase. Therefore, AIs are not influenced by BMI and the same

effects of AIs can be expected for overweight patients as for normal-weight

patients [3].
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The impact of family history cannot be discussed without mentioning BRCA1/

BRCA2 mutations. BRCA1/BRCA2 mutation is a potent biomarker of BC prog-

nosis and response to therapy. Because the majority of BRCA1/BRCA2 mutations

are related to ER-negative BC, most of these tumors may not seem to be candidates

for ET. However, evidence indicates correlations between ER status and BRCA1/

BRCA2, such as estrogen-dependent organ involvement in BRCA1/BRCA2 syn-

drome. Although the use of AIs could inhibit BC development among these

patients, oral contraceptives increased the risk of BC development

[4, 5]. Neoadjuvant ET is not an impractical choice for BRCA1/BRCA2-associated

BCs, although future clinical trials are required to clarify the efficacy of this

regimen.

Serum tumor markers such as carcinoembryonic antigen and cancer antigen 15-3

are commonly used in clinical practice for postoperative monitoring of BC [6] but

are not sufficiently specific or sensitive for use in screening. The applicability of

these tumor markers as biomarkers of ET efficacy has not been examined to date.

Other factors, such as age and dietary habits, have not been established as bio-

markers for ET.

14.2 Tumor Size and Tumor Imaging

Tumor size by clinical palpation is the easiest and most accessible noninvasive

biomarker to assess therapeutic efficacy. Clinical response is measured by palpation

in approximately half of the patients who receive neoadjuvant AI treatment. Of

these, about 10 % achieve complete response, while 40 % show a partial response.

Response rates are reportedly significantly lower for patients receiving tamoxifen,

where one-third of the patients showed a clinical response [6]. Therefore, AIs are

more effective in reducing tumor size and thus avoiding total mastectomy for

patients with large initial tumors. Another study reported a clinical response rate

of nearly 60 %, with a decrease in the mean tumor size of >50 % (39.1–16.7 mm).

Ultrasound and mammography are also noninvasive methods to assess efficacy, and

the clinical response rate was 33 % for AI and 25 % for tamoxifen [6].

14.3 Pathological Features

Pathologically, the main feature of neoadjuvant treatment is a decrease in mitotic

figures [7]. Tubule formation by tumor cells and nuclear atypia often remain

unchanged. Consequently, pathological grade (total score of tubule formation,

0–3; nuclear pleomorphism, 0–3; mitotic counts, 0–3) is often unchanged or

decreased as shown in Fig. 14.1 [8]. Nuclear atypia must be carefully evaluated

by experienced pathologists because treatment-induced degeneration can be mis-

taken for higher-grade atypia. The characteristics of treatment effect include
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eosinophilic cytoplasm, bulky or disintegrated nuclei without prominent nucleoli,

and apoptosis, while nuclei with diameters of often twice the size of red blood cells,

coarse to vesicular chromatin, prominent nucleoli, and mitosis suggest high nuclear

grade. Necrosis and fibrosis with scattered cancer cells are more frequently

observed in specimens following chemotherapy. Central scarring is a common

characteristic of AI-treated specimens [9].

14.4 ER and Enzymes Involved in Intratumoral Estrogen

Production

Immunohistochemical detection of ERα expression is the most important indicator

and determinant of ET efficacy. Lack of ERα expression initially disqualifies a case

from ET, and this phenotype is the most powerful biomarker to predict ET failure.

Therefore, BCs must be ERα positive before administration of ET [10]. However,

ER positivity does not guarantee a response to ET. Initial, as well as acquired,

resistance occurs, and while one ET may be efficacious, others may not [11]. The

St. Gallen International Expert Consensus in 2009 indicated that although any level

of ER positivity qualifies for ET, cancers that show a strong response to ET have

50 % or more ER-positive cells immunohistochemically [12].

Our data and those from other studies show that ER is generally unchanged by

AI treatment [7]. Overall, AI does not affect ER positivity during the treatment

course, as shown in Fig. 14.2. Interestingly, cases treated with adjuvant AI therapy

that have later acquired resistance also continue to express ERs, indicating that ET

may be effective by other mechanisms after acquiring AI resistance [12]. This is

contrary to tamoxifen-treated specimens, in which ER positivity is decreased. Also,

Fig. 14.1 Hematoxylin-eosin staining of the same tumor before (left, needle biopsy) and after

(right, mastectomy) treatment with exemestane (original magnification � 100). Tubule formation

and nuclear pleomorphism remained unchanged, while mitotic figures decreased. Note the inflam-

matory changes detected in posttreatment tumor, with fibrosis and scarring. Also, foamy macro-

phages were abundant
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levels of enzymes involved in intratumoral estrogen production (steroid or estrogen

sulfatase, STS; and 17b-hydroxysteroid dehydrogenase type 1, 17b-HSD1) are also

reduced by AI, as indicated by immunohistochemical analysis [13]. This phenom-

enon implies a compensatory reaction to estrogen depletion by AIs in BC by

attempting to increase intratumoral estrogen via pathways other than aromatase.

Also, STS levels are decreased in clinical and pathological responders as well as in

cases with a low Ki-67 labeling index post-AI. 17b-HSD1 was increased despite

response to changes in AIs or Ki-67 [13].

Yamashita et al. [15] examined aromatase expression levels before and after AI

treatment and found that aromatase expression in cancer stromal cells was signif-

icantly decreased post-AI, but the changes were not significant in cancer cells.

Therefore, ER is suitable as a biomarker to predict initial response to ET, while a

difference in ER levels seems to be the key factor in predicting initial response.

14.5 Progesterone Receptor

AI greatly affects progesterone receptor (PR) status, as demonstrated by a substan-

tial decrease in the ratio of PR-positive cells, resulting in a switch from PR

positivity to negativity in most cases. This is due to the inhibition of aromatase

activity and estrogen production, which affects PR expression downstream from the

ER signaling pathway [14]. This phenomenon was observed regardless of response

to AI or types/doses of AI; thus, PR status is not a biomarker of AI response

[7, 14]. For cases in which the tumor has a negative PR status pretreatment, PR

status remained unchanged post-treatment. Also, this phenomenon was observed

regardless of the human epidermal growth factor receptor 2 (HER2) status of the

tumors [15]. Figure 14.3 shows a representative scheme of PR status of BC cells

turning negative.

Fig. 14.2 Estrogen receptor immunostaining of the same tumor before (left) and after (right)
treatment with exemestane, exhibiting marked immunopositivity (Allred score PS5þIS3¼TS8)

despite treatment (original magnification � 100)
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14.6 HER2

HER2 expression levels are not significantly changed by AI treatment [14]. HER2-

negative tumors tend to show a greater decrease in the Ki-67 index compared with

HER2-positive tumors following AI therapy (12 weeks of anastrozole) [16], but this

may be due to the higher pre-therapy Ki-67 labeling index value in HER2-positive

tumors.

HER2 status is not a factor affecting short-term treatment response; however, in

the long term, continued growth via activation of the HER2 pathway is a negative

biomarker for response to neoadjuvant AI therapy in ER- and HER2-positive

tumors that escape the tumor-suppressing properties of AI therapy [17].

14.7 Ki-67

Quantification of Ki-67 antigen expression is a well-established method to routinely

assess cell proliferation in the clinical setting [18]. Anti-Ki-67 antibody is

expressed in the nucleus and is an established biomarker to distinguish luminal

type A from type B BC [19]. AI treatment greatly reduces the Ki-67 positivity

index, inferring that luminal B-type tumors, which initially have poorer prognosis

than luminal A types, may convert to luminal A types by means of AI treatment.

This phenomenon was observed across different AIs, including exemestane [20],

anastrozole [21], and letrozole [15], in a neoadjuvant setting.

Contrary to PR expression, for which a decrease merely reflects the expression

of basic AI mechanisms, the Ki-67 index can act as a biomarker of response to AIs

in a neoadjuvant setting. The Ki-67 labeling index was more reduced in the post-AI

surgical specimens of responders than in those of nonresponders [14]. Even for

patients who received short-term treatment (2 weeks of AI treatment),

Fig. 14.3 Progesterone receptor immunostaining of the same tumor before (left) and after (right)
treatment with exemestane, demonstrating major reduction in staining after treatment (original

magnification � 100)
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posttreatment AI was predictive of prognosis, and patients with a lower Ki-67

labeling index had better recurrence-free survival rates [22]. This evidence favors

neoadjuvant AI therapy than adjuvant. It is easier to obtain post-AI specimens in a

neoadjuvant setting than in an adjuvant setting; therefore, immunohistochemical

evaluation of the Ki-67 index can be easily performed to predict patient prognosis.

Also, AI may be used in a neoadjuvant setting not only because of its powerful

effects and lower toxicity but as a measure to assess endocrine efficacy pre-op. AI

lowers the Ki-67 labeling index by a greater degree than tamoxifen, which also

supports a better clinical outcome of AI treatment [21]. Therefore, Ki-67 can be

considered as one of the most important biomarkers of neoadjuvant AI treatment.

Therefore, pre-op needle biopsies should be routinely stained for Ki-67. Figure 14.4

shows a marked decrease in Ki-67-positive cells after AI treatment.

A previous immunohistochemical study reported a decrease in other represen-

tative markers of tumor cell proliferation (cyclin D1, bcl-2, and p53) by AI

treatment [14]. However, the changes were statistically insignificant, and therefore,

these markers are not suitable to gauge AI response.

Fig. 14.4 Ki-67 immunostaining of the same tumor before (left) and after (right) treatment with

exemestane. Upper panels demonstrate the immunostaining of a responder, showing major

reduction in labeling index (LI) following treatment. Lower panels demonstrate the

immunostaining of a nonresponder, showing a mild reduction compared to those of the responder

(original magnification � 200 upper panels)
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14.8 Tissue Concentrations of Sex Steroids

Even after menopause, E2 levels in BC tissues are maintained close to

premenopausal levels [23]. At present, it is generally accepted that the aromatase

pathway in the tumor microenvironment itself as well as the surrounding cancer-

associated fibroblasts and adipose tissue is the major source of local estrogen

production. First of all, plasma E2 levels are lowered to undetectable limits by AI

treatment [24]. Liquid chromatography/electrospray tandem mass spectrometry is a

useful tool to measure tissue concentrations of sex steroids, which are relatively

difficult to precisely evaluate, due to the abundant fat and fibrous tissue in the

breast. Intratumoral E2 concentration is suppressed by 90–100 % by AI (15 weeks

of anastrozole [25] and 16 weeks of letrozole [26]).

A 2010 study by our group on intratumoral concentrations of androgens in

AI-treated BC specimens found that intratumoral dihydrotestosterone (DHT) con-

centrations were increased by more than twofold, and the corresponding E2:DHT

ratio in each patient was decreased by >90 % following neoadjuvant exemestane

treatment for 2 weeks [27].

14.9 RNA

Miller et al. [28] examined molecular changes following AI therapy using a

microarray of tumor RNA and reported that 3 months of letrozole therapy did not

induce specific molecular changes, where only a single gene was changed by >
twofold in all 59 tumors following treatment. These findings indicated that every

tumor responded in a different way as per its genetic signature following treatment.

Cluster analysis indicated that tumors can be divided into four to seven groups,

which indicated the difficulty in predicting AI response and resistance.

More recently, the same group reported changes in expression levels of markers

of estrogen regulation (i.e., KIAA0101, TFF3, SERPINA3, IRS-1, and TFF1) and

proliferation (i.e., CDC2, CKS-2, cyclin B1, thymidine synthetase, and PCNA) by

AI and found that tumors could be separated into the three following subgroups:

(i) both proliferation and estrogen signaling signatures are reduced by treatment;

(ii) both proliferation and estrogen signaling are unaffected or increased by treat-

ment; and (iii) expression of estrogen-regulated genes is decreased, whereas pro-

liferation genes remained unchanged or increased [29]. Also, Mackay et al. [30]

reported that expression levels of the aromatase gene itself were decreased by AI

treatment. However, these findings were not in accordance with AI response or

resistance patterns; thus, further investigations are warranted to clarify the molec-

ular changes in response to AI treatment.
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14.10 MicroRNAs

MicroRNAs (miRNAs) are very small (about 20 nucleotides in length), noncoding

RNAs that base-pair with target mRNAs to regulate gene expression [31] and are

frequently located in cancer-associated gene regions. Aberrant expression patterns

of these molecules in various cancers have been established. Due to the character-

istic of being well preserved in the form of circulating molecules, miRNAs are of

particular interest as potential diagnostic markers [32]. We may assume the role of

miRNAs in AI response, but evaluation of miRNAs to monitor neoadjuvant AI is

still in a primary state. Maillot et al. [33] reported increased levels of several

microRNAs 4 months after ET with a combination of exemestane and tamoxifen.

The miRNAs monitored in this study included miR-21, miR-181b, miR-26a,

miR-26b, miR-27b, and miR-23b, as well as estrogen-regulated miRNAs. Among

these, expression levels of miR-21, miR-23b, and miR-181b were increased in an

in vitro experiment using tamoxifen-resistant MCF-7 BC cell lines. The results of

this study showed that ET affects miRNA expression and that miRNAs are suitable

markers to predict AI response.

Masri et al. [34] identified hormone-responsive miRNAs using microarray

analysis of hormone refractory BC cell lines. Among the identified miRNAs,

miR-128a was shown to target TGF-β, which exhibits impaired sensitivity in

letrozole-resistant cell lines. These results showed that hormone-sensitive miRNAs

could be potential biomarkers to identify signs of AI resistance and also indicated

the utility of miRNAs in the identification of complex mechanisms of AI resistance.

In 2012, our group performed an in vitro study of letrozole-treated MCF-7 cell

lines to evaluate pre- and posttreatment miRNA alterations using a miRNA-PCR

array. The results of this study indicated that several tumor suppressor miRNAs

were upregulated by letrozole treatment. In particular, let-7f, a tumor-suppressing

miRNA identified in various cancers [35], was also upregulated in letrozole-treated

BC specimens. We further performed a luciferase assay to determine whether the

aromatase gene was a direct target of let-7f and discovered that let-7f expression

was negatively correlated to aromatase expression by immunohistochemical anal-

ysis [36]. Therefore, the immunohistochemical identification of target RNAs of

AI-responsive miRNAs is useful to target RNAs and could be an alternative method

to detect tissue or serum miRNAs.

A previous study identified variations in miRNA expression profiles in

tamoxifen-sensitive as well as tamoxifen-resistant BC cell lines. This analysis

revealed 97 miRNAs that were associated with tamoxifen resistance [37]. Further,

another study indicated that miR-221 and miR-222 were upregulated in HER2(þ)

BC cells compared with HER2(�), and ectopic expression of miR-221/miR-222

using small interfering RNA resulted in acquired resistance to former tamoxifen-

sensitive BC cells [38]. p27kip1 was identified as a target gene of miR-221/miR-

222, and its overexpression induced enhanced cytotoxicity in tamoxifen-resistant

breast tumors [38, 39]. miR-221/miR-222 deserves further attention, as Rao

et al. [40] reported the same aberrant expression in AI (fulvestrant)-resistant cell
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lines. Therefore, miR-221/miR-222 seems to play an important role in the regula-

tion of estrogen metabolism and ERα expression in ET.

In addition, miR-15a/miR-16 reportedly plays a role in endocrine resistance. The

suppression of miR-15a/miR-16 and incrementally increased levels of the

antiapoptotic protein BCL-2 were observed following tamoxifen treatment. More-

over, overexpression of these miRNAs suppressed BCL-2 expression and

resensitized tamoxifen-resistant cell lines [41]. However, the role of miR-15a/

miR-16 has not been examined in AI treatment of either BC specimens or cell lines.

Cittelly et al. [42] demonstrated that miR-342 was downregulated in tamoxifen-

resistant BC cell lines and specimens and concluded that miR-342 was predictive of

the initial response as well as acquired resistance to tamoxifen. Also, in vitro

experiments indicated restoration of miR-342 in resensitized tamoxifen-resistant

cells. Furthermore, miR-342 restoration inhibited cell proliferation and promoted

cancer cell apoptosis. Other miRNAs reportedly implicated in ET resistance

include miR-101, miR-210, and miR-301, which are involved with the tumor

suppressor phosphatase and tensin homolog (PTEN) [43].

In summary, miRNAs seem to be more useful biomarkers than RNAs, due to the

above reasons, and circulating miRNAs may have clinical implications. However,

further studies are needed to clarify the involvement of miRNAs in AI treatment.

Thus, deciphering the usefulness of miRNAs in predicting AI response will require

more time.

14.11 Epigenetics

The use of epigenetics has recently gained popularity in BC research. DNA

methylation and histone hypoacetylation are primary features that can be assessed

by epigenetics. These posttranslational modifications continue to receive attention

as new biomarkers for diagnosis, treatment, and prognosis of BC. DNAmethylation

is of particular interest in BC because of the frequent global DNA hypomethylation

(up to 50 %) in BCs, compared with cancers of other sites. Hypomethylation in BC

is associated with poor prognosis [44]. Also, BC-related genes, such as ER,

HOXA5, Twist, E-cadherin, and RARβ, are hypermethylated and thus silenced

compared to normal breast tissue [45]. A study of the methylation status of CDH1,

DCR1, DAPK1, RASSF1A, DCR2APC, MGMT, GSTP1, and PTEN showed

methylation of at least one of these genes in approximately 70 % of BC

specimens [46].

A study of the prevalence of ER methylation reported that ER is unmethylated at

the CpG island in normal breast tissues. A higher frequency of methylation was

observed in ER-positive tumors compared to ER-negative tumors. Therefore,

ER-positive tumors are indicated as a better target for epigenetic research and as

a treatment target compared with ER-negative tumors. Also, methylation reversal at

the ER promoter may resensitize ET-resistant BC tumors, although further studies

are required to investigate this possibility. Furthermore, miRNA hypermethylation
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is a relatively new area of interest, which may lead to the loss of tumor-suppressing

properties of miRNA by silencing [47]. However, further research is needed to

address this issue.

14.12 Tumor-Infiltrating Lymphocytes

Tumor-infiltrating lymphocytes (TILs) are immune cell infiltrates in cancers that

influence prognosis and are thought to have two different effects, a protective role

and a tumor-promoting role. However, tumor-infiltrating CD8þ TILs are reported

to indicate improved prognosis in cancer [48]. Recently, we evaluated the role of

TILs in BC cases receiving neoadjuvant AI therapy using double immunohisto-

chemical staining of CD8þ and T regulatory cells (Tregs) or Foxp3þ. Here, we

found a significant increase in the CD8þ/Treg ratio in cases that clinically respond

to neoadjuvant AI, but not in cases with a poor response. This implies that AI may

induce alterations in the host immune response to BC, which subsequently affects

the response to AIs.

14.13 Changes in Angiogenesis

Angiogenesis is also altered by AI treatment. We recently reported that neovascu-

larization, as analyzed by immunohistochemical analysis of vasohibin-1, is

increased in cases that clinically respond to neoadjuvant AI therapy. We also

found that changes in the ratio of vasohibin-1-positive cells were inversely corre-

lated with the post-AI Ki-67 index, which supports former findings [49].

A summary of biomarkers of neoadjuvant AI therapy is shown in Table 14.1. A

primary aim of neoadjuvant ET is to shrink the tumor prior to surgery and to

validate predictive factors of response at the time of surgery, which could facilitate

the selection of an appropriate adjuvant therapy. At present, immunohistochemical

analysis of Ki-67 expression is the most appropriate method to predict response to

AI therapy. However, a more accurate biomarker to predict short-term, as well as

long-term, responses and acquired resistance to AIs has not yet been established.

The goal of effective personalized medicine is the ability to identify cancer patients

who will respond to anticancer therapies. Also, it is desirable to identify at which

point the cancer cells acquire resistance to ongoing therapy. Clinically, some

patients relapse while receiving AI therapy, whereas others relapse after treatment

completion. ET is an effective AI to potently suppress cancer growth via inhibition

of estrogen activity. Unfortunately, no current biomarker is suitable to distinguish

such cases from the outset. Therefore, new biomarkers to predict AI resistance are

urgently needed. Since relevant miRNAs can be detected in the circulation of

cancer patients, these circulating miRNAs may be a new promising class of

potential biomarkers that can be readily measured in real time in serum to facilitate
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the choice of the most beneficial and effective treatment. Until then, immunohis-

tochemical analysis is one of the most effective methods available, and neoadjuvant

therapy compared to adjuvant therapy allows for disease assessment both pre- and

post-AI therapy.
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Chapter 15

Essence of Neoadjuvant Therapy

Jenny Furlanetto and Gunter von Minckwitz

Abstract The neoadjuvant approach is widely used because it offers several

clinical advantages. Importantly, it allows to monitor treatment response and to

discontinue ineffective therapy in the event of disease progression, thus sparing the

patients of potentially toxic and inadequate drugs. Moreover, the preoperative

setting provides an in vivo model to explore the efficacy of new drugs and to

investigate biomarkers that could help to identify patients with a higher chance of

treatment benefit.

This chapter addresses the following topics: differences between adjuvant and

neoadjuvant chemotherapy, aims of neoadjuvant chemotherapy, recommended

treatment options in the preoperative setting, differences between pCR (patholog-

ical complete response) definitions and their associations with outcome, and prog-

nosis in patients with residual disease. Moreover, the hot topic of surrogacy of pCR

will be discussed.

Keywords Breast cancer • Neoadjuvant chemotherapy • Pathological complete

response • Surrogate endpoint

15.1 Introduction

Neoadjuvant chemotherapy was originally used to allow for operability of a tumor

initially not amenable to surgery. However, in recent years it has become a new

standard of care in patients with locally advanced breast cancer and an important

option for patients with operable tumors. The extensive use of this approach is

mainly due to the unique opportunity to monitor tumor chemosensitivity and to

adjust the therapeutic plan according to the response. Moreover, the neoadjuvant

setting allows testing of new drugs and identification of biomarkers predicting

response and outcome. In this chapter, we will discuss the major concepts applica-

ble in the neoadjuvant setting.
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15.2 Basic Concepts

15.2.1 Definition

Neoadjuvant treatment is the standard therapy for locally advanced breast cancer

and is an option for primary operable disease. Three different terms are currently

used to define this approach. The term primary systemic therapy focuses on the

position of this treatment modality within the entire treatment course; preoperative
therapy underlines the timing in regard to surgery; and the term neoadjuvant
therapy refers more to the aim of the treatment, the healing of the patient, similar

to the adjuvant approach. Although the first two terms give a more accurate

description of the treatment itself, the latter is the more frequently used.

15.2.2 Neoadjuvant vs Adjuvant

A meta-analysis of nine randomized trials, including a total of 3946 patients, found

no statistically or clinically significant differences between neoadjuvant and adju-

vant treatment arms in relation to death (risk ratio [RR] 1.00, 95 % confidence

interval [CI] 0.90–1.12), disease progression (RR 0.99, 95 % CI 0.91–1.07), and

distant disease recurrence (RR 0.99, 95 % CI 0.94, 95 % CI 0.83–1.06). However,

neoadjuvant therapy was significantly associated with an increased risk of

locoregional disease recurrence compared to adjuvant chemotherapy (RR 1.22,

95 % CI 1.04–1.43). The increased risk in the preoperative arm largely reflected

the use of radiotherapy without any surgery for patients who had a complete clinical

response [1].

In the NSABP B-18 study, patients were randomly assigned to either surgery

followed by four cycles of AC chemotherapy (doxorubicin 60 mg/m2 and cyclo-

phosphamide 600 mg/m2) every 21 days or the same regimen followed by surgery.

The results from this protocol show no statistically significant differences in

disease-free survival (DFS) and overall survival (OS) between the two groups.

Only a trend in favor of preoperative chemotherapy for DFS and OS in women

younger than 50 years was observed (DFS HR¼ 0.85, p¼ 0.09; OS HR¼ 0.81,

p¼ 0.06). In the NSABP B-27 study, all patients were assigned to receive four

cycles of AC every 21 days before surgery. Patients in group 1 did not receive

further preoperative chemotherapy; patients in group 2 received four cycles of

docetaxel 100 mg/m2 preoperatively after completion of AC, whereas in group

3 docetaxel was given after surgery. No significant differences were seen for OS

and DFS between the treatment groups [2].

Taken together, these trials demonstrate the equivalence of neoadjuvant and

adjuvant treatments for breast cancer in terms of survival, disease progression, and

distant recurrence.
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15.2.3 Aims of Neoadjuvant Chemotherapy (NACT)

Three main reasons for choosing neoadjuvant therapy can be identified: to improve

the surgical option, to determine the response to preoperative treatment, and to

obtain long-term disease-free survival. As stated by a panel of experts, the relative

importance of these three objectives differs in different breast cancer settings. In

locally advanced breast cancer, the major goal is to improve the surgical option and

secondly to obtain freedom from disease; in operable breast cancer patients that are

candidates for adjuvant chemotherapy, to obtain freedom from disease; and in

operable breast cancer patients that are candidates for adjuvant endocrine treatment

alone, to improve the surgical option and secondly to gain information on tumor

response [3].

As shown in several randomized trials the breast-conserving surgery (BCS) rate

is increased by neoadjuvant chemotherapy without an increased risk of local relapse

[4–6]. Recently the prospective multicentric ACOSOG Z1071 trial shows that the

incidence of BCS correlates with tumor biology, triple-negative breast cancer

(TNBC), and HER2-positive breast cancers having the highest rates of BCS

(TNBC 46.8 %; HER2þ 43.0 %; HER2� 34.5 %; p¼ 0.019) and pCR (TNBC

38.2 %; HER2þ 45.4 %; HER2� 11.4 %; p< 0.0001); after neoadjuvant chemo-

therapy patients with these subtypes are possible candidates for less invasive

surgical approaches after chemotherapy [7].

Other potential benefits may include the opportunity to monitor response during

treatment with the possibility of an adjustment in systemic therapy, an improve-

ment in cosmetic outcome and a decrease in the extent of axillary surgery [8]. More-

over, the neoadjuvant approach has become a valuable research approach, allowing

the investigation of new drugs or of new combinations of old drugs in smaller trials

and in less time if compared to the adjuvant setting. The possibility to perform

multiple biopsies during treatment and the direct observation of tumor response

permit identification of biomarkers to predict response and safety and to understand

how tumor biology is modified by the treatment itself.

15.2.4 Neoadjuvant Treatment

Since the goals of treatment in terms of ultimate systemic control are the same, the

selection of regimen for neoadjuvant chemotherapy generally follows the guide-

lines applying to the conventional adjuvant setting. Some important advices should

be followed:

• The addition of taxanes to anthracycline-based NACT improves pCR and DFS

and decreases the incidence of local recurrence [16].

• The full course of chemotherapy should be completed before surgery to increase

the chance of pCR [15].
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• The optimal duration of NACT has not been clearly defined. At least six cycles

of chemotherapy should be administered [9, 10].

• Dose-dense NACT has been shown to improve pCR [11]; notably a recent meta-

analysis found a potential surrogate value of pCR for survival in trials comparing

dose-dense regimens versus standard regimens [32]. Among patients who did

not respond to standard initial NACT, switching to a non-cross-resistant regimen

did not show additional benefit [12, 13].

• In patients with HER2-positive disease, anti-HER2 therapy should be included,

because increased rates of response could be obtained [14, 19, 20].

• Endocrine treatment should be started after surgery and NACT. In fact, the

concurrent use of chemotherapy and tamoxifen may be detrimental in terms of

both survival and toxicity [14].

• No additional postoperative adjuvant chemotherapy following a full course of

NACT is recommended, whether pCR was achieved or not [15, 16].

15.3 Pathological Complete Remission

15.3.1 Definitions

Several definitions of pathological complete remission are used by different inter-

national breast cancer groups. They vary according to the different acceptance for

residual breast cancer in breast and nodes (Table 15.1). The more stringent defini-

tion is used by the German Breast Group (GBG) and by the Arbeitsgemeinschaft

Gynäkologische Onkologie Breast Group (AGO-B), whereas the more tolerant is

used by French groups.

Table 15.1 Definitions of pathological complete remission currently used by different interna-

tional research groups

Classification Definition Currently used by

ypT0 ypN0 No invasive and no noninvasive residual in

breast and nodes

GBG

AGO-B [17]

ypT0/is ypN0 No invasive residual in breast and nodes MD Anderson Cancer Center

[18]

Austrian Breast and Colo-

rectal Cancer Study Group

[19]

Neo-Breast International

Group [20]

ypT0/is
ypN0/þ

No invasive residual in breast. Noninvasive

residual in breast and infiltrated lymph nodes

are allowed

National Surgical Adjuvant

Breast and Bowel Project

[21]

ypT �1mic
ypN0/þ

No gross invasive residual in breast; focal

invasive and noninvasive residuals in breast and

infiltrated lymph nodes are allowed

French groups [22]
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15.3.2 pCR as a Surrogate Marker for Outcome

Whether or not pCR can be considered a surrogate marker for outcome is under a lot

of debate. Results are contradictory among studies and a clear consent has not yet

been found. The main reason is the heterogeneity between the different trials

according to selection criteria, baseline parameters, and pCR definition used and

the different subgroups analyzed. Two big meta-analyses tried to address this issue

in the last years. The German Breast Group investigated the association between

pCR according to the different definitions available and outcome in 6.377 patients

with primary breast cancer receiving neoadjuvant anthracycline-taxane-based che-

motherapy in seven randomized trials. The impact of subgroups and of residual

disease in breast and nodes has been clearly shown. Patients with no residual

disease in breast and nodes (ypT0 ypN0) experienced a better DFS and OS. This

was particularly true when compared with ypT0/is ypNþ (DFS HR 3.18; 95 % CI

2.31–4.38; p< 0.001; OS HR 4.05; 95 % CI 2.63–6.24: p< 0.001), but also if only

in situ residual disease in breast was present (DFS HR 1.74; 95 % CI 1.28–2.36;

p< 0.001; OS HR 1.41; 95 % CI 0.87–2.29; p¼ 0166). Moreover, in less aggres-

sive tumor (low proliferation, lobular, grade 1, hormone receptor positive), pCR

was not predictive for OS and DFS. In patients with grade 2–3 tumors, hormone

receptor negative, and ductal histology, the achievement of a pCR was associated

with a better outcome. When considering the different breast cancer subgroups, no

impact of pCR on prognosis was seen for luminal A-like (ER and/or PgR positive,

HER2 negative, grade 1 or 2) and in luminal B/HER2-positive tumors, whereas a

great impact was seen for HER2 positive, TNBC, and luminal B/HER2-negative

tumors. Given these results it seems that pCR could only be a good surrogate

endpoint in this latter group [23]. Considering the importance of the availability

of new drugs for breast cancer patients and the great advantages that neoadjuvant

trials offer in comparison to adjuvant studies (smaller sample sizes, short drug

exposure, response monitoring within a short time frame, shorter follow-up), the

FDA (Food and Drug Administration) initiated the CTNeoBC meta-analysis, in

order to better understand pCR correlation with long-term outcome. The main goal

was to define if pCR could be used as an endpoint to support accelerated approval of

cancer drugs in high-risk early breast cancer patients. A total of 12 trials including

11,955 patients and almost all studies included in the German meta-analysis were

analyzed. The strongest definition of pCR (ypT0 ypN0) was associated with a better

outcome (event-free survival [EFS] HR 0.24, 95 % CI 0.39–0.51; OS HR 0.36 95 %

CI 0.30–0.44), and the effect was greater in aggressive subtypes (TNBC, HER2

positive, HER2 negative). No difference in outcome was observed when patients

with ypT0 ypN0 and widely overlapping group of patients with ypT0/is ypN0 were

compared [24]. The study failed to define what magnitude of pCR improvement

was needed to predict long-term clinical benefit. In fact when odds ratio for pCR
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was plotted against hazard ratios of event-free survival, no correlation was found.

Two possible explanations could be identified: in the trials analyzed all BC sub-

types were included, even if it is known that they could respond differently to the

same treatment and an imprecise assessment of subgroups was done (mainly

locally, no quality control, PAM50 test was not performed). Moreover, only

small differences in terms of pCR between the compared CT regimens were

identified. After the completion of the CTNeoBC trial, FDA recognized ypT0/is

ypN0 as the preferred definition for pCR as a regulatory endpoint. Two main

reasons underline this decision. First of all the use of the more stringent definition

could lead to a lower rate of pCR, affecting the real benefit of the drug. Even if an

association between pCR and outcome has not yet been proven for all patients

affected by breast cancer, several studies showed that this association might exist

for HER2-positive tumors. The NOAH study demonstrated a 20 % increased pCR

rate for the combination of chemotherapy with an anti-HER2 agent as well as an

improvement in event-free survival [25]. This trial therefore led to the approval of

trastuzumab in the neoadjuvant setting by the European Medical Agency. More-

over, the NOAH study was the only trial included in the Cortazar meta-analysis to

demonstrate a good surrogacy, probably due to the use of a targeted therapy for a

specific subpopulation of patients. This results were confirmed by the NeoSphere

study that clearly showed that a double anti-HER2 blockade with trastuzumab and

pertuzumab can lead to a greater chance of pCR and consequently to a better

outcome [26].

Confirmatory trials that should already be started at the time of the decision are

mandatory for the accelerated approval of a drug [27]. Indeed the demonstration of

an improvement in DFS and OS will be required until a formal validation of the

surrogacy of pCR is obtained. Moreover, late and cumulative toxicities need to be

accurately investigated.

For the first time in September 30, 2013, the FDA granted accelerated approval

to pertuzumab for use in combination with trastuzumab and docetaxel as

neoadjuvant treatment of patients with HER2-positive, locally advanced, inflam-

matory or early stage breast cancer, based on a significant improvement of

pCR [28].

Controversy about the value of pCR as a surrogate endpoint has been

reconfirmed by the results of the ALTTO trial that investigated the use of

trastuzumab and/or lapatinib in the adjuvant setting. The NeoALTTO trial previ-

ously showed that dual anti-HER2 blockade with trastuzumab and lapatinib

resulted in a near doubling of the pathological complete response, corresponding

to a 62 % reduction in events as compared with no pathological response [20]. After

a median follow-up of 4.5 years, the ALTTO results showed that dual targeting was

associated with a slight numerical reduction in disease recurrences, but the differ-

ence was not statistically significant [29]. Unexpectedly, the outstanding results in

terms of pCR obtained in the neoadjuvant setting did not translate in a survival

advantage in the adjuvant setting. Several reasons can explain this finding. First of

all the predefined level of significance alpha was split (�0.025) in order to test both

the concurrent and the sequential treatments of lapatinib with trastuzumab.
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Secondly the relative dose intensity was much lower in the adjuvant regimen

compared to the neoadjuvant setting. Furthermore other neoadjuvant trials did not

confirm the results of NeoALTTO study. In the NSABP B-41 and in the CALGB

40601, the combined anti-HER2-targeted therapy produced only an insignificantly

higher pCR than single-agent HER2-directed therapy [30, 31]. Correlative analysis

of tissue sample is ongoing in order to identify subgroups of patients that could

derive a benefit from the adjuvant combination.

A recent meta-regression analysis of 29 studies based on literature extracted data

also failed to support the use of pCR as surrogate endpoint for DFS and

OS. Interestingly the analysis found a correlation between pCR and outcome for

trials comparing conventional doses with intensified/dose-dense regimens [32].

15.4 Prognosis of Patients Without a pCR

15.4.1 How to Define Prognosis of Patients Without a pCR
After Neoadjuvant Chemotherapy

The identification of patients at high risk after neoadjuvant chemotherapy is

essential in order to develop new strategies to improve their outcome. The classic

TNM system can also be applied to residual disease after primary chemotherapy in

order to define the prognostic impact. As previously described, data from the

German meta-database clearly showed the correlation between outcome and this

staging system [15]. Currently the most used classification systems are the

following:

• CPS-EG (clinicopathological stage and biological markers) score: the integra-

tion of estrogen receptor status and tumor grading in the CPS score allowed the

identification of seven distinct patients groups having different metastasis-free

survival and disease-specific survival and provide a useful tool to stratify

patients eligible for clinical trials with novel therapeutics. In particular

ER-negative disease and G3 tumors were additional independent risk factors

[33, 34]. The CPS-EG score was developed and validated by the MD Anderson

group. The GBG also found that the system provides valuable prognostic

information especially in patients with HR-positive, HER2-negative disease.

• RCB (residual cancer burden) score: the score is calculated as a continuous

index combining pathological measurements of primary tumor (size and cellu-

larity) and nodal metastases (number and size) to predict distant relapse-free

survival. In particular the presence of an extensive residual disease is associated

with poor prognosis, irrespective of the type of neoadjuvant chemotherapy

administered, adjuvant hormone therapy, or the pathological stage of the resid-

ual disease. All data can be obtained from pathologic reports and entered in a

freely available online calculator [35].
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• RPCB (integrated score of RCB and Ki67) score: high post-treatment Ki67 value

measured on the surgical excision specimen was independently associated with

poorer DFS and OS. Moreover, post-treatment Ki67 was found to be more

predictive of long-term outcome than the pretreatment value or the change

from pre- to post-treatment [36]. The integration of post-treatment Ki67 with

RCB provides more prognostic information than the two variables alone [37].

Several studies are ongoing to define if new agents could improve the prognosis

of patients with residual disease after a preoperative chemotherapy. The only

published phase III trial in this setting, the NaTaN study, failed to demonstrate an

improvement in terms of DFS in patients treated with zoledronate as

postneoadjuvant therapy after standard anthracycline-taxane-based NACT for

early BC [38]. Therefore, even if residual invasive disease predicts high risk of

relapse, given the lack of data on the efficacy of alternative agents in this setting, the

current standard in patients with residual disease after NACT is no further therapy

beyond endocrine and anti-HER2 treatment.

15.4.2 Ongoing Trials in Patients with Residual Disease

Several studies are ongoing to assess the efficacy of new drugs in patients not

achieving a pCR after NACT:

• PENELOPE (NCT01864746): based on a randomized phase II trial in

HR-positive metastatic breast cancer showing an improvement of progression-

free survival [39], the study investigates the role of palbociclib, a cyclin D kinase

4/6 inhibitor, in addition to standard endocrine therapy in patients with a

CPS-EG score �3 or 2 but with metastatic lymph nodes after NACT.

• KATHERINE (NCT01772472): based on data from the phase III EMILIA study,

which showed that trastuzumab emtansine (TDM-1) significantly improved

survival of women with HER2-positive metastatic breast cancer [40], the study

randomly compares the use of trastuzumab vs TDM-1 as adjuvant therapy in

patients with HER2-positive breast cancer who have residual tumor in the breast.

• OLYMPIA (NCT02032823): based on two phase II trials assessing safety and

efficacy of olaparib in advanced breast cancer patients [41, 42], the study

investigates the role of olaparib as adjuvant therapy in TNBC patients harboring

germline BRCA1/2 mutations. Patients having had neoadjuvant chemotherapy

are eligible in case they do not show a pCR.
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15.5 Conclusion

The neoadjuvant setting provides the unique opportunity to directly observe the

effect of the therapy on the tumor and to tailor the treatment according to the

response. Moreover, the investigation of biomarkers correlated with response

allows a better selection of patients for subsequent treatment. Further research is

warranted to spare those patients unlikely to derive treatment benefit from toxicities

and to maximize the overall cost-benefit rate.
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Chapter 16

The Challenge to Overcome Triple-Negative

Breast Cancer Heterogeneity

Hiroko Masuda and Norikazu Masuda

Abstract Triple-negative breast cancer (TNBC) is not a simple unit but a collec-

tion of biologically heterogeneous groups. Gene profiling allows us to identify

distinct tumor subtypes in TNBC that have the potential for exploring new optimal

treatments based on their biological features. To date chemotherapy has been the

only treatment option for TNBC, and cytotoxic chemotherapies are insufficient for

treating this aggressive breast cancer. We need to find better treatment strategies

that are less toxic, improve the risk of recurrence, and are more targeted to each of

the homogeneous TNBC subtypes. This chapter focuses on the molecular stratifi-

cation of TNBC and introduces potential treatment strategies and current clinical

trials in order to address the problem of TNBC heterogeneity.

Keywords Gene expression analysis • Molecular subtype • TNBC heterogeneity •

Targeted therapy • PARP inhibitors

16.1 Introduction: Triple-Negative Breast Cancer

Triple-negative breast cancer is estrogen receptor negative and progesterone recep-

tor negative and lacks amplification of HER2. This means it is a collective unit that

does not have any well-known target genes to identify it. Recent TNBC research

has previously suggested TNBC’s heterogeneity, and there is currently a consensus
that TNBC is not a simple unit but a collection of biologically heterogeneous

groups [1, 2].

TNBC represents approximately 15–20 % of all patients with breast cancer and

is associated with high recurrence rate and short survival [2]. Neoadjuvant chemo-

therapy, followed by definitive local therapy (surgery, radiation therapy, or both), is

part of the current standard strategy for newly diagnosed primary TNBC treatment.

The use of neoadjuvant chemotherapy revealed TNBC heterogeneity and large

differences in efficacy in patients; the discovery of heterogeneity guided subsequent

individual treatment [3]. In TNBC, chemotherapy sensitivity of current
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anthracycline and/or taxane regimens is compatible with the other BC subtypes

[3]. Approximately 20–30 % patients with TNBC achieved pathological complete

response (pCR) by these chemotherapy regimens, and pCR is strongly associated

with improved overall survival and event-free survival [4]. Liedtke et al. [3]

reported that they analyzed 1118 patients who received neoadjuvant chemotherapy

at MD Anderson Cancer Center for stage I–III breast cancer from 1985 to 2004 and

compared clinical and pathological parameters, pathological complete response

(pCR) rates, survival measurements, and organ-specific relapse rates for patients

with TNBC and non-TNBC. They showed that TNBC patients had significantly

higher pCR rates (22 % vs. 11 %, p¼ 0.034), but decreased 3-year progression-free

survival rates ( p< 0.0001) and 3-year overall survival (OS) rates ( p< 0.0001).

And if pCR was achieved, patients with TNBC and non-TNBC had similar survival

rates ( p¼ 0.24).

In most cases, patients who had a progression of disease (PD) during

neoadjuvant chemotherapy also had TNBC. And at this moment, we do not have

any alternative treatments for TNBC, and PD cases showed significantly poorer

outcomes. This significant difference in treatment responses we assumed is caused

by TNBC heterogeneity. For patients with TNBC, worse survival rates were caused

by higher relapse rates among tumors not eradicated by chemotherapy. Because of

an absence of well-defined molecular targets, patients with TNBC derive no benefit

from molecularly targeted treatments such as endocrine therapy or combination

therapy of HER2-targeted therapy. We therefore need to identify the subtypes of

primary TNBC that are associated with high or low pCR rates and to provide

individualized treatment for patients who do not show enough efficacy with current

chemotherapy. This individualization by molecular profiling will help us develop

the optimal targeting drugs for TNBC. In order to improve TNBC prognosis, we

have to distinguish these heterogeneous groups and develop new treatment strate-

gies for patients who have residual disease or PD under current chemotherapy

regimens.

16.2 Classification of TNBC Subtypes

Though several targeted agents have been tested for treatment in TNBC, so far none

have been successful [5–7]. Some have proposed that this might be due to the

molecular heterogeneity of TNBC tumors. In order to overcome TNBC heteroge-

neity and find appropriate targeted therapies in each subtype, we have tried to

identify the biologically homogeneous TNBC subtypes.
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16.2.1 Genomic Profiling

To classify heterogeneous TNBC into several homogeneous subtypes, we often

used gene expression analysis because of its value for investigating more than

20,000 gene expression patterns encyclopedically. And gene expression analyses

have identified molecular subtypes of TNBC that are refining our understanding of

breast cancer biology and our ability to develop targeting therapies.

16.2.1.1 Basal/Non-basal-Like Subtype

In 2000, Perou et al. reported that there is an intrinsic subtype in breast cancer [1].

They characterized variation in gene expression patterns in a set of 65 surgical

specimens of human breast tumors from 42 different individuals, using comple-

mentary DNA microarrays representing 8102 human genes. These patterns pro-

vided a distinctive molecular portrait of each tumor, and they identified “intrinsic”

subtypes that we now call luminal A, luminal B, HER2-enriched, basal-like, and

normal-like subtype. In order to adapt the clinical setting, we have also tried to

identify these subtypes using immunohistochemical (IHC) staining. We recognized

that basal-like breast cancer was similar to TNBC, and TNBC and basal-like breast

cancer definitions have been used interchangeably to identify breast cancers that

lack expression of hormone receptors and overexpression and/or amplification of

HER2. However, there are substantial discordance rates between these two groups

and 60–80 % of TNBC conformed with basal-like breast cancer (Fig. 16.1). There

have been some reports that chemotherapy sensitivity was different with basal and

non-basal TNBC, and basal tumors may have higher rates of pCR to standard

chemotherapy compared with other TNBC subtypes [8–11].

Basal (N=473)

TNBC

Basal (78.6％)

TNBC (N=412)

Basal

TNBC (68.5％)

HER2 
enrich 
(7.8%)

Luminal
B

(4.4%)

Normal-
like

(7.0%)
Luminal A (2.2%)

Fig. 16.1 Distribution of the intrinsic molecular and pathology-based subtypes within triple-

negative and basal-like tumors [9]
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16.2.1.2 Claudin-Low Subtype

Perou et al. used gene expression studies to identify a breast cancer subset having

enriched EMT features and high expression of stem cell-like biological processes;

they termed this subset “claudin low” because this group of tumors demonstrated

low gene expression of the tight junction proteins claudin 3, 4, and 7 [12, 13]. Most

claudin-low tumors are triple-receptor negative (61–71 %) and vimentin positive

(55 %). This subtype was also associated with metaplastic and medullary histolog-

ical differentiation, and lymphocytic infiltration was found in 37 % of cases. Its real

frequency and clinical relevance are still under investigation.

16.2.1.3 Seven Molecular Subtypes

In 2011, Lehmann et al. [14] classified TNBC into seven subtypes, one of which is

an unstable group. These TNBC subtypes were identified using 21 public breast

cancer mRNA expression datasets and cluster analysis. These datasets included

587 TNBC tumor samples. To identify global differences in gene expression

(GE) between TNBC subtypes, k-means clustering was performed on the most

differentially expressed genes. Lehmann et al. were able to classify the TNBC

samples into subtypes and then performed gene set enrichment analysis to deter-

mine the top canonical pathways associated with each TNBC subtype. The seven

TNBC subtypes were characterized on the basis of gene ontologies and differential

GE and labeled as basal-like 1 (BL1); cell cycle and DNA damage response gene

expression signatures, basal-like 2 (BL2); similar with BL1 and the other enriched

in growth factor signaling and myoepithelial markers, immunomodulatory (IM);

enriched for gene ontologies in immune cell processes, mesenchymal (M); high

expression of genes involved in differentiation and growth factor pathways, mes-

enchymal stem-like (MSL); and similar to M and enriched in gene expression of

epithelial-mesenchymal transition and stem cell markers, luminal androgen recep-

tor (LAR), a luminal subtype driven by androgen signaling and unstable (UNS).

Lehmann et al. also classified breast cancer cell lines according to their subtypes.

Xenograft tumors established from their TNBC subtypes display differential sen-

sitivity to cisplatin, bicalutamide, and NVP-BEZ235. Lehmann et al. showed that

their subtypes had a predictive effect on therapy selection. In a preclinical model,

the BL1 and BL2 cell lines, for example, which were associated with the DNA

damage response, were highly sensitive to cisplatin; the LAR cell line, which

expresses high levels of AR mRNA, was highly sensitive to AR antagonist; and

the MSL cell line that was associated with the PI3K pathway was highly sensitive to

NVP-BEZ235 (PI3K/mTOR inhibitor). Masuda et al. [15] reproduced their seven

TNBC molecular subtypes and analyzed 130 TNBC patients who received

neoadjuvant chemotherapy mainly treated with anthracycline and taxane regimens

and showed significantly correlated with six subtypes and pathological complete

response rates. BL1 subtype showed the highest pCR rate (52 %), and BL2 and
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LAR showed the lowest pCR rates (0 % and 10 %, respectively). There was no

significant association between TNBC subtype and OS, DFS. Masuda

et al. commented that, interestingly, the LAR group had delayed recurrences

compared with the other groups and did not have the lowest OS rate despite having

the lowest pCR rate. The clinical course of the LAR group was thus more similar to

that of the luminal intrinsic subtype. These results suggest that within TNBC we

need to distinguish the LAR subtype and design a different treatment strategy for

that group. Pathologically, AR expression in ER-negative tumors was associated

with lower histological grade and apocrine histological differentiation. Of course

further studies are needed to comprehend the TNBC subtypes and clinical relation

(Fig. 16.2).

16.2.1.4 Relationship Between the Intrinsic Subtypes and Seven

Molecular Subtypes

Some reports have compared the intrinsic subtypes and TNBC seven molecular

subtypes [9, 15, 16].

Most TNBC seven molecular subtypes are classified as a basal-like intrinsic

subtype; however, MSL and LAR subtypes also belonged to the non-basal sub-

types. Abramson et al. [16, 17] reported that in MLS TNBCs approximately 50 %

were basal-like, 27.8 % were normal-like, 13.9 % were luminal B, and the

remaining approximately 8 % were HER2 and luminal A by intrinsic subtypes. In

the LAR subtype, 74.3 % were HER2 and 14.4 % were luminal B by intrinsic

subtypes (Fig. 16.3).

Prat et al. reported that when they explored the similarities and differences

between six molecular subtypes and intrinsic subtypes, these entities largely

Fig. 16.2 Distribution of pCR status by seven molecular subtypes [15]
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overlap with intrinsic and claudin-low subtypes. Six molecular subtypes were

observed, and four main gene expression clusters were identified representing a

stromal gene signature, a luminal signature, an immune signature, and a basal

epithelial signature. They also showed HER2 and luminal tumors were highly

expressing the LAR cluster; however, they suggested that IM and MSL subtypes

are mostly defined by the high expression of genes likely coming from the micro-

environment, not from the actual tumor cells, and mentioned the possibility that

previously described TN heterogeneity in part reflects tumor heterogeneity plus

microenvironmental heterogeneity. TN disease is thus a broad and diverse category

for which additional subclassifications are needed.

Gene expression analyses still have some challenges for clinical use such as the

difficulty of methods of analysis and the quality of reproducibility. Even among the

well-known intrinsic subtypes, several types of gene signatures were derived in

each study and none of the classification systems tested produced perfect agreement

[18–21]. Prospective future studies are needed to establish the clinical relevancy of

dividing the subtypes by gene profiling. In addition, prospective validation is

needed to measure these findings and a new treatment strategy using targeted agents

derived from molecular profiling. We also need to investigate whether mRNA

overexpressed has a truly significant function and activation at the protein expres-

sion level by methods such as reverse-phase protein arrays (RPPA) or IHC staining.

Then we have to develop methods to identify the TNBC subtypes that could be

easily adapted to a clinical setting for developing optimal individual treatments.

16.2.2 Identify Mutations

The Cancer Genome Atlas (TCGA) research network analyzed primary breast

cancers using beyond gene expression, including protein expression using RPPA,

genomic DNA copy number arrays, DNA methylation, exome sequencing, mes-

senger RNA arrays, and microRNA sequencing [22]. This study allowed integration

of information across platforms, provided key insights into previously defined gene

expression subtypes, and demonstrated the existence of four main breast cancer

classes (luminal A, luminal B, HER2 enriched, and basal-like) when combining

data from five platforms, each of which shows significant molecular heterogeneity.

Fig. 16.3 Pie charts display the TNBC type composition of intrinsic subtype and seven molecular

subtypes [17]
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There were numerous subtype-associated and novel gene mutations, and some of

them have the potential to develop therapeutic targets. The overall mutation rate

was highest in the basal-like and HER2-enriched subtypes. In the basal-like

subtype, the most frequent loss of function alterations genes were associated with

DNA damage repair, including TP53, RB1, and BRCA1, and gain of function

alterations were phosphatidylinositol 3-kinase (PI3K) signaling pathways. Eighty

percent of basal-like tumors showed TP53 mutations, and the next most common

gene mutation was PIK3CA (9 %). Aberrant activation of PI3K pathway occurs due

to loss of negative regulators, such as phosphatase and tensin homolog (PTEN) and
inositol polyphosphate 4-phosphatase type II (INPP4B) or activating mutations in

PIK3 catalytic subunit (PIK3CA). Consistent with previous reports, this study also

confirmed that germline BRCA1 mutations were strongly associated with basal-like

breast cancer [19, 23].

About 20 % of basal-like tumors had germline and/or somatic BRCA1 and

BRCA2 variants, and that means there is a possibility that PARP inhibitors and/or

platinum compounds might have some benefit for these patients. Interestingly,

comparison of basal-like breast tumors with high-grade serous ovarian tumors

showed many molecular commonalities, indicating a related etiology and similar

therapeutic opportunities such as platinum analogs and taxanes. Focused on the

therapeutic targets derived from TCGA research network, gene amplification is also

remarkable. In basal-like tumors, PI3K and RAS-RAF-MEK pathways were ampli-

fied, including PIK3CA (49 %), KRAS (32 %), BRAF (30 %), and EGFR (23 %).

FGFR1, FGFR2, IGFR1, c-KIT, MET, and PDGFRA were also identified.

The TCGA network concluded that the biological finding of the four main breast

cancer subtypes caused by different subsets of genetic and epigenetic abnormalities

raises the possibility that much of the clinically observable plasticity and hetero-

geneity occurs within, and not across, these major biological subtypes of breast

cancer.

16.3 Treatment Strategy to Overcome Triple-Negative

Breast Cancer Heterogeneity

Because of the aforementioned new discoveries in subtype classifications, muta-

tions, and amplified genes, the challenge of providing individualized treatment

strategies in TNBC has begun (Fig. 16.4a, b) and is being investigated in currently

ongoing TNBC neoadjuvant clinical trials.
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16.3.1 Basal-Like Subtype/BRCA Mutation

In addition to or instead of anthracycline and/or taxane, which have been the

standard chemotherapy regimens until now, the agent that is currently most asser-

tively being tested in trials is the DNA-damaging agent platinum.

As we mentioned, 60–80 % of TNBC belong to the basal-like subtype. Its

biological features showed overexpression of cell cycle and DNA damage response

gene signatures, often have TP53 and BRCA1 mutation, and often have loss of

function of RB1, which is a tumor suppressor protein that prevents excessive cell

growth by inhibiting cell cycle progression. Because of dysfunction of these genes,

these tumors are highly proliferative, on average, as illustrated by the proliferation

index, regardless of whether proliferation is measured by Ki-67, proliferating cell

Fig. 16.4 (a) The distribution of triple-negative breast cancer (TNBC) subtypes from The Cancer

Genome Atlas is illustrated with enriched gene ontology and potential therapeutic targets. Bar

graphs display the subtype percentage relative to TNBC [16]. (b) Treatment strategies for TNBC

regarding to the subtypes
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nuclear antigen, immunohistochemistry, or gene expression proliferation. TP53
loss, RB loss, and BRCA1 pathway association are responsible for the high aneu-

ploidy seen in these tumors, including a huge number of chromosomal changes,

translocations, and losses [24]. So according to their biological features, platinum

agents such as cisplatin and carboplatin, inter-strand cross-linking agents that

damage the DNA, might have a potential to have efficacy for basal-like subtypes.

In fact there are some clinical trials that showed the efficacy of platinum agents

for TNBC patients at neoadjuvant setting. CALGB 40603 is a randomized phase II

neoadjuvant trial that tested the addition of carboplatin with or without

bevacizumab to weekly paclitaxel followed by doxorubicin and cyclophosphamide

(AC) for stage II–III TNBC patients. The result showed that addition of carboplatin

(AUC 6 q3 week � 4) significantly increased pCR rate (60 % v 44 %, p¼ 0.0018)

[25]. GeparSixto is also a randomized phase II neoadjuvant trial for stage II–III

triple-negative and HER2-positive breast cancer. In this trial, TNBC patients

received weekly paclitaxel 80 mg/m2 and non-pegylated liposomal doxorubicin

20 mg/m2 and bevacizumab 15 mg/kg q3w with and without weekly carboplatin

AUC 1.5. In TNBC patients, 84 (53.2 %, 54.4–60.9) of 158 patients achieved a

pathological complete response with carboplatin, compared with 58 (36.9 %,

29.4–44.5) of 157 without ( p¼ 0.005) [26]. At the ASCO 2014 annual meeting,

von Minckwitz et al. reported [27] the additional results of GeparSixto trial: the

patients who have BRCA mutation and also have family history of breast cancer

and/or ovarian cancer showed the highest pCR rate for this regimen (81.8 %). These

randomized neoadjuvant studies have now established that inclusion of carboplatin

increases pCR rate in TNBC, and this provides a valuable new treatment option for

patients with high-risk TNBC. Patients in these studies also received bevacizumab,

an antiangiogenesis agent that targets vascular endothelial growth factor (VEGF)

and is attractive for TNBC.

There is a distinct neoadjuvant phase II trial named I-SPY2 aimed at investigat-

ing efficacy of investigational targeted agents and effective patient selection at the

same time. This is done by employing “adaptive trial design”—an innovative

automated algorithm that graduates a treatment in one or more biomarker types

when there is an>85 % predicted likelihood that the experimental arm will produce

higher pCR rate than weekly T + AC in a 300-patient randomized phase III study in

that biomarker subset—that would accelerate drug approval with minimal

resources. The first graduated regimen and population of this study was veliparib

(50 mg po)/carboplatin (AUC 6, q3 week �4) + weekly paclitaxel followed by AC

for TNBC patients. Veliparib is a poly(ADP-ribose) polymerase (PARP) inhibitor

that targets an alternate DNA repair pathway in BRCA-deficient cells, producing a

synthetic lethal effect. The activity of veliparib was likely influenced by germline

BRCA status and may also depend on the extent of homologous DNA recombina-

tion repair defect [28]. BRCA mutation carrier is a population that should be

distinguished from other TNBC patients. It has been found to be associated with

basal-like subtype and important therapeutic implications with PARP inhibitors.

Significant single-agent activity was reported with the PARP inhibitor olaparib in

patients with BRCA1 or BRCA2 mutations and advanced breast cancer [29]. PARP
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inhibitors are also actively being investigated at adjuvant and neoadjuvant setting

with TNBC and/or BRCA mutation carriers.

Over half of basal-like breast cancers express EGFR, and expression of EGFR by

IHC has been associated with a poor response to chemotherapy and decreased

survival in patients with triple-negative breast cancer [30]. In preclinical models,

inhibitors of EGFR induced apoptosis and enhanced response to chemotherapy.

Two phase II clinical trials evaluated the efficacy of cetuximab alone or in combi-

nation with platinum-based chemotherapy for triple-negative breast cancer [5, 6]

and found that addition of cetuximab to carboplatin did not improve outcome.

These results so far have been disappointing. One of the reasons for these unex-

pected results is the lack of biomarkers for predicting which patients are most likely

to respond to EGFR inhibitors. Molecular analysis using RT-PCR (PAM50) of

paraffin-embedded tumor samples from triple-negative breast cancer patients

enrolled in both trials (n¼ 132) revealed that 67 % of the triple-negative breast

cancer patients treated displayed the basal phenotype. This benefit from cetuximab

might be correlated with higher expression of PTEN or lack of amplification of

KRAS. EGFR inhibitor also might have potential as a targeted drug for basal-like

subtype.

16.3.2 Luminal Androgen Subtype

This subtype, which is driven by AR signaling and luminal signatures and is

associated with a high rate of PI3K activation/mutation, may be uniquely sensitive

to androgen blockers and PI3K-directed therapy [31]. A nonrandomized phase II

trial evaluating treatment of patients with metastatic, AR+ (defined as 15 % or

higher AR expression by IHC) TNBC with bicalutamide demonstrated no measur-

able responses by RECIST but demonstrated a 6-month clinical benefit rate of 19 %

[32]. Another clinical trial that is evaluating enzalutamide is being conducted for

patients with TNBC who express the AR (NCT01889238).

Preclinical data indicate that the combination of bicalutamide with a PI3K

inhibitor produces an additive/synergistic effect in LAR cell lines. This is also a

potential treatment strategy for this subtype [31].

16.3.3 Mesenchymal/Mesenchymal Stem Cell-Like/Claudin-
Low Subtype

These subtypes shared similar molecular features including low expression of

claudins 3, 4, and 7 as well as high expression of genes associated with EMT.

Mesenchymal-like TNBCs carry a high rate of molecular aberrations that activate

the PI3K/Akt/mTOR axis, suggesting that this subgroup may be responsive to
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therapeutic regimens targeting this pathway [14]. The cell lines that were classified

as MSL have dedifferentiated morphologies observed in breast carcinosarcoma as

well as metaplastic and anaplastic carcinomas, and the EMT core signature asso-

ciates closely with the claudin-low and metaplastic breast cancer subtypes and

correlates negatively with pathological complete response. Additionally, the

expression level of FOXC1, another EMT inducer, correlates strongly with poor

survival of breast cancer patients [17, 33]. Early data from a phase I clinical trial

enriched with patients diagnosed with metaplastic breast cancer also suggest that

PI3K inhibition may be a viable target for this subtype of TNBC. Moulder et al. [34]

treated the metaplastic breast cancer patients with liposomal doxorubicin,

bevacizumab, and temsirolimus (DAT) according to their biological features that

display high levels of angiogenesis and commonly express VEGF and HIF-1.

Temsirolimus inhibits mammalian target of rapamycin (mTOR), and preclinical

data have implicated the PI3K/mTOR pathway in breast CSC survival and tumor-

igenicity, which can be reversed by treating with rapamycin. Overall, this combi-

nation regimen achieved 1 CR, 1 PR, 1 SD, 2 PD and they continued to recruit the

patients and planning a phase II trial in multicenter. These results further emphasize

the need to characterize TNBC tumors molecularly to enrich for response in

targeted therapy.

16.3.4 Immunomodulatory Subtype

Immunotherapy and tumor immunity of TNBC is now being aggressively investi-

gated because it also may be a drug target for TNBC. Several studies have

emphasized the prognostic and predictive impact of tumor-infiltrating lymphocytes

(TILs) in TNBC [35, 36]. High baseline TILs can predict high pCR, and increasing

lymphocytic infiltration was associated with improved outcomes for patients with

TNBC. These findings could be useful in providing the rationale for evaluating

immunotherapeutic approaches and selecting the patient’s population.
At the 2014 ASCO annual meeting, Vinayak et al. [37] reported that they

evaluated the patients who enrolled the PrECOG 0105, a neoadjuvant trial of

carboplatin, gemcitabine, and iniparib, and investigated the association of

pre-therapy TILs in PrECOG 0105 with pathologic response, germline BRCA1/2

genotype, and gene expression profiles, including TNBC subtypes. They deter-

mined the density of stromal (sTILs) and intratumoral (iTILs) lymphocytes. Sev-

enty patients were included in this analysis. Of those, 20 % of patients had BRCA1/

2 mutant and 76 % of tumors had at least 10 % sTILs (range 10–80 %) and 31 % at

least 10 % iTILs (range 10–40 %). Lymphocyte-predominant BC (LPBC), defined

as �50 % sTILs, was seen in 13 %. pCR rate was highest (56 %) in LPBC, though

not significantly different from the non-LPBC group (38 %, p¼ 0.47). sTILs were

significantly associated with TNBC subtype: median sTIL ¼ 40 % in the IM

subtype, 15 % in BL1, 20 % in BL2, 10 % in LAR, 0 % in M, and 10 % in MSL

( p¼ 0.0005). iTILs were also significantly associated with TNBC subtypes
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( p¼ 0.0003): iTIL >0 for 10/14 (71 %) in IM subtype, 1/7 (14 %) in BL1, and 0 in

others. Association with BRCA1/2 mutation status was not significant. In a multi-

variate model, each 10 % increase in iTILs (OR 2.62 [95 % CI 1.08–6.35]; p¼ 0.03)

but not sTILs (OR 1.17 [95 % CI 0.87–1.58]; p¼ 0.28) was independently associ-

ated with pCR (RCB¼ 0). Both sTILs and iTILs are predictive of response to

platinum-based neoadjuvant therapy and are significantly associated with TNBC

subtypes, with the highest frequency in the IM subtype [37].

The expression of immune regulatory targets in the TNBC population suggests

that immune-targeted therapies may be effective in subset of TNBC. Among the

most promising approaches to activating therapeutic antitumor immunity is the

blockade of immune checkpoints, and cytotoxic T lymphocyte-associated antigen

4 (CTLA4) antibodies were the first of this class of immunotherapeutics to achieve

US Food and Drug Administration (FDA) approval. Preliminary clinical findings

with blockers of additional immune-checkpoint proteins, such as programmed cell

death protein 1 (PD1) and its receptor ligand, programmed death ligand-1 (PDL-1),

indicate broad and diverse opportunities to enhance antitumor immunity with the

potential to produce durable clinical responses [38]. There are anticipated targeted

agents for TNBC that await further studies.

16.4 Summary

The prospects for overcoming TNBC heterogeneity and improving this refractory

and complex breast cancer’s outcome are now developing dramatically. Gene

profiling, which allows identification of TNBC subtypes and classification of

them into homogenous subtypes reflecting their biological features, has the poten-

tial to derive the targeted agents for each group. However, we still have several

challenges to address before using these methods in clinical settings. For instance,

new technology such as next-generation sequencing gave us more information, and

so this technology must be combined with new findings in order to create optimal

treatment strategies for TNBC. Preclinical, translational research and hypothesis-

driven clinical trials are needed to make TNBC as a controllable disease.
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Chapter 17

Surgical Management of Breast Cancer After

Preoperative Systemic Treatment

John Mathew, Carol-Ann Courtney, Kelly K. Hunt, and John F. Robertson

Abstract Surgery following neoadjuvant systemic therapy involves complex deci-

sion making within the entire multidisciplinary team. The selection of which

systemic therapy to use (i.e. endocrine therapy, chemotherapy, anti-HER2 agents)

and the role of radiotherapy therapy must be carefully considered on a case-by-case

basis. Tumour size before, during and after the systemic therapy needs to be

carefully and accurately measured by the most appropriate imaging technique(s),

before deciding on the final surgical approach. For the small percentage of patients

whose tumour progresses during treatment or where there is no volume reduction

and the tumour remains unsuitable for breast-conserving surgery, mastectomy with

or without reconstruction remains an option. For the remaining patients, there are

various surgical options available from standard breast-conserving surgery to

oncoplastic breast-conserving surgery. The choice will be determined by a number

of factors including the size of the tumour, surgical decision making regarding the

need to remove the entire initial tumour volume or residual tumour volume, the size

of the breast, the location of the tumour, the radiologic appearance after

neoadjuvant therapy and the tumour subtype and patient’s concerns.

Keywords Preoperative systemic treatment • Neoadjuvant treatment • Oncoplastic

surgery

17.1 Introduction

The terms preoperative therapy and neoadjuvant therapy are used to describe

systemic therapy as an initial treatment before surgery. Neoadjuvant therapy was

introduced in the 1970s with one of the initial reports involving 110 patients with

locally advanced breast cancer treated with doxorubicin and vincristine showing an
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objective response rate of 89% [1]. This led to further studies evaluating the efficacy

of neoadjuvant systemic therapy for those presenting with inoperable breast cancer

[2–4]. Neoadjuvant systemic treatment has the potential to improve outcome asmost

patients with locally advanced primary breast cancer have micrometastases at the

time of presentation and benefit from systemic treatment. To date there has been no

evidence from randomised trials to show an overall survival (OS) benefit from

neoadjuvant chemotherapy compared to adjuvant therapy [5, 6].

For those presenting with operable cancers, neoadjuvant systemic therapy has

been shown to improve the rate of breast-conserving surgery. However, this has

been reported to be associated with an increased risk of local recurrence in the

conserved breast [6].

NSABP B-18 [5] was the first large prospective randomised trial to investigate

the role of neoadjuvant chemotherapy in women presenting with primary operable

breast cancer [5]. In this study, 1523 women were randomised to receive four cycles

of doxorubicin and cyclophosphamide (AC) chemotherapy either preoperatively or

postoperatively. There were no significant differences between arms with regard to

the primary end points of OS, disease-free survival (DFS) and recurrence-free

survival (RFS) after 16 years. The study included patients with tumours which

were suitable for conservation surgery from the outset as well as patients with

tumours for which mastectomy was initially advised. In the latter group, the

reported local recurrence rate for patients who were initially advised and went on

to have mastectomy was 6.9 % versus 14.5 % for those patients initially advised

mastectomy but after neoadjuvant chemotherapy had breast-conserving surgery.

Furthermore, the rate of breast-conserving surgery in B-18 only increased from

60 % with adjuvant chemotherapy to 68 % with neoadjuvant chemotherapy,

although this difference was statistically significant.

The B-18 trial was followed by the NSABP B-27 study, which had three arms

[6]. Here patients were randomised to four cycles of preoperative AC followed by

surgery or four cycles of preoperative AC followed by four cycles of docetaxel and

then surgery or four cycles of preoperative AC followed by surgery and adjuvant

therapy consisting of four cycles of docetaxel. No significant difference in OS, DFS

or RFS between the three arms was demonstrated; however, the addition of

docetaxel sequential to AC preoperatively did increase the pCR rate versus AC

alone, although it did not increase the breast conservation rate.

Other than improving the rate of breast-conserving surgery, neoadjuvant treat-

ment would appear to have little advantage compared to adjuvant treatment for

patients with primary operable breast cancer. The neoadjuvant approach does allow

for assessment of response to chemotherapy which has been reported to be a

surrogate marker of outcome [7]. Pathological complete response has been reported

to be a marker of improved survival as shown in the B-18 trial. Women who had a

pCR had superior outcomes compared with women who did not (OS HR¼ 0.32,

P< .0001; DFS HR¼ 0.47, P< .0001) [5]. The B-27 trial also showed improved

OS (HR¼ 0.36, P< .0001) and DFS (HR¼ 0.49, P< .0001) in patients who

experienced a pCR [6]. With the opportunity to assess response to therapy, there

is the potential to change drug treatment during neoadjuvant therapy or postoper-

atively in the adjuvant setting if no clinical response or progression is noted with the
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conventional agents. However, progression during chemotherapy is rare, and in the

absence of progression (i.e. stable disease or partial response), it is not clear whether

changing treatment will affect the outcome. A recent pooled analysis of neoadjuvant

trials has reported on the relationship between response (including pathological

response) and outcome [8]. For a trial to be included in this analysis, several criteria

had to be met: it had to include at least 200 patients with primary breast cancer;

patients had to be treatedwith neoadjuvant chemotherapy followed by surgery; pCR,

EFS and OS data had to be available; andmedian follow-up had to be at least 3 years.

There were 12 trials included; however, the analysis could not validate pathological

complete response as a surrogate end point for improved OS [8].

One advantage of neoadjuvant therapy is the ability to study the effects of drugs

on the biological and histological features of a tumour in vivo bymeans of sequential

tumour biopsies [9]. This approach can potentially predict the response of different

breast cancers to different therapies based onmolecular profiles and thus may be one

way to progress towards a more individualised therapy and develop novel agents.

In this chapter we discuss the various controversies of neoadjuvant systemic

treatment with chemotherapy or endocrine agents as well as the evidence behind the

surgical choices available following neoadjuvant treatment of breast cancer.

17.2 Indications for Neoadjuvant Systemic Treatment

Patients who are confirmed to be candidates for adjuvant chemotherapy (e.g. high-

grade tumour, node positive, HER2-positive, triple negative) can be considered for

neoadjuvant chemotherapy [10]. It may be the preferred option for those patients in

whom breast conservation is either not possible or would result in suboptimal

cosmesis [10]. Although conventionally used for locally advanced breast cancers,

neoadjuvant chemotherapy has more recently been used in some centres for smaller

T2 (2–5 cm) tumours [11]. It would be reasonable to offer neoadjuvant chemother-

apy in these patients especially if adverse prognostic factors have been identified,

such as high nuclear grade [10] or triple-negative tumours [12]. Young age is an

independent risk factor for recurrence and survival, and it has been suggested that

these patients would be potential candidates for neoadjuvant treatment [13]: the

biological or clinical rationale for this suggestion is not clear to the authors.

In the B-18 trial, women under the age of 50 appeared to have the greatest benefit

from neoadjuvant chemotherapy. A retrospective analysis of this study shows OS in

women under the age of 50 was slightly better in the preoperative chemotherapy

group (61 % vs. 55 %, P¼ 0.06) although this was not statistically significant

[5]. This trend was also seen in DFS for this group (44 % v 38 %, P¼ 0.09).

There are tumour subtypes which may have a much lower rate of response to

neoadjuvant chemotherapy and therefore may not achieve the same benefits as with

other tumour types. For example, Guarneri and colleagues published a single centre

study that reported the pCR rate of hormone receptor-negative tumours was 24 %

versus 8 % for hormone receptor-positive tumours [14]. Cristofanilli et al. found
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that in invasive lobular cancers, a subgroup of hormone receptor-positive tumours,

the pCR rate was only 3 % [15].

17.3 Endocrine Therapy Versus Chemotherapy

Neoadjuvant endocrine therapy is increasingly utilised to achieve tumour shrinkage

before surgery in postmenopausal women with oestrogen receptor (ER)-positive

tumours [16]. Although there is a lack of randomised data on the use of neoadjuvant

endocrine therapy versus adjuvant endocrine therapy, reviews of the available

literature have shown clinical response rates ranging from 13.5 to 100 % with

treatment periods between 3 and 24 months [16, 17]. These reviews have also

demonstrated the superiority of aromatase inhibitors compared to tamoxifen in

terms of tumour response and rates of breast-conserving surgery in postmenopausal

patients. However, there are few studies of neoadjuvant endocrine therapy which

link initial tumour size, response rates, resulting breast conservation rates and

outcome (i.e. local recurrence or overall survival). Studies of neoadjuvant (and

primary) endocrine therapy show not only continued response with treatment

durations longer than 3 months but that tumour response rate increases with

increased duration of treatment. Therefore, longer durations of neoadjuvant endo-

crine therapy are feasible and should be considered in selected patients.

The majority of neoadjuvant trials have utilised chemotherapy with or without

biologic agents, with only a few randomised clinical trials comparing the clinical

effectiveness of neoadjuvant chemotherapy versus neoadjuvant endocrine therapy

[18, 19]. Semiglazov et al. in a phase 2 randomised trial examined the clinical

effectiveness of these two forms of treatment in patients with ER-positive disease

who were not eligible for breast-conserving surgery at presentation [18]. There

were 121 patients who received neoadjuvant endocrine therapy (anastrozole

(61 patients) or exemestane (60 patients)) and 118 patients who received

neoadjuvant chemotherapy. There were no statistically significant differences in

the overall response rate between the groups after 3 months of treatment

(anastrozole 62 %, exemestane 67 %, chemotherapy 63 %; P> 0.05). More patients

in the endocrine therapy group (33 %) were eligible for breast conservation surgery

compared to the chemotherapy group (23 %) although this did not reach statistical

significance. After a median follow-up of 36 months, there was no significant

difference in the incidence of local recurrence between the two groups (endocrine

therapy 3.3 % versus chemotherapy 3.4 %). Patients in this study were older

(median age of 67 and 68 years in the endocrine therapy and chemotherapy groups,

respectively), and this may have had an impact on response and outcome.

It is recognised that the incidence of hormone receptor-positive breast cancer

increases with age as does the extent of ER positivity [20]. It has also been shown

that the benefits of chemotherapy in primary breast cancer are reduced in an older

population [21]. Furthermore, there is evidence that neoadjuvant chemotherapy in

ER-positive tumours, particularly invasive lobular breast cancer, produces signif-

icantly fewer pCRs [14, 15]. In a randomised trial reported by Alba et al., 95 patients
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with luminal type breast cancer were randomised to neoadjuvant chemotherapy

(epirubicin plus cyclophosphamide � four cycles followed by docetaxel � four

cycles) or neoadjuvant endocrine therapy (exemestane 25 mg daily � 24 weeks)

[19]. The primary end point was response measured by magnetic resonance imaging

(MRI), and it did not show a statistical difference in the response rate measured by

MRI (66 % for neoadjuvant chemotherapy versus 48 % for neoadjuvant endocrine

therapy; P¼ 0.075). The grade 3/4 toxicity was more frequent with chemotherapy.

Pathological complete response to neoadjuvant chemotherapy has come to be

accepted as a surrogate marker of outcome. A single centre publication reported

that pCR was associated with better outcomes regardless of hormone receptor status

in breast cancer patients [14], and a further review reports a range of pCR from 4 to

29.2 % with chemotherapy [22]. However, a recent pooled analysis of 12 studies

where response criteria, including pCR, were compared to clinical outcome mea-

sures reported no link between pCR and clinical outcome, although in certain more

aggressive subtypes, the prognostic value of pCR was greater than in other less

aggressive subtypes [8].

Few neoadjuvant endocrine therapy studies have reported on pathological com-

plete response rates. In those already mentioned [14, 15, 18, 19], the pCR rate

ranged from 0 to 8 % for hormone receptor-positive tumours. Milla-Santos and

colleagues reported on 112 postmenopausal women with stage 3 locally advanced

breast cancers receiving neoadjuvant endocrine therapy for 3 months followed by

surgery in responders with a pCR rate of 12 % [23].

Thomas et al. evaluated pathologic response in 50 patients receiving

neoadjuvant chemotherapy for 3 months and 53 patients receiving neoadjuvant

endocrine therapy (letrozole) for 3 months [24]. Excised tumours were compared

with preoperative core biopsy specimens. Neoadjuvant chemotherapy produced

more pathologic complete responses; however, a pattern of scattered residual

cells in the tumour bed was also seen more frequently (P¼ 0.035) with neoadjuvant

chemotherapy. Letrozole produced substantially more central scars (31 patients

with neoadjuvant endocrine therapy versus 2 patients with neoadjuvant chemother-

apy; P¼ 0.0001). There was also a statistically significant correlation with central

scarring and clinical tumour volume reduction (P¼ 0.034). It was proposed that

differences in the type of response and correlation with tumour volume reduction

may have an impact on the amount of tissue removed following neoadjuvant

treatment. However, this was not a randomised trial, and analysis of the

pretreatment characteristics of the two groups showed them to be different in

terms of age, tumour stage, nodal status and ER status. It is therefore not clear if

the different histological pattern is due to the different treatments, the different

types of tumours or a combination of both. However, the point raised by the authors

that central tumour shrinkage, which was less frequent with chemotherapy, may be

an important factor in downsizing tumours and enabling subsequent conservation

surgery requires consideration given the meta-analyses which report an increased

rate of local recurrence in patients undergoing breast conservation following

neoadjuvant chemotherapy. The ACOSOG Z1031 trial also has shown that in a

population of 352 patients with stage 2 or 3 primary hormone receptor-positive

breast cancer (Allred score 6–8), the third-generation aromatase inhibitors (i.e. using
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exemestane, anastrozole or letrozole) resulted in breast-conserving surgery in the

following subgroups of patients: 83 % (157/189) of patients who were deemed

borderline for breast conservation at presentation, 51 % (81/159) deemed suitable

by standardmastectomy and 75% (3/4) deemed inoperable by standardmastectomy.

The authors reported that this ‘low toxicity approach is therefore a reasonable

standard of care for selected patients with ER-rich, HER2-negative breast cancer

who desire breast conservation despite clinical stage 2 or 3 disease’ [25].

17.4 Tumour Imaging and Localisation and Margin

of Excision in Patients Receiving Neoadjuvant

Systemic Treatment

All patients should have mammography at diagnosis and again prior to surgery on

completion of systemic therapy. Other imaging modalities include ultrasound and

MRI, and MRI may be more accurate in measuring tumour size although not

everyone uses it. In a study by Segara et al., the accuracy of physical examination

and ultrasound in assessing tumour size was compared to MRI at the time of

diagnosis and prior to surgery; these measurements were then compared to the

final pathologic tumour size. MRI scan predicted the size within a centimetre in

76 % of patients compared with 66 % for ultrasound and 54 % with physical

examination (not statistically significant) [26].

There is some controversy regarding how much tissue should be resected at the

time of breast-conserving surgery following neoadjuvant therapy. Some will make

the argument that the entire footprint of the original tumour should be resected

along with a margin of normal tissue. This may be feasible in small volume tumours

or when there is a relatively small tumour volume to breast volume ratio.

Oncoplastic breast-conserving techniques such as mammoplasty or volume

replacement procedures such as LICAP flaps may permit larger resections whilst

maintaining a cosmetically acceptable outcome.

Many surgeons take the view that only the residual tumour burden, along with a

margin of normal tissue, needs to be resected, and removing the original footprint of

the tumour would preclude the opportunity for breast-conserving surgery.

It is usual practice to place a radiological marker in the centre of the tumour at

the time of initial presentation. This allows the residual radiological abnormality to

be targeted with wires even in the presence of complete clinical or radiological

response. In a retrospective review of 373 patients (145 had radio-opaque markers

placed and 228 did not), those with markers had an improved rate of local control

when compared to those who did not (98.6 % vs. 91.7 %, P¼ 0.02) after a follow-up

of approximately 4 years [27]. In this study patients usually only had one clip

placed in the centre of the tumour, and the surgeons did not try to excise the full

extent of the original tumour footprint. Likewise, in a study by Boughey and

colleagues, a smaller volume of tissue was excised in patients treated with

neoadjuvant chemotherapy (i.e. not including the original tumour footprint with a

cuff of normal tissue), but there was similar local recurrence rates compared to
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patients treated with surgery followed by adjuvant chemotherapy [28]. Regardless

of opinion on the optimal extent of resection, it is clear that a multidisciplinary

approach is essential in these complex cases, and careful discussion between

patients, surgeons, radiologists, pathologists and oncologists should take place

prior to the patient starting neoadjuvant treatment and again at the end of

neoadjuvant therapy prior to deciding on the final surgical approach. The question

of how much tissue should be resected for particular tumour subtypes and/or

particular neoadjuvant therapies is an important area for future research.

17.5 Management of the Axilla with Neoadjuvant Systemic

Treatment

Management of the axilla in patients undergoing primary surgery for breast cancer

is controversial, and this is also the case for neoadjuvant treatment with no

consensus as to what is the best approach. For those in whom positive nodes are

identified at the time of initial diagnosis, approximately 50 % [29], axillary clear-

ance after neoadjuvant treatment remains standard practice. In those with a clini-

cally and radiologically negative axilla at presentation, the timing of sentinel lymph

node biopsy (SLNB) in the neoadjuvant setting is controversial. Initial studies

regarding the efficacy of SNLB following neoadjuvant chemotherapy showed an

unacceptably high false-negative rate with one small study showing a 30 % false-

negative rate in patients undergoing SLNB after chemotherapy [30]. There have not

been any randomised controlled trials evaluating the reliability (identification rate

and false-negative rate) of sentinel node biopsy following neoadjuvant chemother-

apy. In the NSABP-B27 trial, many participating surgeons performed SLNB

followed by axillary dissection [31]. There were 428 patients in whom the surgeon

attempted SLNB following neoadjuvant chemotherapy. In this group, 15 women

had a negative sentinel lymph node but were found to have metastatic disease in at

least one non-sentinel lymph node, giving a false-negative rate of 10.7 %. Of the

total, 343 had at least one sentinel node identified followed by a completion axillary

dissection with an overall success rate of 84.8 % in identifying the sentinel node.

More recently, a multicentre prospective cohort study was designed to evaluate a

specific algorithm for timing of a standardised sentinel lymph node biopsy proce-

dure in patients who undergo neoadjuvant chemotherapy [32]. The primary end

point was to assess the false-negative rate of SLNB after NAC for patients who

converted from clinically node-positive disease before chemotherapy (cN1) to

node-negative disease (cN0) following chemotherapy. In this group there was a

false-negative rate (FNR) of 14.2 % and an identification rate (IR) of 80.1 %. This

study and the results from the B-27 trial above report a less than optimal identifi-

cation rate of SLNs following NAC and higher FNRs compared to sentinel node

trials performed in the upfront surgery setting. In the NSABP B-32 trial, the false-

negative rate was 9.8 % with an overall success rate of 97.2 % [33]. Results of the

ALMANAC validation study involving 842 patients reported a success rate of

96.1 % using combined technique of blue dye and radioisotope and a false-negative
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rate of 6.7 % [34]. In both the NSABP B-32 and ALMANAC trials, these were

randomised trials which required training and proctoring of the surgeons before

they could enrol patients on the trial.

No randomised trials have been conducted to evaluate the reliability of SLNB

after NAC. We know from cohort studies of SLNB after NAC that the axillary

recurrence rates are low and such an RCT is unlikely to occur as the number needed

to recruit into the trial will be too high to make it feasible. Recent cohort studies

have reported better identification rates and lower false-negative rates with SLNB

following NAC. There have been five meta-analyses combining these cohort

studies which report an identification rate between 89 and 95 % and false-negative

rate between 8 and 14 % [35–39]. The first three meta-analyses had broader

inclusion criteria including patients with both clinically positive and clinically

negative axillary nodes. They reported an identification rate between 88 and

90.9 % and FNR between 8.4 and 12 % [35–37]. Tan et al. in 2011 in their meta-

analysis looked into the feasibility and accuracy of SLNB in a population of

patients who were clinically node negative following NAC [38]. They reported

an identification rate of 94.3 % and FNR of 9.4 %. The most recent meta-analysis

includes 15 studies of clinically node-positive breast cancer patients who

underwent SLNB after NAC followed by axillary node dissection [39]. They report

a pooled identification rate of 89 % and an FNR of 14 %. In the recent Z1071 trial,

649 patients with node-positive breast cancer underwent NAC followed by SLNB

and ALND. They reported an identification rate of 93.9 % and FNR of 12.6 %

[40]. Another recent prospective multicentre cohort study in patients with biopsy-

proven node-positive breast cancer who underwent SLNB after NAC included

153 patients and reported an identification rate of 87.6 % and an FNR of 8.4 % [41].

Proponents of SLNB prior to initiating chemotherapy argue that because of its high

accuracy, it could potentially avoid an axillary node clearance if the sentinel node is

negative. Conversely, it follows that a positive sentinel node in this scenario would

mean the patient undergoes axillary node clearance as their definitive axillary proce-

dure after chemotherapy. However, up to 40 % of patients receiving neoadjuvant

chemotherapy will have downstaging of their axilla; thus, axillary clearance may be

unnecessary and could be associated with significant morbidity [40–45]. Although

there are no data from randomised clinical trials to support the approach of omitting

axillary dissection post-chemotherapy in patients, the meta-analysis of cohort studies

has shown the feasibility and to some extent the reliability of SLNB following NAC.

17.6 Oncological Safety of Breast Conservation Surgery

Following Neoadjuvant Systemic Treatment

There is consensus that neoadjuvant chemotherapy can increase the breast conser-

vation rate, as shown in the NSABP B-18 trial, EORTC 10902 trial and a subse-

quent meta-analysis [5, 7, 46]. Data from the NSABP B-18 trial suggested a trend
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towards increased local recurrence (13 % vs. 10 %, P¼ 0.21) in patients undergoing

breast conservation following neoadjuvant chemotherapy, although this did not

reach statistical significance. In the EORTC 10902 phase III RCT, 698 patients

were enrolled to receive four cycles of neoadjuvant FEC or four cycles of adjuvant

FEC [46]. More patients were eligible to be treated by breast conservation surgery

with NAC (23 % downstaged) compared to adjuvant treatment with no significant

differences in overall survival, progression-free survival and locoregional control.

Subsequently, a meta-analysis suggested an increase in local recurrence in those

having breast conservation following neoadjuvant chemotherapy [7]. However,

proponents of neoadjuvant treatment argue that increase in local recurrence largely

reflects the use of radiotherapy without surgery in patients with complete clinical

response, and thus local recurrence is not increased as long as surgery remains part

of the treatment even after complete clinical response (HR, 1.12; 95 % CI,

0.92–1.37; p, 0.25).

Chemotherapy can result in different patterns of tumour shrinkage. This can be a

concentric shrinkage or a ‘honeycomb’ or ‘Swiss cheese’ regression of the tumour

leaving microscopic islands of disease within the original footprint of the primary

tumour [24]. This ‘honeycomb’ type regression, which can be seen in up to 40 % of

tumours, could be hypothesised to be the cause of the trend towards increased rates

of local recurrence following neoadjuvant chemotherapy. Although results from

B-18 suggested a trend towards increased local recurrence in the conserved breast,

there are other studies that show neoadjuvant chemotherapy may in fact have a

positive impact on clear excision margins and reoperation rates. For example,

Christy et al. showed neoadjuvant chemotherapy significantly reduced the rate of

reoperation for positive margins in patients whose tumours measured between 2 and

4 cm [11]. There was also a significantly decreased number of positive margins in

those patients who received neoadjuvant chemotherapy compared to post-operative

chemotherapy (10 % vs. 32 %, P¼<0.01). This led to decreased rates of

reoperation (3 % vs. 35 %, P¼<0.01) and mastectomy (3 % vs. 19 %,

P¼<0.01). In a retrospective review of data from patients involved in trials of

neoadjuvant versus adjuvant chemotherapy, patients with tumours more than 2 cm

had significantly smaller volumes of breast tissue excised when treated with

neoadjuvant chemotherapy compared to those who had surgery first followed by

adjuvant chemotherapy, and the re-excision rates did not significantly differ

between groups [28]. Clough et al. reported on 175 patients with a median tumour

size of 25 mm (range 4–90 mm) treated by breast-conserving surgery with various

quadrant-specific oncoplastic techniques described later in the chapter. There were

136 (77.7 %) patients who had surgery as their initial treatment and 39 (22.3 %)

patients received neoadjuvant therapy. Of these, 13.1 % of patients had involved

margins, and only 3 (1.7 %) developed local recurrence after a median follow-up of

49 (23–96) months [47].
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17.7 Oncoplastic Procedures Following Neoadjuvant

Systemic Treatment

Breast reconstruction following neoadjuvant chemotherapy and mastectomy is

beyond the scope of this chapter. This section will focus on partial breast recon-

struction using oncoplastic techniques of volume displacement and volume replace-

ment where simple wide local excision alone would leave a significant cosmetic

defect.

The aim of oncoplastic breast conservation surgery is to allow potentially large

areas of breast tissue to be excised with a margin whilst preserving a natural-

looking shape to the conserved breast. This can be achieved by a number of

different surgical approaches. The oncological safety in terms of margin status

and recurrence has been reported to compare favourably with traditional breast

conservation surgery (BCS) [48–52]. As noted above, Clough’s series of

175 patients undergoing mammoplasty at the time of BCS reported low rates of

margin involvement and local recurrence. That series also assessed the cosmetic

outcome rated on a 5-point scale (excellent, 5; good, 4; fair, 3; poor, 2; bad, 1). Of

the 80 patients (45.7 %) assessed, the mean cosmetic score was 4.6 with 85 % of

that group scoring 4 or 5. Caution should be exercised in interpreting these results

as over half the patients in the series did not have assessment of their cosmetic

outcome, and the 39 patients who had neoadjuvant chemotherapy had a median

tumour size of only 25 mm. Indeed, Schaverien and colleagues reported on the

quality of information reporting in studies of standard and oncoplastic breast-

conserving surgery [53], and they carried out a systematic review to establish the

completeness of reporting of key patient, tumour, treatment and outcome informa-

tion. They compared standard breast-conserving surgery considered to be the ‘gold
standard’ with the reporting of the same key criteria for all published studies of

oncoplastic breast-conserving surgery. They included six randomised controlled

trials of standard BCS (n¼ 11,767 patients) and 53 studies for oncoplastic BCS

(n¼ 3236 patients), none of which were randomised trials. The oncoplastic studies

reported a mean of 54 % of key criteria (range 10–85 %). The authors proposed

standards by which to judge future studies of BCS reporting key information and

outcomes, and the collection of robust, validated data and randomised controlled

trials on the long-term safety of oncoplastic techniques are needed.

We know from previous studies that once approximately 20 % of the breast

volume is excised with conventional breast conservation, there is a risk of cosmetic

deformity [54, 55]. With oncoplastic techniques, up to 50 % of the breast volume

can be excised whilst preserving a natural breast shape [48]. With these techniques

an average 200 g of tissue is removed; however, up to 1000 g or even more can be

excised in patients with large breasts with no significant adverse cosmetic outcome

[56]. Preservation of an acceptable breast shape and volume may be achieved with

techniques that rely primarily on reshaping the breast tissue, such as reduction or

therapeutic mammoplasty, or introducing autologous tissue from elsewhere to

maintain breast volume such as local perforator flaps. For those patients undergoing

272 J. Mathew et al.



mammoplasty, the volume of the conserved breast may be considerably smaller

than the preoperative size. This volume deficit may be further exacerbated by post-

operative radiotherapy. It is common that patients undergoing these procedures

require adjustment to the contralateral breast in order to maintain symmetry, and

careful discussion and planning of this with the patient are an essential part of the

treatment pathway. These techniques will now be outlined.

17.8 Mammoplasty Techniques for Patients Undergoing

Breast Conservation

The wise pattern or inverted T mammoplasty has long been used for cosmetic breast

reduction and is well established as a safe and reliable procedure. Many authors

have described using this technique or modifications thereof to excise tumours from

the breast, essentially combining a wide excision with a breast reduction in what has

become known as a therapeutic mammoplasty. It is a highly adaptable technique

allowing excision of tumours from any quadrant of the breast [57, 58] and has

become established as a key procedure in oncoplastic breast conservation surgery.

However, Clough et al. believe that it cannot be adapted in all situations

especially in patients with large breasts and describe a quadrant-per-quadrant

atlas of mammoplasty technique for large breast cancers [47].

Alternative approaches such as vertical or round block mammoplasty are also

useful, and careful patient selection is the key to successful oncological and

cosmetic outcomes.

For clarity, tumour position within the breast will be categorised as central,

upper pole, lower pole or by quadrant (superolateral, inferolateral, superomedial,

inferomedial) and the choices of surgical approach to each of these locations

discussed.

17.9 Tumours of the Upper Pole

For these tumours a classical inverted T approach is a good option especially for

large breasts. For small or moderately sized breasts, this technique can be used, but

a vertical pattern mammoplasty or round block technique may be more appropriate.

17.9.1 Wise Pattern or Inverted T Mammoplasty

This approach opens up the whole breast from medial to lateral, enabling wide

excision of the tumour with a margin and then filling up the defect with the
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surrounding tissue and the mobilised pedicle. An inferior pedicle is classically used

for upper pole tumours; however, superior-based pedicles are also an option.

The surgeon marks the midline from the suprasternal notch to the umbilicus. A

line is drawn from the mid-clavicular point towards the nipple and down through

the inferior pole of the breast – this marks the breast meridian. The new nipple

position is marked on this line. A finger can be placed in the inframammary fold,

and the position of the tip of the finger is marked anteriorly on the breast. The

distance from the suprasternal notch to the new nipple should be between 18 and

22 cm, and the distance from the midline to the new nipple should be 9–11 cm

[54]. The breast is rotated medially and laterally against the meridian to mark the

medial and lateral pillars and plot the area to be excised, which may be within the

wise ‘keyhole’ pattern or around it. Within this keyhole the inferior pedicle

incorporating the nipple areola complex is marked. Wide excision of the tumour

is then carried out. The de-epithelialised pedicle is then advanced into the defect,

and the pillars are stitched together as shown in Fig. 17.1a. The appearance of the

final scar is shown in Fig. 17.1b. When marking the inferior pedicle, aim for a width

of approximately 8–10 cm and extend the pedicle 1.5 cm superiorly from the areola

[54]. The thickness of pedicle should be 4–10 cm at the base and 3–5 cm at the

Fig. 17.1a Wise pattern

inferior pedicle

mammoplasty for superior

pole tumours
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nipple areola complex [54]. For superior-based flaps, the keyhole pattern remains

the same; however, a de-epithelialised superior-based flap is rotated into the defect

as shown in Fig. 17.2a. If the wide excision defect is large, a secondary pedicle can

be fashioned and advanced into the defect to create volume in the upper pole. This

can be achieved, for example, by using the tissue that would have been used for an

inferior pedicle. This can be de-epithelialised and mobilised into the defect.

17.9.2 Vertical Pattern Mammoplasty

Vertical reduction mammoplasty has been championed by a number of authors

including Le Jour and Hall-Finlay and can be easily adapted for therapeutic

mammoplasty. This approach reduces the scarring on the breast and relies on a

superior-based pedicle. The initial post-operative result gives a very puckered

looking appearance to the breast, and it is important to warn patients of this and

give reassurance that a natural-looking breast appearance will be achieved within

the coming weeks.

Fig. 17.1b Final

appearance of scar after

wise pattern mammoplasty
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The preoperative markings have some common elements with the inverted T

mammoplasty. The breast meridian and new nipple position are marked as before.

The new superior border of the areola is marked approximately 2 cm above the new

nipple position, and then a dome shape is drawn to define the new areolar border.

The vertical markings, like the inverted T, are defined by rotating the breast

medially and laterally in continuity with the breast meridian and joining these

lines in a U shape approximately 2 cm proximal to the inframammary fold. This

plots the area to be excised. A superomedial pedicle is then fashioned and can be

rotated into the defect left by the wide local excision as shown in Fig. 17.2b. The

medial and lateral pillars are plicated and the skin closed.

17.9.3 The Round Block Mammoplasty

This technique is useful in patients with small or moderately sized breasts and

offers the advantage of minimal scarring. It was first described by Benelli [59]. The

breast meridian is marked along with the inframammary fold and the position of the

Fig. 17.2a Wise pattern

superior medial pedicle for

upper pole tumours
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new superior border of the areola. A periareolar ellipse is drawn, the size of which

varies depending on tumour size, nipple position and the degree of ptosis. The skin

is de-epithelialised as shown in Fig. 17.3. Skin flaps are raised around the tumour,

and tumour excised with a margin and the surrounding breast tissue undergoes

undermining and approximation for glandular reshaping. The skin incision is closed

using a running suture technique to minimise the risk of stretching and distortion of

the areola. Although used mainly for upper pole tumours, it can be adapted for

tumours of any location of the breast [48]. A similar technique can be used on the

opposite side for symmetry.

17.10 Tumours of the Lower Pole

A classical inverted T approach is a good option for lower pole tumours which can

be resected with a wide margin without the need for a secondary pedicle to fill the

defect as the area being resected falls within the ‘keyhole’ area. For these a

superior-based pedicle is required. Figure 17.4a shows an inverted T mammoplasty

Fig. 17.2b Vertical pattern

superior medial pedicle for

upper pole tumours
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with a superior-based pedicle. Vertical mammoplasty lends itself well to central

lower pole tumours in moderately sized breasts as again the tumour falls within the

area that would normally be resected as shown in Fig. 17.4b.

17.11 Tumours of the Upper Outer Quadrant

Here a lateral mammoplasty technique is a useful option [47]. Two oblique inci-

sions are extended from the nipple areola complex towards the axilla. A small

crescent of skin is de-epithelialised around the medial aspect of the nipple areola

complex to restore a medial position of the nipple-areolar complex at the end of the

procedure as shown in Fig. 17.5a. The oblique incision is deepened to excise the

tumour with a wide margin along with the overlying skin. By undermining the

surrounding glandular tissue from the pectoral fascia whilst maintaining attachment

to overlying skin (thus maintaining the blood supply), glandular tissue is sutured

together to obliterate the defect and achieve a good cosmetic result. At the end of

Fig. 17.3 Round block

mammoplasty showing

de-epithelialised area
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the procedure, there will be a scar surrounding the areola and extending laterally

towards the axilla as shown in Fig. 17.5b.

For women who have large breasts in proportion to their body, inverted T

approach is also a good option. The advantage here is that even if there are large

defects following the excision of the tumour, an additional de-epithelialised sec-

ondary pedicle can be fashioned and mobilised into the defect [58]. For patients

with fatty-replaced breasts, the blood supply to the pedicle will be through the

subdermal plexus or through the pectoral muscles; therefore, dual undermining of

the breast tissue should be avoided to prevent fat necrosis.

17.12 Tumours of the Lower Outer Quadrant of the Breast

In this area the J mammoplasty is a simple option [60]. This approach is similar to

lateral mammoplasty for upper outer quadrant tumours except that the first incision

starts at the medial edge of the de-epithelialised periareolar area as shown in

Fig. 17.6a and extends towards the inframammary fold in a J fashion for right-

Fig. 17.4a Wise superior

pedicle for inferior pole

tumours
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sided tumours and reversed J shaped for left-sided tumours. The second incision

starts at the lateral edge of the de-epithelialised periareolar area and follows a

similar pattern. After excision of the tumour with the skin, the retroareolar gland is

released from the nipple-areolar complex, and the three glandular pillars (central,

medial and lateral) are mobilised into the excision cavity. Alternatively, the tip of

the J can be extended upwards along the inframammary fold as shown in Fig. 17.6b,

and the flap is pulled down to fill the defect.

Once again an inverted T incision or a vertical mammoplasty incision based on a

superior-based pedicle can be used with excellent cosmetic results. If the tumour

falls within the keyhole area for excision, the procedure is carried out as for a breast

reduction. If a vertical approach is adopted, Fig. 17.7 demonstrates how a wide

excision can be taken and the de-epithelialised lower pole tissue can be rotated into

the defect as a secondary pedicle.

Fig. 17.4b Vertical pattern

superior medial pedicle for

lower pole tumours
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17.13 Tumours of the Lower Inner Quadrant

The inverted T mammoplasty or vertical mammoplasty can be used in this location,

and the approach is more or less a mirror image of the one described above for

tumours of the lower outer quadrant. An alternative is a V mammoplasty, where a

pyramidal section of the gland with its base located in the inframammary fold and

apex at the border of the areola is excised along with the skin [47]. The

submammary fold is then incised internally from the resection site to the anterior

axillary line to allow adequate rotation of the remaining gland into the defect. The

lower pole of the breast is undermined from the pectoral muscle and transferred

medially to fill the defect. The nipple-areolar complex is then re-centralised on a

de-epithelialised superior-based pedicle.

Fig. 17.5a Lateral

mammoplasty incision and

de-epithelialised periareolar

part for upper outer

quadrant tumours
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17.14 Tumours of the Upper Inner Quadrant

This is one of the most challenging areas in the breast to achieve a good cosmetic

outcome following conservation due to the paucity of breast tissue in this area in

many patients. The round block mammoplasty described earlier may be suitable for

tumours at this location. A batwing technique of mammoplasty has also been

described for tumours in this area [61]. For this technique a wing-like pattern is

marked on the breast superior to the nipple-areolar complex as shown in Fig. 17.8a.

The lesion is removed and the final pattern of scarring is illustrated in Fig. 17.8b.

This approach should be used with caution for resections of more than 20 % of the

volume of breast tissue.

As with other tumour locations discussed above, the inverted T or vertical

mammoplasty can be adapted with the use of a secondary pedicle to fill the wide

excision defect.

Fig. 17.5b Final scar

following lateral

mammoplasty
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17.15 Central Tumours

Central tumours will generally require excision of the nipple-areolar complex. Here

the most straightforward option is an inverted T mammoplasty approach incorpo-

rating the nipple-areolar complex within the keyhole area if the breast is large

enough to accommodate this. This can be closed directly, or a de-epithelialised

inferior pedicle can be fashioned to fill the defect and improve projection. A nipple

reconstruction can be fashioned at a later date if the patient wishes.

A simpler option for these central tumours is a ‘melon slice’ wedge

mammoplasty [62] which lends itself well to women with larger breasts in propor-

tion to their body and where there may be concerns regarding wound healing

(smokers) and fat necrosis as there is no need for a pedicle.

For those women with a very central tumour in a smaller breast, there are still

breast-conserving options. One would be the so-called starfish approach where a

five-limbed starfish is drawn with the nipple-areolar complex at its centre. Each arm

Fig. 17.6a J mammoplasty

for lower outer quadrant

tumours
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of the starfish is de-epithelialised. A circumareolar incision is made, and a full

thickness cylinder of breast tissue is excised incorporating the tumour. The defect

can then be obliterated with a series of purse-string sutures from bottom to top to

bring the breast parenchyma together. The skin is then closed leaving a five-pointed

star appearance. This approach maintains a nicely projected breast shape.

An alternative is the Grisotti flap. The nipple-areolar complex border is marked

circumferentially and a similar sized circle marked below this. Medial and lateral

lines extend from the margins of these circles inferiorly to the inframammary fold

and incised down to the pectoral fascia. The skin inferior to the lower circle is

de-epithelialised. Once the central tumour incorporating the nipple-areolar complex

is excised, the flap can be mobilised into the defect with the remaining circle of skin

acting as the new areola.

Fig. 17.6b Modified J

mammoplasty where tip of

the J is extended upwards

along the

inframammary fold
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17.16 Partial Breast Reconstruction Using Perforator

Flaps for Volume Replacement

One of the downsides of mammoplasty is that, although breast shape is maintained,

the volume of the conserved breast is reduced, often dramatically so. Therefore,

many patients undergoing such surgery require a contralateral breast reduction in

order to achieve symmetry. This necessitates further surgical procedures and

scarring on an otherwise healthy breast. Women with large, pendulous breasts

may welcome the opportunity to achieve an overall smaller breast size; however,

for those women with smaller breasts, the loss of volume may be problematic.

Options exist in the form of perforator flaps to maintain breast volume following

wide excision. Such flaps are most suited to correct defects in the lateral aspect of

the breast and have largely replaced the traditional myocutaneous latissimus dorsi

(LD) ‘mini-flap’ as a means of oncoplastic volume replacement.

Two main types of perforator flaps have been described utilising either the

lateral intercostal artery perforator (LICAP) or the thoracodorsal artery perforator

(TDAP). These flaps rely on mobilising large areas of skin and subcutaneous tissue

Fig. 17.7 Vertical

mammoplasty with

de-epithelialised secondary

pedicle (infra areolar part)

mobilised into the wide

local excision site
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on perforators. They are initially more difficult to perform than the mini-LD flap but

offer the advantage of sparing the LD muscle and hence reducing the morbidity

associated with this procedure. Seroma formation is less, and the scars are generally

well concealed, and patients report reduced pain as compared to the pedicled LD

flap [63]. Another important consideration with perforator flaps is that they allow

preservation of the LD muscle which is available for future use should the patient

develop local recurrence and require mastectomy and reconstruction.

17.17 LICAP

The flap is drawn out lateral to the breast over the axilla and lateral chest wall. The

anterior border of the flap should include the junction of the inframammary fold

(IMF) with the anterior axillary line [64]. Lateral intercostal perforators are often

present here. The perforators are localised and marked with a handheld Doppler and

the flap marked incorporating the perforator as shown in Fig. 17.9a. The closest

perforator to the breast, the most anterior one, is the ideal one to include within the

Fig. 17.8a Batwing

mammoplasty incision
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flap as this maximises the arc of rotation of the flap. A posterior approach is made

first and the incision is developed to expose LD muscle; the dissection plane is

above the muscle fascia. An anterior extension at the inferior border of the flap is

used to expose the perforators and allow easy elevation of the flap and rotation into

the defect. Several intercostal perforators may be encountered between the LD and

pectoral major muscle. No large perforators should be sacrificed until a similar or

larger one is found closer to the pectoral major muscle. Once the largest perforator

is found, surrounding tissue is freed and allowed to fill the lateral defect in the

breast. The donor site is closed primarily as shown in Fig. 17.9b.

17.18 TDAP

The precise perforator location is identified preoperatively with a handheld Dopp-

ler. The skin island is centred on the perforators that are typically located 8 cm

below the posterior axillary fold and 2 cm behind the anterior border of the LD

muscle where the proximal skin perforator exits the muscle into the subcutaneous

tissue [65]. Once designed, the flap is elevated from posterior to anterior just above

Fig. 17.8b Final scar

following batwing

mammoplasty
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the LD muscle fascia, and care is taken to capture the maximal amount of soft

tissue. The vascular pedicle is dissected to allow placement of the flap without

tension. If a large-diameter (greater than 1 mm) pulsating perforator is identified, a

TDAP or a muscle-sparing latissimus dorsi (MSLD) type 1 flap is performed. For a

TDAP flap, the LD muscle is split, and the perforator is dissected proximally until

the origin from the subscapular vessels is identified. Once dissection of the vessels

Fig. 17.9a Incision for

LICAP flap with marked

perforator
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is complete, the skin paddle is carefully passed through the split LD muscle and

then subcutaneously through the axillary region into the breast defect.

Alternatively, for an MSLD type 1 flap, a very small cuff of muscle is

maintained around the perforators to prevent injuring the pedicle as it enters the

flap [65]. If there were multiple small, nonpulsatile perforators, then an MSLD type

2 flap is performed, and here up to 5 cm of muscle is harvested.

Fig. 17.9b Final scar

following LICAP flap
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Chapter 18

Imaging of Tumor Response by Preoperative

Systemic Treatment

Shotaro Kanao and Masako Kataoka

Abstract In this chapter, imaging in evaluating treatment response of breast cancer

by PST is reviewed. The advantage and disadvantage of imaging modalities

including MMG, US, and MRI are compared. The main focus is the role of MRI

in evaluating residual tumor and identifying pCR after NAC, since MRI is the most

reliable and objective imaging tool. Technical aspect of MR scanner and DCE-MRI

protocol is mentioned. RECIST-based measurement is the standard method of

evaluation but is of limited value influenced by different morphology and different

shrinkage pattern (concentric or dendritic). MR volumetry can be used as a more

objective and accurate measurement tool. Variation of tumor response pattern with

different therapeutic agents (e.g., taxane containing) may need to be considered in

evaluating tumor response. Other emerging MRI techniques include DW-MRI as a

non-contrast-enhanced imaging. Finally, FDG-PET is attracting attention as a

functional imaging due to its promising results in response prediction.

Keywords FDG-PET • DCE-MRI • Neoadjuvant chemotherapy • MR volumetry •

pCR

18.1 Tumor Response of Preoperative Systemic Treatment

(PST) by Clinical Examination and Imaging

Modalities

The aim of the preoperative systemic treatment (PST) is to evaluate treatment

response of the primary tumor and potentially increase the chance of breast-

conserving surgery. Preoperative systemic treatment (PST) was defined as a sys-

temic therapy initiated before the locoregional treatment such as chemotherapy

(NAC) or hormonal therapy (NAE). Initially, the treatment was offered to inoper-

able patients for reducing the tumor size and achieving secondary conserving

surgery. Then, in the late 1990s, evidences came from NSABP B-18 trial showing
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that preoperative therapy is equivalent to adjuvant therapy [1–3]. Since then,

preoperative neoadjuvant chemotherapy (NAC) has gradually become a treatment

of choice for many more patients with locally advanced breast cancer, particularly

for those who have tumors too large for breast-conserving surgery. Another poten-

tial advantage of preoperative systemic treatment is that pathological response of

primary breast cancers to the neoadjuvant chemotherapy is a surrogate marker for

patient outcome [2, 4].

Response evaluation criteria in solid tumors (RECIST) are the guideline of

clinical evaluation of cancer therapeutics and first published in 2000. The principle

of RECIST is simple: first, define the measurable target lesion at baseline; second,

follow the sum of longest diameter (in case of lymph node, short axes); and third,

evaluate the overall response of treatment by change of the diameter and additional

findings. Complete response (CR) is complete vanishing of the tumor. Partial

response (PR) is decrease of the sum of the longest diameter by more than 30 %.

Stable disease (SD) is the sum of the longest diameter between �30 % and þ20 %.

Progressive disease (PD) is an increase of this sum by more than 20 %. Develop-

ment of a new lesion is also regarded as PD [5]. The evaluation using RECIST

plays an important role in treatment planning, particularly in response-guided

approach [6].

Clinical (physical) examination is the basic and the most convenient method for

assessing tumor response to PST. This simple method, however, is often unsatis-

factory for the assessment of the tumor response. Nowadays, tumor response after

PST is evaluated using various imaging modalities including mammography

(MMG), ultrasonography (US), and magnetic resonance imaging (MRI) because

these methods are more objective, accurate, and with better agreement with patholog-

ical assessment of the residual tumor after surgery. MMG, US, and MRI are

morphology-based imaging modalities used for monitoring treatment response. In

evaluating tumor response using these morphology-based methods, RECIST can be

used as in clinical evaluation; the longest diameter of the target lesions is measured

and summed up to assess the changes after treatment. There are advantages and

disadvantages for each modality. MMG is the standard imaging for diagnosing breast

disease andmost easily available, yet it tended to underestimate residual tumor [7]. US

is more accurate than MMG in assessing pathological response and easily performed

in a ward or clinic. Drawbacks of US include operator dependency. Despite relatively

higher cost and limited accessibility, MRI with the use of dynamic contrast enhance-

ment (DCE-MRI) is becoming more popular in clinical setting. This modality dem-

onstrated best correlation with pathology [7]. Objectiveness is another advantage of

using MRI. Additional advantage of DCE-MRI includes obtaining anatomical infor-

mation and vascular (functional) information together. Currently, DCE-MRI is

becoming the standard imaging modality of choice in evaluating PST [8, 9], and

many more clinical trials adopt DCE-MRI as a part of their protocol. On the other

hand, nuclear imaging, particularly FDG-PET, is actively investigated as a potential

tool inmonitoring tumor response to PST in addition to response prediction at an early

stage of the treatment [10, 11]. In RECIST 1.1 (the latest version), FDG-PET findings

can be used as an evidence of new lesion (PD) [5] [Table 18.1].
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In this chapter, conventionalmorphology-based imaging includingMMGandUS is

summarized. In the main part of the chapter, the role of MRI in monitoring tumor

response is discussed. Problems and challenges in the currentDCE-MRI techniques and

emerging issues by new treatment regimen [12] are also mentioned. Recent evidences

from major trials including ACRIN-6657/I-SPY trial [3, 13, 14] are reviewed.

18.2 Evaluation of Tumor Response by MMG and US

Measurement of tumor size using MMG may be difficult if (1) the lesion has

ill-defined margin, (2) the lesion is not mass forming, or (3) the breast is composed

of dense tissues. Measurement of the tumor diameter itself can be difficult if

associated with ill-defined or spiculated margin. In addition, interpretation of

calcification becomes more complicated; microcalcification may remain even

with complete response [15], and new calcification may emerge during treatment.

The reliability of mammography in evaluating tumor response depends on the

degree of delineation from the surrounding breast tissue. If the margin of the

tumor is definable in more than 50 % of the lesion, then the diameter of the

tumor on mammography will show relatively good correlations (r¼ 0.77) with

that on histopathology [16].

Compared to mammography, ultrasonography is more accurate in evaluating

treatment response of breast cancer. Keune et al. retrospectively reviewed 104 pri-

mary breast cancers with neoadjuvant chemotherapy (NAC) and compared residual

tumor size measured by ultrasound and mammography, using size on surgical

pathology as a reference. Tumor size measured on ultrasound was accurate (within

1 cm) in 60 % of cases, while that measured on mammography was accurate in only

32 % of cases [17]. After NAC, nearly half (50/104) of the tumor became unable to

be sized on mammography. A recent study on triple-negative breast cancer (TNBC)

demonstrated that ultrasonography was more accurate than mammography and

equivalent to MRI in evaluating residual tumor size following NAC. Accuracy to

within 1 cm was the higher in US (83 %) and MRI (78 %) than in MMG (56 %)

[18]. Breast tumors are often easier to delineate on US than on MMG. In a meta-

analysis, US showed comparable degree of agreement to that of MRI [9]. Another

Table 18.1 Comparison of clinical examination and imaging modalities in evaluating tumor

response by PST

Accuracy (size) Vascularity evaluation Cost Accessibility

Clinical examination △ x Low Easy

MMG △ x Medium Easy

US ○ △ Medium Easy

MRI ○ ○ High Limited

FDG-PET –* x High Limited

*metabolic activity is evaluated.
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potential advantage of US is evaluation of vascularity using Doppler function,

although it is not quantitative. Practical benefit of US as evaluation of treatment

response is that US examination can be combined with US-guided biopsy, if

midcourse tissue sampling is necessary. Weaknesses of US as a tool in evaluating

treatment response are operator dependency and reproducibility of measurement.

18.3 Evaluation of Tumor Response by MRI

18.3.1 Background

As stated in introduction, The primary aim of imaging during and after neoadjuvant

therapy is to document and quantify tumor response, based on RECIST. The second

andmore interesting aim is to predict the pathological response early after the initiation

of treatment, before the final morphological changes become evident. Dynamic

contrast-enhanced MRI (DCE-MRI) has been shown to be superior to evaluate tumor

diameter after PST compared to clinical examination and mammography, when path-

ological residual tumorwas used as a reference standard.Ultrasoundmay be as accurate

as DCE-MRI in assessing tumor response [18, 19]. However, MRI consistently dem-

onstrated good agreement with pathological response evaluations [7] and is regarded as

a more objective and reproducible imaging tool. As a result, DCE-MRI is often the

imaging investigation of choice. If PST is given to a patient, the first breastMRI should

be performed before the start of chemotherapy. A secondMRI, for the evaluation of the

effect of chemotherapy on the tumor, should be performed when approximately half of

the course of chemotherapy has been administered. A third MRI investigation should

be performed after the final course of chemotherapy to evaluate the residual disease. In

clinical or trial setting, it would be recommended to schedule tissue sampling after

MRI; incidental post-biopsy changes such as local hemorrhage may cause artifactual

enhancement or mass effect and thus prevent accurate assessment of tumor response.

18.3.2 Technical Aspect of MRI

Technical advances inMRI in the last 10 years had an impact of the use of breastMRI.

Introduction of a high-field magnet scanner into clinical practice, and shifting toward

1.5 tesla or even to 3.0 tesla, led to the improvement in signal-to-noise ratio. Devel-

opment of a multichannel coil dedicated to breast MRI helped in shortening of image

acquisition time and better image quality. In our institution, for example, hardware

was renewed from a 1.5 tesla scanner with a two-channel dedicated breast coil in 2008

to a 3.0 tesla scanner with an 18-channel coil today. High-field-strength scanners have

potential advantages related to the increased spatial and temporal resolution such as an

increase in the signal-to-noise ratio by doubling of SNR at 3.0 T compared with 1.5 T.
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Significant improvement was reported in differential diagnosis of enhancing breast

lesions at 3.0 T compared with 1.5 T in the same patients. In the context of tumor

response evaluation, these technical advancements contributed to more accurate

delineation of tumor, identification of small malignant lesion, small residual lesions

that might have been missed with lower spatial resolution, discrimination with

nonspecific background, or benign enhancing lesions. Update of softwares was also

valuable in tumor evaluation. The technique of fat suppression becomes sophisticated.

Parallel imaging technique also helps to speed up the image acquisition process.

Breast MRI protocol should follow the EUSOBI guidelines in order to obtain images

with sufficient quality to diagnose and evaluate breast lesions [20] [Table 18.2].

18.3.3 Evaluation of Residual Tumor

Many studies have demonstrated that residual tumor sizemeasured onMRI after NAC

correlates well with residual tumor size at pathology. A meta-analysis of 19 studies

revealed that residual tumor size on MRI and US agrees with that at pathology, with

a mean difference of 0.1 cm (slight overestimation) for both modalities, while clinical

examination tended to underestimate with a mean difference of�0.3 cm. It should be

noted, however, that even MRI is liable to under- or overestimation [9]. When

differences of within 30 % were defined as equal, the size of residual tumor on MRI

agreed with that of pathology in 71 %, better than clinical examination, mammogra-

phy, and US. They discussed that causes of overestimation by MRI may be increased

vascularity by taxane, chemotherapy-induced fibrosis, or reactive inflammation by

tumor response and healing. On the other hand, possible reasons for underestimation

included very small (<0.1 cm) foci of cancer and cancers with lobular features [7].

MRI seems unable to detect small residual tumor foci that may persist after

neoadjuvant chemotherapy. It should be noted as the patient may wish to have

breast-conserving surgery after a near complete response.

As pathological complete response (pCR) is a surrogate marker of long-term

survival, identification of cases achieving pCR is important. In a meta-analysis,

Table 18.2 Breast MRI patient handling and sequences recommended by EUSOBI guidelines

Comments

Coil Dedicated bilateral breast coil

Position Prone

T2-weighted image For evaluating water-containing lesions, cysts/edema

T1-weighted image Pre-contrast image

Post-contrast DCE early

phase

Obtained within the first 2 min to capture peak enhancement of cancer

Post-contrast DCE

delayed phase

At least one in delayed phase (three time points) to evaluate whether

the lesion continues or enhances or shows a plateau or early washout

Pixel size At least 1� 1 mm (in plane resolution �1 mm), slice thickness

<2.5 mm, in order to detect all lesions equal or over 5 mm
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overall area under the curve (AUC) of MRI was 0.88. Specificity was higher with

negative MRI defined as contrast enhancement less than or equal to normal tissue

(0.83). Radiological complete response is not the pathological complete response

(pCR) even with the use of MRI.

Morphological characteristics of the initial and/or treated tumor may have an

impact on accuracy in treatment response. Under treatment, two types of tumor

shrinkage have been described on MR images: a concentric one that selects good

candidates for breast-conserving surgery and a dendritic type that indicates a high

risk of positive margins after a lumpectomy [21] (Fig. 18.1). Our analysis including

Fig. 18.1 Representative image of concentric shrinkage (CS) and dendritic shrinkage (DS).

Upper row images are DCE-MRI of breast cancer before (a) and after (b) PST showing a

concentric shrinkage. Oval-shaped mass kept its shape but diminished in size. Patients with this

pattern of shrinkage are good candidates for breast-conserving surgery. Lower row images are

DCE-MRI of breast cancer before (c) and after (d) PST showing a dendritic shrinkage. The round
mass shrank to small and spiculated mass, almost non-mass enhancement. This type of shrinkage

indicates a high risk of positive margins after a lumpectomy
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both NAC and NAE patients showed that dendritic shrinkage was associated with

underestimation when compared to surgical specimen [22]. Underestimation occurs

frequently and has been reported in patients with residual in situ components and

residues of invasive carcinomas (multifocal or diffuse initial disease presentation,

dendritic shrinkage pattern, absent or low enhancement, patchy mild enhancement);

overestimation also has been described and was related to induced fibrosis and

resorptive inflammation. Residual disease tended to be underestimated in case of

lesions presenting as non-mass enhancement. Another data came from the Amer-

ican College of Radiology Imaging Network (ACRIN) 6657 trial – a prospective

study to test MRI for its ability to predict response to treatment and to stratify the

risk of recurrence in patients with stage II or III breast cancer receiving NAC. Data

of 174 women demonstrated that concordance between MRI-based tumor size and

tumor size on surgical pathology was higher in well-defined tumors, especially with

those with a triple-negative subtype [14].

Volumetry can help in reducing the influence of tumor morphology in evaluating

tumor response. Since the DCE-MRI data are obtained as three-dimensional

(3D) data, 3D volumetry is considered to be more accurate in estimating tumor

burden and thus treatment response. With the use of sophisticated software, 3D

volume data can be measured relatively easily. Early change of MR tumor volume

was significantly correlated with the final MRI volume change and more predictive

of recurrence-free survival than tumor diameter. Volumetric changes measured

using MRI may provide a more sensitive assessment of treatment efficacy [23]

(Fig. 18.2). Because MRI can easily handle 3D digital data, volumetry combined

with enhancement kinetic information is also possible. Computer-aided detection-

generated tumor volume can provide total enhancing volumes and washout vol-

umes, i.e., enhanced areas with more than 100 % signal increase on early DCE and

signal reduction by 10 % or more on delayed DCE phase. This CAD-generated

volume had significantly higher interobserver concordance than conventional

RECIST-based longest diameter measurement. Washout volume measurement

after the completion chemotherapy is significantly better in differentiating pCR

and non-pCR patients [24].

Finally, treatment regimen can have an impact on evaluation of residual tumor.

Some studies suggested that the type of chemotherapy agent should be taken into

account when using MRI for evaluating the tumor response. Residual disease was

frequently underestimated in patients treated with taxane-containing regimens and

in HER-2-negative patients treated with bevacizumab. A recent study investigating

the influence of taxanes on response assessment of DCE-MRI demonstrated that an

almost complete suppression of contrast enhancement occurred in cancers, benign

enhancing lesions, and normal fibroglandular tissue after taxane-containing che-

motherapy, while lower reduction of enhancement was observed after non-taxane-

containing chemotherapy [12]. Conventional RECIST criteria may not be appro-

priate for immunotherapeutic agents as response is observed after initial apparent

PD, leading to the development of immune-related response criteria [25, 26].
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18.3.4 Prediction of Treatment Response

Another aim of MR imaging is to find parameters that could predict the pathological

response at surgery. At this time, the most relevant ones are morphological changes

under treatment. Multivariate analysis revealed that a>65 % reduction in the tumor

volume after two cycles of chemotherapy was associated with a major histopatho-

logical response (small cluster of dispersed residual cancer cells or no residual

viable cancer cell) at surgery [27]. Cheung et al. evaluated MRI in 33 patients with

locally advanced breast cancers (one study before treatment, one after one course of

chemotherapy, and one before surgery). Twelve of the 23 responders (complete and

partial response) had reached the criteria for partial response (greater than or equal

to 30 % size reduction; RECIST criteria) after the first course of chemotherapy; all

complete responses had a marked early size reduction of more than 45 % [28]. The

most solid evidence comes from the recent data of 216 women from the ACRIN

6657 trial. In their analysis, MRI size measurements were superior to clinical

examination at all time points. Tumor volume change showed the greatest benefit

at MRI after one cycle of anthracycline-based treatment; AUC is better than other

measurements including the longest diameter, signal enhancement ratio, and

Pre treatment After treatment

Diameter 42mm 34mm（-21%) SD（<30%) 

Volume 16.84cc 1.28cc (-94%) PR (>65%)

Fig. 18.2 3D volumetry and volume rendering image in evaluating tumor response. 3D volume

image is created from DCR-MRI of the case in Fig. 18.1c, d. The longest diameter changes from

42 to 34 mm. According to the RECIST criteria, the therapeutic effect is SD. Volume changes

from 16 to 1 cc. According to the modified RECIST criteria, the therapeutic effect is PR (more than

65% decrease in volume)
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clinical examination [3]. Prediction of tumor response using pharmacokinetic

parameters including Ktrans and Kep has been investigated with mixed results

[29, 30].

18.3.5 Diffusion-Weighted Imaging and Other MR-Related
Topics

In addition to DCE-MRI, diffusion-weighted imaging (DW-MRI) is an emerging

new method of evaluating breast cancer. Diffusion-weighted MR imaging uses

motion-sensitizing gradients to measure the mobility of water in tissue and there-

fore can assess the cellular density of the tissue. This sequence is the most sensitive

non-contrast MR imaging, and many institutions use DW-MRI as a routine clinical

practice. Some researchers reported usefulness of DW-MRI in NAC setting. At

least DW-MRI can delineate tumors without using a contrast agent [31]. Changes of

apparent diffusion coefficient (ADC) may be observed earlier than tumor size or

vascularity during treatment due to tumor cell death and necrosis and may be

valuable early indicators of treatment efficacy. Proton MR spectroscopy had

reported some favorable results which are yet to be established.

18.3.6 Evaluation of NAE by MRI

Endocrine (NAE) treatment is recently used as a treatment of hormone receptor-

positive large or aggressive tumor. Tumor extent evaluated by MRI in the

neoadjuvant endocrine (NAE) treatment setting is in good correlation with pathol-

ogy. Although some researchers reported that the underestimation of lesion size in

luminal-type breast cancer is worse than that of non-luminal-type cancer, we

reported that the underestimation was affected more by the pattern of shrinkage

(i.e., concentric versus dendritic) than the choice of treatment [22]. Another impor-

tant feature of NAE is that the pCR rate is lower than that in NAC. Evaluation of

accurate partial response and residual tumor extent is important because of low pCR

rate. At the moment, evidence on imaging evaluation for NAE is limited.

18.4 Evaluation and Prediction of Tumor Response by

FDG-PET

Nuclear medicine is different from other imaging modalities discussed above in

reflecting the metabolic/functional aspect of the disease. Breast scintigraphy using

99mTc-sestamibi has been investigated and may be preferred to evaluate breast
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cancer treatment response due to lower cost [32]. However, positron emission

tomography (PET) using 18F-fluorodeoxyglucose (FDG) is becoming more com-

monly used. Wider use of FDG-PET/CT enabled more accurate detection of the

tumor.
18F-FDG consists of 18F as a positron-emitting radionuclide and FDG that is

taken into the cells by glucose transporters. Cancer cells generally overexpress

glucose transporters and therefore uptake 18F-FDG. In contrast to morphological

imaging using diameter or 3D volume, 18F-FDG-PET quantifies tracer uptake in

tumor. Standard uptake value (SUV), calculated value to show FDG uptake within a

volume of interest, is used as an index to measure tumor metabolic function

[11]. Therefore, it should be emphasized that FDG-PET evaluates the functional

aspect of tumor different from the morphological aspect used by other imaging

modalities, and therefore it is possible that “responses” in these two aspects may

disagree.

One of the main purposes of FDG-PET post-PST in breast cancer is to identify

cases achieving pCR. Many studies examine the value of FDG-PET after the

completion of chemotherapy and demonstrated that residual FDG uptake predicts

residual disease. On the contrary, absence of FDG uptake does not mean pCR [33–

36]. These results can be influenced by several factors. Difference in threshold SUV

can affect the final judgment of positive/negative FDG uptake [37]. Certain types of

breast cancer, including luminal A subtype or ductal carcinoma in situ (DCIS), are

known to have low SUV. Smaller uptake cannot be identified due to limited spatial

resolution. The recently developed breast PET scanner dedicated to breast scan may

overcome these limitations [38, 39].

Prediction of tumor response earlier in the course of treatment is another interest.

Studies evaluating FDG-PET mid-therapy or early (i.e., after a single cycle) in the

therapy suggested that changes in FDG uptake from the baseline scan are a good

predictor to identify responder and nonresponders. Decrease of SUV in 50 % or

more at mid-therapy suggested good response and lesser reduction indicated poor

response [10, 33]. Research on tumor response prediction early in the treatment has

shown promising results. Initially Wahl et al. reported rapid decrease of uptake in

responders as early as day 8 and no reduction in nonresponders, while tumor

diameter showed no significant change [40]. Similar results were reported from

other groups [41, 42].

Some researchers are interested in predicting mid- or long-term survival of the

patients using FDG uptake. Small study of 40 patients (all but one patient had

FDG-avid tumor) by Emmering et al. demonstrated that FDG uptake in the primary

tumor was inversely associated with disease-free survival [43]. With these results,

new response assessment criteria using PET (PERCIST) have been advocated

[44]. Yet, evidence was still limited to understand the significance of FDG uptake

in tumor response and, more importantly, patient survival.
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Part VI

Preoperative Anti-HER2 Therapy



Chapter 19

Human Epidermal Growth Factor Receptor

(HER) Family Molecular Structure

Mark D. Pegram and Ralf Landgraf

Abstract ERBB receptors and their cognate ligands provide a rich and complex

multilayered network of signaling control. Multiple layers of control act to safe-

guard against unwanted ERBB receptor activation, including the “closed” confor-

mations of ligand-unbound EGFR, ERBB3, and ERBB4, auto-inhibited

interactions among “open” conformation extracellular domains (ECDs), a vast

repertoire of receptor-specific ligands (with, in some cases, a myriad of isoforms),

the potential to form high-order complexes with associated proxy phosphorylation,

and receptor-mediated endocytosis with associated recycling and degradation path-

ways. Despite these extensive safeguards, the deregulation of ERBB receptors is

observed in multiple tumor types. In the case of ERBB2, the use of therapeutic

antibodies aimed at distinct epitopes within the extracellular domain has resulted in

marked improvements in clinical efficacy, and greater understanding of biology of

ERBB2 receptor trafficking following receptor-mediated endocytosis has led to

important insights in the development of an antibody-drug conjugate targeting this

receptor. The multilayered nature of ERBB signaling offers a broad spectrum of

future points for consideration of therapeutic interventions.

Keywords Neoadjuvant • Pathological complete response • Chemotherapy •

Survival

19.1 Evolution of ERBB Receptors

In evolutionary terms, dating back approximately 100 million years to the nema-

tode Caenorhabditis elegans, the human epidermal growth factor receptor (HER;

a.k.a. ERBB receptor) system is an ancient receptor kinase pathway. C. elegans and
Drosophila each contain just a single ERBB receptor homologue (Let-23 and DER,
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respectively), with Lin-3 being the only EGF-like ligand of C. elegans, whereas
there are four ligands in Drosophila [74]. All ERBB receptor species feature an

extracellular domain (ECD), a single transmembrane span, an intracellular tyrosine

kinase domain, and a C-terminal tail [10, 21]. The ECD has four sub-domains

consisting of two L regions (sub-domains I and III) and two cysteine-rich regions

(sub-domains II and IV) [10, 21]. In C. elegans, development of the vulva is

dependent upon Lin-3/Let-23 signaling, which binds to a juxtaposed receptor,

triggering cell division and progression to a differentiated phenotype. Loss-of-

function mutations in the receptor result in a vulvaless phenotype, sterility, abnor-

mal male tail development, and lethality (reviewed in [74]). The Drosophila EGF

receptor (DER) is used repeatedly in several stages of development, including

oogenesis, embryogenesis, and wing and eye development [74]. In higher organ-

isms, the ERBB receptor system has evolved into a complex network consisting of

four receptor species – EGFR/ERBB1/HER1, ERBB2/HER2, ERBB3/HER3, and

ERBB4/HER4 [8, 34] – andmore than a dozen ligands, including the epidermal growth

factor (EGF), transforming growth factor-α (TGFα), and neuregulins [74]. The

mechanisms of activation are more complex than initially believed, but molecular

details for some of the stages involved have emerged. Receptor activation involves a

single ligand molecule binding simultaneously to ECD sub-domains I and III, thus

stabilizing and activating homo- and heterodimers that interact primarily through a

dimerization hairpin loop structure contained within sub-domain II [10, 11, 15, 43, 49],

as shown in Fig. 19.1. In the absence of ligand, the receptor can assume an alternative

stable configuration that is incompatible with ligand binding. In this so-called “teth-

ered” or “closed” auto-inhibited conformation, the ß-hairpin loop sub-domain II,

involved in ligand-dependent dimerization, is not exposed, being buried away via an

intramolecular interaction with sub-domain IV [10, 11, 20, 43]. While loss of tethering

alone does not lead to autoactivation [47], artificially stabilized tethered states, for

example, binding of chimeric anti-EGFR monoclonal antibody cetuximab to EGFR

[45], do result in signal inhibition. The relative contribution of tethered and extended

states or dimers at various stages of activation remains an open question.

Although a similar domain organization is shared among the four vertebrate

ERBB receptors, functional and structural studies have demonstrated that the

ERBB2 does not bind any of the known ERBB family ligands and is constitutively

in the “untethered” (open) conformation – suitable for dimerization [27]. Interest-

ingly, a similar conformation has been observed in DER, which, though capable of

ligand binding, exists in an auto-inhibited state incapable of dimerization in the

absence of ligand binding [2]. In contrast, ERBB3 has a catalytically impaired
kinase domain, although the ECD is capable of ligand binding and heterodi-

merization, and when activated, multiple C-terminal phosphotyrosine residues are

generated capable of docking the p85 regulatory subunit of phosphoinositide

3-kinase (PI3K) – promoting downstream signaling events [8, 39, 58]. It is notable

that while ERBB2 and ERBB3 may be functionally incomplete on their own, their

heterodimers are potent activators of cellular signaling events [32, 53, 69].
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While the ERBB receptors have been shown to be critical regulators of normal

growth and development in a myriad of cell types, their deregulation has been

implicated in tumorigenesis and cancer progression [8, 35, 60]. Indeed, RNA tumor

viruses, such as the avian erythroblastosis virus, co-opt a divergent strategy to

harness ERBB signaling by encoding a truncated form of ERBB1 lacking most of

the ectodomain (and harboring additional intracellular mutations). Accordingly, the

oncoprotein v-ErbB is capable of forming ligand-independent covalent dimers at

the cell surface [23]. In human tumors, gene amplification leading to receptor

overexpression, as well as activating somatic mutations, is well known to occur

in ERBB2 and EGFR in various tumor types [35, 60, 70, 73]. These seminal

observations have led to the development of multiple small-molecule and

antibody-based therapeutics that target EGFR and ERBB2 [3, 8]. Recently,

ERBB3 has emerged as a potential cancer therapeutic target, given that it plays

an important role in ERBB2 signaling and acquired resistance to some existing

therapeutics [4, 8]. ERBB3 amplification and/or overexpression in isolation does

not likely play a significant role as an oncogene, but it does occur in some cancers in

the context of ERBB2 overexpression and acts as a potent amplifier, while only

sporadic occurrence of oncogenic ERBB3 somatic mutations has been reported

[17, 30, 36, 41, 63, 65]. Finally, transforming somatic mutations in ERBB4 have

Fig. 19.1 (a) Structure of the homodimer of the ECD of EGFR with bound ligand (TGFα),
including a model for sub-domain IV, which was modeled after the ERBB2 crystal structure. The

putative dimerization loop is colored in red and TGFα is colored in green. (b) In the “closed” or

“locked” monomer structure of EGFR ECD, the putative dimerization loop interacts with domain

IV and the dimerization interface is not accessible (Modified from [26, 71 (with permission])
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been reported in melanoma [54]. Thus remarkably, all four ERBB receptors are

implicated in malignant transformation of various human tumors [37].

19.2 ERBB Family Ligands

All ERBB ligands share an EGF-like domain of approximately 60 amino acids that

are necessary and sufficient for activation [6]. Ligands that bind to EGFR include

EGF, the heparin-binding EGF-like growth factor (HB-EGF), epiregulin,

amphiregulin, TGFα, and betacellulin. Ligands for ERBB3 and ERBB4, commonly

named neuregulins (NRG) [68], comprise a large family arising from alternative

splice variants of the four neuregulin genes [61]. Arguably the most well studied,

NRG1 gives rise to more than 15 splicing isoforms [18]. NRG1 type I ligands (α,
β1, β2, β3) are often referred to as heregulins. Despite the multiplicity of ligands

capable of binding the ERBB receptor family, efficient activation can be achieved

without the ECD. ERBB2 without its ECD is constitutively active [7, 16], as is

truncated EGFR [33]. Indeed, discovery of the constitutively active v-ErbB onco-

gene, lacking much of the ERBB ECD [29, 56], preceded the discovery of EGFR

(ERBB1). This indicates that regions other than the ECD must contribute signifi-

cantly to interactions that are sufficient for activation [71]. It also suggests that the

primary role of the ECD may not be to facilitate ERBB receptor interactions but

rather to impose ligand control on the receptors.

19.3 Endocytosis and Receptor Trafficking

Once activation has occurred, ERBB receptor kinase signal attenuation can princi-

pally be achieved by two means, (1) by dephosphorylation of key residues by

phosphatases and (2) removal of the receptor from signaling processes altogether

by receptor trafficking. Phosphatases form a very large and highly specialized

family of enzymes [67], and in the case of the EGFR, for example, disturbing the

balance between phosphorylation and dephosphorylation can result in receptor

activation that is comparable in scale and timing to that induced by ligand

[55]. ERBB kinase signal attenuation through receptor endocytosis and degradation

is a very complex process which has been extensively studied for EGFR. For

clathrin-mediated endocytosis, key steps involve the interaction of EGFR with

clathrin via AP2 adapters, mediated by EPS15 and epsin, endocytosis, and sorting

to early endosomes and multivesicular bodies toward late endosomes for degrada-

tion or to recycling endosomes (reviewed in [71]). The ubiquitin ligase CBL directs

poly-ubiquitination of EGFR [31], which acts as a routing signal for lysosomal

degradation [46]. Upon activation with high concentrations of EGF, caveolae

provide an alternate route of EGFR which can alter signaling outcomes through

the exposure to distinct subsets of signaling scaffolds [59]. Interestingly,
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mechanisms of signal attenuation are nonuniform among ERBB receptors and for a

given receptor differ depending on the ligand [72]. For example, while activated

EGFR and ERBB3 are primarily directed toward degradation, ERBB2 is to a much

larger extent dephosphorylated and recycled, contributing to its exceptionally long

half-life. The differential routing of ERBB receptors in turn can influence signaling

potency and present a level of targeted intervention exemplified by the impact of

geldanamycin on EGFR [64] and ERBB2 [5]. Such findings have implications with

respect to the development of ERBB receptor-directed antibody-drug conjugates

(ADCs) and may influence selection of particular linker chemistry to optimize

delivery of cytotoxic payloads [44].

19.4 Exploiting Ligand-Induced ERBB2 Heterodimer

Formation

Ligand-activated dimers provide the normal downstream signaling mechanism for

the ERBBs [10], but does ligand-associated signaling participate in disease patho-

genesis of human tumors, and could blocking heterodimer formation uniquely

affect disease outcome? ERBB2 overexpression in breast cancer correlates well

with increased tumor growth rates, higher metastatic potential, and poorer long-

term overall survival rates for patients whose tumors harbor ERBB2 gene amplifi-

cation/overexpression [32, 50, 57, 62]. A number of therapeutic approaches have

been developed to block the effects of ERBB2 overexpression, including small-

molecule ERBB2 kinase inhibitors, antibody-drug conjugates, and the humanized

monoclonal antibodies trastuzumab and pertuzumab. Trastuzumab and pertuzumab

bind to distinct epitopes in the ERBB2 ECD, as has been seen both functionally [19]

and structurally [12, 22]. Pertuzumab mediates the same antibody-dependent cyto-

toxic effects as does trastuzumab [14], although it does not block ERBB2 shedding

like trastuzumab [48]. As shown in Fig. 19.2, pertuzumab binding directly inhibits

ERBB2 ECD-directed heterodimerization with its partner receptors, thus blocking

ligand-dependent signaling at its source [1], while it fails to suppress the ligand-

independent activation of ERBB2 or constitutive activation of ERBB3/AKT under

conditions of overexpression [38] and Fig. 19.2.

To more fully understand the mechanism of action of pertuzumab, Franklin and

colleagues have determined the co-crystal structure of the pertuzumab Fab frag-

ment bound to the extracellular domain of ERBB2. The overlap between the

pertuzumab binding site on sub-domain II of the ERBB2 ECD and the heterodimer

interface suggests that the binding of pertuzumab uniquely sterically interferes with

ERBB2 heterodimerization and is consistent with the potent inhibition of ligand-

dependent signaling by pertuzumab [22].

By contrast, other groups have focused efforts on the formation of ERBB3-

ERBB2 heterodimers by directing antibodies against ERBB3 [24]. For instance,

LJM716 is a novel ERBB3 monoclonal antibody that neutralizes multiple modes of
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ERBB3 activation. LJM716 is a potent inhibitor of ERBB3/AKT phosphorylation

and proliferation in ERBB2-amplified and NRG1-expressing cancer cells, and it

displays single-agent efficacy in tumor xenograft models [25]. Moreover, combin-

ing LJM716 with agents that target ERBB2 or EGFR produced synergistic

antitumor activity in vitro and in vivo [25]. Indeed, combining LJM716 with

trastuzumab produced a more potent inhibition of signaling and cell proliferation

than trastuzumab/pertuzumab combination, with similar activity in vivo

[25]. Remarkably, the solved structure of LJM716 bound to ERBB3 indicates that

LJM716 binds an epitope including sub-domains II and IV that trap ERBB3 in an

inactive or “closed” conformation [25], a mode of action comparable to that

proposed for cetuximab binding to EGFR [45]. Taken together, the above findings

Fig. 19.2 Schematic representation of the mechanism of action for trastuzumab and pertuzumab.

(a) Amplification of ERBB2 leads to ligand-independent ERBB2/ERBB3 interaction and resulting
ERBB3 phosphorylation. Phosphorylated ERBB3 activates the PI3K pathway promoting cell

survival and proliferation. Trastuzumab disrupts ligand-independent ERBB2/ERBB3 interaction,

leading to rapid ERBB3 dephosphorylation and inhibition of the PI3K/AKT pathway, thereby

inhibiting cell proliferation. (b) Pertuzumab is efficient in preventing ligand-induced ERBB2/

ERBB3 heterodimerization, distinguishing its mechanism of action from that of trastuzumab

(Modified from [38], with permission)
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suggest that ERBB receptor-directed antibodies with unique epitopes may possess

novel mechanism(s) of action that, alone or in combination with other ERBB2- or

EGFR-targeted agents, may further leverage clinical efficacy in ERBB-driven

cancers [28].

19.5 The Problem of ERBB2 Homodimers

In their elegant work, solving the ERBB2 ECD structure, Cho and colleagues noted

that “The exposed domain II loop that mediates inter-receptor dimers of sHER1

[soluble EGFR] is also exposed in sHER2 [soluble ERBB2] but does not mediate a

similar HER2 dimer,. . ..indicating a dimerization constant greater than about

10 mM” [12]. The failure of ERBB2 ECD and unliganded DER ECD to form

stable, conventional dimers, despite both having an exposed dimerization arm,

argues for an “inactive” dimerization-incompetent sub-domain II conformation –

one that is stringently auto-inhibited [2]. Such a model argues against the prevailing

notion that ERBB2 is “poised” to dimerize via its “open” conformation [12]. None-

theless, cross-linking and co-immunoprecipitation studies show that intact ERBB2

can form complexes in mammalian cells [9, 13, 52]. One hypothesis is that ERBB2

relies uniquely on interactions outside its extracellular region to drive complex

formation, perhaps within the transmembrane domain or in the cytoplasmic domain

(or both). A second remaining (yet elusive) possibility is that as yet unknown

cellular ligand(s) promote ERBB2 activation when it is overexpressed in mamma-

lian cells [40]. A third model was proposed by Junttila et al. based on the compar-

ison of trastuzumab and pertuzumab activity, suggesting the existence of a second,

presumably highly transient interface in ERBB2 homodimerization [38].

19.6 High-Order ERBB Complexes

Higher-order complexes of ERBB receptors have been observed biophysically and

offer a theoretical framework to help explain ERBB2 phosphorylation, but it

remains unclear as to whether higher-order ERBB complexes provide functionality

beyond the scope of constituent dimers [51]. Landgraf et al. have previously shown

that a selected inhibitory RNA aptamer that targets the ERBB3 ECD acts by

sterically disrupting higher-order interactions [51]. Ligand binding, ERBB2

heterodimerization, phosphorylation of ERBB3, and AKT signaling are only min-

imally affected in the presence of the inhibitory RNA aptamer, whereas ERBB2

phosphorylation and MAPK signaling are selectively strongly inhibited [75]. Map-

ping of the binding site and the creation of aptamer-resistant point mutants suggest

an entirely new model of side-to-side oriented dimers of heterodimers (i.e.,
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heterotetramers) to facilitate proxy receptor tyrosine phosphorylation (see

Fig. 19.3).

Additional modes of signaling with relevance to pathological ERBB expression

states, in theory, emerge at high receptor levels potentially resulting in

heterotetramers or even higher-order ERBB-containing complexes. Such a model

of ERBB receptor activation has implications for allosteric control mechanisms,

specificity of interactions, and possible mechanisms of cross talk and suggests the

possibility of future therapeutic intervention and clinical outcomes that do not

reconcile with the current purely canonical, dimer-based models.

19.7 Conclusion

ERBB receptors and their cognate ligands provide a rich and complex multilayered

network of signaling control. Multiple layers of control act to safeguard against

unwanted ERBB receptor activation, including the “closed” conformations of

ligand-unbound EGFR, ERBB3, and ERBB4 [42], auto-inhibited interactions

among ERBB2 (and DER), “open” conformation ECDs, a vast repertoire of

receptor-specific ligands (with, in some cases, a myriad of isoforms), the potential

to form high-order complexes with associated proxy phosphorylation, and receptor-

mediated endocytosis with associated recycling and degradation pathways

[71]. Despite these extensive safeguards, the deregulation of ERBB receptors is

observed in multiple tumor types. However, the causes and mechanisms of

uncontrolled signaling by different ERBB receptors appear to be distinct, consistent

with the observation that nuances in epitope selection could have profound clinical

Fig. 19.3 A new model of side-to-side antiparallel dimer of dimers (heterotetramer) proposed to

explain ERBB3-directed RNA aptamer A30 Action. At left, cartoon of the heterodimer in the

plasma membrane (PM) with indicated RNA aptamer (called A30) binding site and charge

complimentary interface on ERBB3 in dark blue. Allosteric cytoplasmic interactions are not

drawn to scale. On the right, the structure-derived cartoon outline for the top view highlights the

interlocking canonical dimer interface (as a side-to-side heterotetramer), the charge complimen-

tary interface on ERBB3 (blue), and the binding sites for A30 and NRG (Modified from [75], with

permission)
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consequences [66]. The multilayered nature of ERBB signaling offers a broader

spectrum for future points of therapeutic intervention than previously imagined.

References

1. Agus DB, Akita RW, Fox WD, Lewis GD, Higgins B, Pisacane PI, Lofgren JA, Tindell C,

Evans DP, Maiese K, Scher HI, Sliwkowski MX (2002) Targeting ligand-activated ErbB2

signaling inhibits breast and prostate tumor growth. Cancer Cell 2(2):127–137

2. Alvarado D, Klein DE, Lemmon MA (2009) ErbB2/HER2/Neu resembles an autoinhibited

invertebrate EGF receptor. Nature 461(7261):287–291. doi:10.1038/nature08297

3. Alvarez RH, Valero V, Hortobagyi GN (2010) Emerging targeted therapies for breast cancer.

J Clin Oncol 28:3366–3379

4. Amin DN, Campbell MR, Moasser MM (2010) The role of HER3, the unpretentious member

of the HER family, in cancer biology and cancer therapeutics. Semin Cell Dev Biol

21:944–950

5. Austin CD, De Maziere AM, Pisacane PI, van Dijk SM, Eigenbrot C, Sliwkowski MX

et al (2004) Endocytosis and sorting of ErbB2 and the site of action of cancer therapeutics

trastuzumab and geldanamycin. Mol Biol Cell 15(12):5268–5282. PubMed

6. Barbacci EG, Guarino BC, Stroh JG, Singleton DH, Rosnack KJ, Moyer JD, Andrews GC

(1995) The structural basis for the specificity of epidermal growth factor and heregulin

binding. J Biol Chem 270:9585

7. Bargmann CI, Weinberg RA (1988) Increased tyrosine kinase activity associated with the

protein encoded by the activated neu oncogene. Proc Natl Acad Sci U S A 85:5394

8. Baselga J, Swain SM (2009) Novel anticancer targets: revisiting ERBB2 and discovering

ERBB3. Nat Rev Cancer 9:463–475

9. Brennan PJ, Kumagai T, Berezov A, Murali R, Greene MI (2000) HER2/neu: mechanisms of

dimerization/oligomerization. Oncogene 19:6093–6101

10. Burgess AW, Cho HS, Eigenbrot C, Ferguson KM, Garrett TP, Leahy DJ, Lemmon MA,

Sliwkowski MX, Ward CW, Yokoyama S (2003) An open-and-shut case? Recent insights into

the activation of EGF/ErbB receptors. Mol Cell 12:541–552

11. Cho HS, Leahy DJ (2002) Structure of the extracellular region of HER3 reveals an interdomain

tether. Science 297:1330–1333

12. Cho HS, Mason K, Ramyar KX, Stanley AM, Gabelli SB, Denney DW Jr et al (2003) Structure

of the extracellular region of HER2 alone and in complex with the Herceptin Fab. Nature

421:756–760

13. Citri A, Skaria KB, Yarden Y (2003) The deaf and the dumb: the biology of ErbB-2 and ErbB-3.

Exp Cell Res 284:54–65

14. Clynes RA, Towers TL, Presta LG, Ravetch JV (2000) Inhibitory Fc receptors modulate

in vivo cytotoxicity against tumor targets. Nat Med 6(4):443–446

15. Dawson JP, Berger MB, Lin CC, Schlessinger J, Lemmon MA, Ferguson KM (2005) Epider-

mal growth factor receptor dimerization and activation require ligand-induced conformational

changes in the dimer interface. Mol Cell Biol 25:7734–7742

16. Di Fiore PP, Pierce JH, Kraus MH, Segatto O, King CR, Aaronson SA (1987) erbB-2 is a

potent oncogene when overexpressed in NIH/3T3 cells. Science 237:178

17. Ding L, Getz G, Wheeler DA, Mardis ER, McLellan MD, Cibulskis K, Sougnez C, Greulich H,

Muzny DM, Morgan MB et al (2008) Somatic mutations affect key pathways in lung

adenocarcinoma. Nature 455:1069–1075

18. Falls DL (2003) Neuregulins: functions, forms, and signaling strategies. Exp Cell Res 284:14

19 Human Epidermal Growth Factor Receptor (HER) Family Molecular Structure 319

http://dx.doi.org/10.1038/nature08297


19. Fendly BM, Winget M, Hudziak RM, Lipari MT, Napier MA, Ullrich A (1990) Characteri-

zation of murine monoclonal antibodies reactive to either the human epidermal growth factor

receptor or HER2/neu gene product. Cancer Res 50(5):1550–1558

20. Ferguson KM, Berger MB, Mendrola JM, Cho H-S, Leahy DJ, Lemmon MA (2003) EGF

activates its receptor by removing interactions that autoinhibit ectodomain dimerization. Mol

Cell 11:507–517

21. Ferguson KM (2008) Structure-based view of epidermal growth factor receptor regulation.

Annu Rev Biophys 37:353–373

22. Franklin MC, Carey KD, Vajdos FF, Leahy DJ, de Vos AM, Sliwkowski MX (2004) Insights

into ErbB signaling from the structure of the ErbB2-pertuzumab complex. Cancer Cell

5(4):317–328

23. Frykberg L, Palmieri S, Beug H, Graf T, Hayman MJ, Vennstrom B (1983) Transforming

capacities of avian erythroblastosis virus mutants deleted in the erbA or erbB oncogenes. Cell

32:227–238

24. Gala K, Chandarlapaty S (2014) Molecular pathways: HER3 targeted therapy. Clin Cancer Res

20(6):1410–1416

25. Garner AP, Bialucha CU, Sprague ER, Garrett JT, Sheng Q, Li S, Sineshchekova O, Saxena P,

Sutton CR, Chen D, Chen Y, Wang H, Liang J, Das R, Mosher R, Gu J, Huang A, Haubst N,

Zehetmeier C, Haberl M, Elis W, Kunz C, Heidt AB, Herlihy K, Murtie J, Schuller A, Arteaga

CL, Sellers WR, Ettenberg SA (2013) An antibody that locks HER3 in the inactive confor-

mation inhibits tumor growth driven by HER2 or neuregulin. Cancer Res 73(19):6024–6035.

doi:10.1158/0008-5472.CAN-13-1198. Epub 2013 Aug 8

26. Garrett TP, McKern NM, Lou M, Elleman TC, Adams TE, Lovrecz GO, Zhu HJ, Walker F,

Frenkel MJ, Hoyne PA, Jorissen RN, Nice EC, Burgess AW, Ward CW (2002) Crystal

structure of a truncated epidermal growth factor receptor extracellular domain bound to

transforming growth factor alpha. Cell 110:763

27. Garrett TP, McKern NM, Lou M, Elleman TC, Adams TE, Lovrecz GO, Kofler M, Jorissen

RN, Nice EC, Burgess AW, Ward CW (2003) The crystal structure of a truncated ErbB2

ectodomain reveals an active conformation, poised to interact with other ErbB receptors. Mol

Cell 11:495

28. Garrett JT, Sutton CR, Kurupi R, Bialucha CU, Ettenberg SA, Collins SD, Sheng Q,

Wallweber J, Defazio-Eli L, Arteaga CL (2013) Combination of antibody that inhibits

ligand-independent HER3 dimerization and a p110α inhibitor potently blocks PI3K signaling

and growth of HER2þ breast cancers. Cancer Res 73(19):6013–6023

29. Gilmore T, DeClue JE, Martin GS (1985) Protein phosphorylation at tyrosine is induced by the

v-erbB gene product in vivo and in vitro. Cell 40:609

30. Greenman C, Stephens P, Smith R, Dalgliesh GL, Hunter C, Bignell G, Davies H, Teague J,

Butler A, Stevens C et al (2007) Patterns of somatic mutation in human cancer genomes.

Nature 446:153–158

31. Haglund K, Sigismund S, Polo S, Szymkiewicz I, Di Fiore PP, Dikic I (2003) Multiple

monoubiquitination of RTKs is sufficient for their endocytosis and degradation. Nat Cell

Biol 5:461

32. Holbro T, Beerli RR, Maurer F, Koziczak M, Barbas CF III, Hynes NE (2003) The ErbB2/

ErbB3 heterodimer functions as an oncogenic unit: ErbB2 requires ErbB3 to drive breast

tumor cell proliferation. Proc Natl Acad Sci U S A 100:8933–8938

33. Honegger AM, Schmidt A, Ullrich A, Schlessinger J (1990) Evidence for epidermal growth

factor (EGF)-induced intermolecular autophosphorylation of the EGF receptors in living

cells. Mol Cell Biol 10:4035

34. Hynes NE, Lane HA (2005) ERBB receptors and cancer: the complexity of targeted inhibitors.

Nat Rev Cancer 5:341–354

35. Hynes NE, MacDonald G (2009) ErbB receptors and signaling pathways in cancer. Curr Opin

Cell Biol 21:177–184

36. Jeong EG, Soung YH, Lee JW, Lee SH, Nam SW, Lee JY, Yoo NJ, Lee SH (2006) ERBB3

kinase domain mutations are rare in lung, breast and colon carcinomas. Int J Cancer

119:2986–2987

320 M.D. Pegram and R. Landgraf

http://dx.doi.org/10.1158/0008-5472.CAN-13-1198


37. Jaiswal BS et al (2013) Oncogenic ERBB3 mutations in human cancers. Cancer Cell

23:603–617

38. Junttila TT, Akita RW, Parsons K, Fields C, Lewis Phillips GD, Friedman LS, Sampath D,

Sliwkowski MX (2009) Ligand-independent HER2/HER3/PI3K complex is disrupted by

trastuzumab and is effectively inhibited by the PI3K inhibitor GDC-0941. Cancer Cell

15:429–440

39. Jura N, Shan Y, Cao X, Shaw DE, Kuriyan J (2009) Structural analysis of the catalytically

inactive kinase domain of the human EGF receptor 3. Proc Natl Acad Sci U S A

106:21608–21613

40. Komatsu M, Jepson S, Arango ME, Carothers Carraway CA, Carraway KL (2001) Muc4/

sialomucin complex, an intramembrane modulator of ErbB2/HER2/Neu, potentiates primary

tumor growth and suppresses apoptosis in a xenotransplanted tumor. Oncogene 20(4):461–470

41. Kan Z, Jaiswal BS, Stinson J, Janakiraman V, Bhatt D, Stern HM, Yue P, Haverty PM,

Bourgon R, Zheng J et al (2010) Diverse somatic mutation patterns and pathway alterations

in human cancers. Nature 466:869–873

42. Landgraf R (2007) HER2 (ERBB2): functional diversity from structurally conserved building

blocks. Breast Cancer Res 9:202

43. Lemmon MA, Schlessinger J (2010) Cell signaling by receptor tyrosine kinases. Cell

141:1117–1134

44. Lewis Phillips GD, Li G, Dugger DL, Crocker LM, Parsons KL, Mai E et al (2008) Targeting

HER2-positive breast cancer with trastuzumab-DM1, an antibody-cytotoxic drug conjugate.

Cancer Res 68:9280–9290

45. Li S, Schmitz KR, Jeffrey PD, Wiltzius JJ, Kussie P, Ferguson KM (2005) Structural basis for

inhibition of the epidermal growth factor receptor by cetuximab. Cancer Cell 7(4):301–311.

PubMed

46. Marmor MD, Yarden Y (2004) Role of protein ubiquitylation in regulating endocytosis of

receptor tyrosine kinases. Oncogene 23:2057

47. Mattoon D, Klein P, Lemmon MA, Lax I, Schlessinger J (2004) The tethered configuration of

the EGF receptor extracellular domain exerts only a limited control of receptor function. Proc

Natl Acad Sci U S A 101(4):923–928. PubMed

48. Molina MA, Codony-Servat J, Albanell J, Rojo F, Arribas J, Baselga J (2001) Trastuzumab

(herceptin), a humanized anti-Her2 receptor monoclonal antibody, inhibits basal and activated

Her2 ectodomain cleavage in breast cancer cells. Cancer Res 61(12):4744–4749

49. Ogiso H, Ishitani R, Nureki O, Fukai S, Yamanaka M, Kim JH, Saito K, Sakamoto A, Inoue M,

Shirouzu M, Yokoyama S (2002) Crystal structure of the complex of human epidermal growth

factor and receptor extracellular domains. Cell 110:775–787

50. Paik S, Liu ET (2000) HER2 as a predictor of therapeutic response in breast cancer. Breast Dis

11:91–102

51. Park E, Baron R, Landgraf R (2008) Higher-order association states of cellular ERBB3 probed

with photo-cross-linkable aptamers. Biochemistry 47(46):11992–12005

52. Penuel E, Akita RW, Sliwkowski MX (2002) Identification of a region within the ErbB2/

HER2 intracellular domain that is necessary for ligand-independent association. J Biol Chem

277:28468–28473

53. Pinkas-Kramarski R, Soussan L, Waterman H, Levkowitz G, Alroy I, Klapper L, Lavi S,

Seger R, Ratzkin BJ, Sela M, Yarden Y (1996) Diversification of Neu differentiation factor and

epidermal growth factor signaling by combinatorial receptor interactions. EMBO J 15:2452

54. Prickett TD, Agrawal NS, Wei X, Yates KE, Lin JC, Wunderlich JR, Cronin JC, Cruz P,

Rosenberg SA, Samuels Y (2009) Analysis of the tyrosine kinome in melanoma reveals

recurrent mutations in ERBB4. Nat Genet 41:1127–1132

55. Reynolds AR, Tischer C, Verveer PJ, Rocks O, Bastiaens PI (2003) EGFR activation coupled

to inhibition of tyrosine phosphatases causes lateral signal propagation. Nat Cell Biol 5:447

56. Riedel H, Schlessinger J, Ullrich A (1987) A chimeric, ligand-binding v-erbB/EGF receptor

retains transforming potential. Science 236:197

57. Ross JS, Fletcher JA (1998) The HER-2/neu oncogene in breast cancer: prognostic factor,

predictive factor, and target for therapy. Stem Cells 16(6):413–428

19 Human Epidermal Growth Factor Receptor (HER) Family Molecular Structure 321



58. Shi F, Telesco SE, Liu Y, Radhakrishnan R, Lemmon MA (2010) ErbB3/HER3 intracellular

domain is competent to bind ATP and catalyze auto-phosphorylation. Proc Natl Acad Sci U S

A 107:7692–7697

59. Sigismund S, Woelk T, Puri C, Maspero E, Tacchetti C, Transidico P, Di Fiore PP, Polo S

(2005) Clathrin-independent endocytosis of ubiquitinated cargos. Proc Natl Acad Sci USA 102

(8):2760–2765

60. Sithanandam G, Anderson LM (2008) The ERBB3 receptor in cancer and cancer gene therapy.

Cancer Gene Ther 15:413–448

61. Stove C, Bracke M (2004) Roles for neuregulins in human cancer. Clin Exp Metastasis 21:665

62. Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG, Keith DE, Levin WJ, Stuart SG,

Udove J, Ullrich A et al (1989) Studies of the HER-2/neu proto-oncogene in human breast and

ovarian cancer. Science 244(4905):707–712

63. Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K, Sivachenko A, Kryukov GV,

Lawrence MS, Sougnez C, McKenna A et al (2011) The mutational landscape of head and

neck squamous cell carcinoma. Science 333:1157–1160

64. Supino-Rosin L, Yoshimura A, Yarden Y, Elazar Z, Neumann D (2000) Intracellular retention

and degradation of the epidermal growth factor receptor, two distinct processes mediated by

benzoquinone ansamycins. J Biol Chem 275(29):21850–21855. PubMed

65. TCGA Cancer Genome Atlas Network (2012) Comprehensive molecular portraits of human

breast tumours. Nature 490:61–70

66. Swain SM, Baselga J, Kim SB, Ro J, Semiglazov V, Campone M, Ciruelos E, Ferrero JM,

Schneeweiss A, Heeson S, Clark E, Ross G, Benyunes MC, Cortés J, CLEOPATRA Study

Group (2015) Pertuzumab, trastuzumab, and docetaxel in HER2-positive metastatic breast

cancer. N Engl J Med 372(8):724–734

67. Tonks NK, Neel BG (2001) Combinatorial control of the specificity of protein tyrosine

phosphatases. Curr Opin Cell Biol 13:182

68. Tzahar E, Levkowitz G, Karunagaran D, Yi L, Peles E, Lavi S, Chang D, Liu N, Yayon A,

Wen D, Yarden Y (1994) ErbB-3 and ErbB-4 function as the respective low and high affinity

receptors of all NDF/heregulin isoforms. J Biol Chem 269:25226–25233

69. Tzahar E, Waterman H, Chen X, Levkowitz G, Karunagaran D, Lavi S, Ratzkin BJ, Yarden Y

(1996) A hierarchical network of interreceptor interactions determines signal transduction by

neu diferentiation factor/neuregulin and epidermal growth factor. Mol Cell Biol 16(10): 5276–

5287

70. Wang SE, Narasanna A, Perez-Torres M, Xiang B, Wu FY, Yang S, Carpenter G, Gazdar AF,

Muthuswamy SK, Arteaga CL (2006) HER2 kinase domain mutation results in constitutive

phosphorylation and activation of HER2 and EGFR and resistance to EGFR tyrosine kinase

inhibitors. Cancer Cell 10:25–38

71. Warren CM, Landgraf R (2006) Signaling through ERBB receptors: multiple layers of

diversity and control. Cell Signal 18:923–933

72. Waterman H, Sabanai I, Geiger B, Yarden Y (1998) Alternative intracellular routing of ErbB

receptors may determine signaling potency. J Biol Chem 273:13819

73. Yamauchi M, Gotoh N (2009) Theme: oncology–molecular mechanisms determining the

efficacy of EGF receptor-specific tyrosine kinase inhibitors help to identify biomarker candi-

dates. Biomark Med 3:139–151

74. Yarden Y, Sliwkowski MX (2001) Untangling the ErbB signalling network. Nat Rev Mol Cell

Biol 2:127–137

75. Zhang Q, Park E, Kani K, Landgraf R (2012) Functional isolation of activated and unilaterally

phosphorylated heterodimers of ERBB2 and ERBB3 as scaffolds in ligand-dependent signal-

ing. Proc Natl Acad Sci U S A 109(33):13237–13242

322 M.D. Pegram and R. Landgraf



Chapter 20

Locoregional Therapy Following

Neoadjuvant Therapy for HER-2+ Breast

Cancer: Opportunities and Challenges

Stephen R. Grobmyer, Stephanie A. Valente, Sheen Cherian,

Holly J. Pederson, and Jame Abraham

Abstract Advances in the management of patients with HER-2þ breast cancer

with combinatorial targeted therapies are leading to unprecedented rates of patho-

logic complete response. The high rates of complete pathologic response in the

breast and the axillary lymph nodes following neoadjuvant therapy are raising new

questions about the role of local therapies (surgery and radiation therapy) in treating

these patients. The safe elimination of surgery and radiation therapy for selected

breast cancer patients would ultimately reduce the short- and long-term morbidity

associated with traditional breast cancer treatments and would represent a major

step forward. However, numerous technical and clinical challenges remain which

will be discussed in this chapter. Collaborative efforts to address these challenges

are essential to improving current therapeutic approaches for patients with HER-2þ
breast cancer.

Keywords Breast cancer • Surgery • Neoadjuvant chemotherapy • HER-2þ •

Radiation therapy • Breast imaging

20.1 Introduction

HER-2þ breast cancer is caused by a gene mutation that results in an

overexpression of the HER-2 receptor on the cell membrane of breast cancer

cells. This overexpression is seen in approximately 15–30 % of all breast cancers

[1]. Advances in HER-2-directed therapy have resulted in unprecedented favorable

response rates for patients with HER-2þ breast cancer who undergo therapy in the

neoadjuvant setting [2]. Traditionally, neoadjuvant chemotherapy is followed by
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locoregional therapy (surgical excision of the tumor and lymph node evaluation

with or without adjuvant radiotherapy). However, high observed complete response

rates to neoadjuvant chemotherapy in patients with HER-2þ breast cancer raise

new issues regarding the optimal role of locoregional therapy in this setting. The

critical question is: “do selected patients following neoadjuvant chemotherapy for

HER-2þ breast cancer lack additional benefit from surgery or radiation therapy,

and can these modalities be safely omitted or limited in selected patients?”

Defining optimal approaches to locoregional therapy relies heavily on breast

imaging interpretation to assess response to therapy in the breast and regional

nodes. Defining these optimal approaches to locoregional therapy also relies on

an understanding of the relationships between response rates, locoregional

recurrence-free survival, and overall survival. Continued refinement in our under-

standing of these concepts provides hope for the future safe elimination of all or

some components of locoregional therapies for HER-2þ breast cancer patients.

Ultimately this paradigm shift would reduce the impact of current locoregional

therapies on patient quality of life and cosmesis without compromising oncologic

outcomes.

20.2 Increasing Pathologic Complete Response Rates Are

Being Achieved with Dual-Targeted HER-2-Directed

Agents

The development of HER-2-targeted therapy for the adjuvant therapy of patients

with HER-2þ breast cancer in the late 1990s and early 2000s represented a

breakthrough in the management of patients with HER-2þ breast cancer

[3]. HER-2-targeted adjuvant therapies have dramatically improved the overall

survival of patients with HER-2þ breast cancer [4].

Recent studies have focused on the development of dual HER-2-targeted ther-

apies in the neoadjuvant setting. The goal of these studies has been to evaluate the

impact of dual-targeted therapies on pathologic complete response rates in HER-2þ
breast cancer. Pathologic complete response has been associated with improved

outcomes in some intrinsic subtypes of breast cancer, particularly HER-2þ
nonluminal and triple-negative breast cancers [5]. A summary of several recently

published studies is outlined in Table 20.1. Observed complete response rates with

dual-targeted therapy are significantly higher than have been observed with single-

agent targeted therapy for HER-2þ breast cancer and higher than complete

response rates observed in other types of breast cancer [6–10]. The high complete

response rates with dual-targeted therapies are what lead to US Food and Drug

Administration approval of the combination of pertuzumab and trastuzumab for use

in the neoadjuvant setting for patients with HER-2þ breast cancer [11].

Several studies have also analyzed the association of dual-targeted HER-2-

directed therapy with post-chemotherapy pathologic nodal status (Table 20.2).
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Patients treated with dual-targeted therapies are observed to have high rates of post-

chemotherapy N0 status (71–84 %). These high rates of pathologically clear nodal

status suggest the opportunity to reduce the extent and morbidity of axillary surgery

and radiotherapy through improvements in predicting pathologic nodal complete

response, improvements in understanding the relationship of post-NAC nodal status

and outcomes, and improvements in lymph node imaging.

20.3 Assessment of Response Rates to Neoadjuvant

Chemotherapy in Breast and Axillary Nodes

While complete response rates to dual HER-2-targeted therapies are high, preop-

erative determination of which patients have had a complete pathologic response

remains a significant challenge. Ideally, if imaging study results were highly

correlated with pathologic complete response, then selected patients might be

suitable for consideration of omitting surgical and/or radiotherapeutic management

for breast cancer. However, there are currently no absolutely reliable imaging

studies to assess complete pathologic response to neoadjuvant HER-2-directed

chemotherapy [12]. Some patients following complete imaging response to NAC

are still found to have residual microscopic disease at the time of surgery [13]. This

fear of leaving unknown residual disease without surgical resection is the main

Table 20.1 Pathologic complete response rate in trials of dual HER-2-targeted therapy

Trial (year) #

Pathologic complete response

Single-agent HER-2-targeted

agent (%)

Dual-agent HER-2-targeted

agent (%)

NeoSphere (2012)

[6]

417 26 46

NeoALTTO (2012)

[7]

455 30 51

CHER-LOB (2012)

[8]

121 25 47

NSABP B-41 (2013)

[9]

519 49 60

TRYPHAENA

(2013) [10]

225 � 57–66

Table 20.2 Rate of post-neoadjuvant therapy pathologic N0 nodal status in patients treated with

single- or dual-targeted HER-2-directed therapy

Single agent (%) Dual agent (%)

NeoALTTO (2012) [7] 59 73

CHER-LOB (2102) [8] 71 84

NeoSphere (2011) [6] 54 71
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reason adjuvant surgery continues to be recommended. Breast magnetic resonance

imaging (MRI) has been demonstrated to be accurate in estimating tumor size

following NAC [12]. However, reported specificity rates of breast MRI in the

post-NAC setting have varied widely [13]. Recent studies have suggested that

changes seen on PET-CT are associated with complete response rates to NAC,

but again PET-CT cannot reliably predict which patients have had a pathologic

complete response [14]. Similarly mammography following NAC has not been

demonstrated to be highly predictive of pathologic complete response [13]. Contin-

ued efforts to improve imaging for prediction of complete pathologic response

following HER-2-targeted NAC are clearly warranted. Such improvements could

serve as an important platform for advancing the treatment of patients with

HER-2þ breast cancer. Additionally, there are currently no bioassays to assess

the response to NAC, but development of accurate bioassays to assess response

would represent a major breakthrough.

Assessment of the axilla with imaging presents similar challenges. MRI has been

demonstrated to have limited value in the evaluation of axillary nodal disease

[15]. Loss of fatty hilum in axillary nodes has been most associated with the

presence of axillary nodal disease, but detection of low-volume axillary disease

remains a challenge with MRI [15]. Axillary ultrasound (AUS) has been exten-

sively studied for the evaluation of axillary nodes in breast cancer patients

[16]. AUS is effective at detecting more advanced nodal disease but lacks sensi-

tivity for the detection of small-volume axillary nodal disease [16]. Studies have

shown that with physical exam, mammogram, ultrasound, and MRI all being

negative, there still exists approximately a 14 % chance of lymph node metastasis

at the time of surgery, necessitating continued surgical lymph node evaluation

[17]. New emerging technologies aimed at preoperative nodal imaging and assess-

ment such as optoacoustic tomography [18], particularly aimed at detecting small-

volume nodal disease, might enable transformation of current approaches to axil-

lary management in patients with HER-2þ breast cancer.

20.4 Surgical Management Following HER-2-Directed

Neoadjuvant Chemotherapy

A traditional indication for NAC in patients with breast cancer is downstaging of

larger primary tumors to facilitate breast-conserving surgery [19]. Downstaging of

tumors with NAC followed by conservative surgery and whole breast radiation

therapy has been demonstrated to be a safe therapeutic approach [19].

In spite of observed high complete response rates and the demonstrated safety of

breast-conserving therapy following NAC, observed rates of breast conservation in

patients treated with HER-2-targeted NAC have varied widely (Table 20.3). There

is clearly a lack of uniformity in approaches to surgical management to patients
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following an observed excellent response to NAC that are related to a combination

of patient- and provider-related factors.

A study recently analyzed objective factors associated with the choice of breast-

conserving therapy in patients treated in the NeoALTTO study [25]. Factors asso-

ciated (hazard ratio) with breast-conserving therapy and relative risk for breast-

conserving therapy were planned BCT at diagnosis (0.46), < cT3 size (1.97),

developed country (1.62), no complete clinical response to NAC (0.41), estrogen

receptor negative (0.50), and tumor multicentricity (0.21). Factors not significantly

associated with breast-conserving therapy were age, tumor grade, clinical nodal

stage, and radiological response. This study suggests the need to develop more

standardized approaches to surgery following highly effective dual HER-2-

targeted NAC.

20.5 Locoregional Control in Patients Being Treated

with Neoadjuvant HER-2-Directed Therapy

Several studies have evaluated rates of locoregional control in patients treated with

neoadjuvant HER-2-directed therapy, and locoregional control is excellent in these

patients. In the NOAH study which compared neoadjuvant chemotherapy to che-

motherapy plus trastuzumab, excellent local control was demonstrated in patients

receiving chemotherapy plus trastuzumab [22]. A small percentage in the trial was

treated with BCT: patients receiving chemotherapy only, 13 % BCT rate, and

patients receiving chemotherapy plus trastuzumab, 23 % BCT rate. At a median

follow-up of 39 months, the rates of locoregional recurrence in chemotherapy plus

trastuzumab-treated patients were BCT, 0 %, and mastectomy, 3 %. These recur-

rence rates compared favorably to patients with chemotherapy only: BCT, 21 %,

and mastectomy, 3 %.

The Korean neoadjuvant study (Korean 07-01) which was a neoadjuvant phase

2 study of paclitaxel, gemcitabine, and trastuzumab in HER-2þ patients similarly

demonstrated excellent locoregional control [23]. Most patients in this trial were

Table 20.3 Breast-conserving therapy rates following NAC for breast cancer

Trial

Pathologic complete response rate

(%)

Breast-conserving therapy rate

(%)

GeparQuattro (2010) [20] 32 63

TECHNO (2011) [21] 39 64

NOAH (2011) [22] 38 23

KCSG BR 07-01 (2012)

[23]

59 79

ACOSOG Z1041 (2013)

[24]

60 38

NeoALTTO (2013) [7] 43 44
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treated with BCT (79 %) and median follow-up was 40 months. Among patients

having BCT, the locoregional recurrence rate was excellent at 5 %.

Arsenault et al. have evaluated predictors of locoregional control in a series of

157 HER-2 patients being treated with neoadjuvant chemotherapy followed by

mastectomy (90 %) [26]. With a median follow-up of 43 months, the authors

reported a locoregional recurrence rate of 8 %. The factors most associated with

locoregional recurrence were no adjuvant radiation therapy and lymph node posi-

tive status.

Pathologic complete response in HER-2þ patients has been associated with

significant improvements in overall survival [27]. von Minckwitz et al. have also

importantly evaluated the relationship of pathologic response with locoregional

recurrence in patients receiving neoadjuvant chemotherapy by analyzing the results

of seven prospective trials [28]. In these trials, adjuvant radiation therapy was given

to all patients having BCT as well as those having mastectomy with stage cN1 or

cT3-4 tumors. At a median follow-up of 46 months, the investigators reported the

lowest rate of locoregional recurrence among those with a pathologic complete

response (Table 20.4). Further, the authors demonstrated that the rates of

locoregional control in patients having a pathologic complete response varied by

the intrinsic subtype of breast cancer. The reported locoregional recurrence rate

associated with pathologic complete response was lower in HER-2þ nonluminal

cancers (1.9 %) compared to HER-2þ luminal B cancers (8.2 %).

20.6 Can Operation Be Omitted Following NAC for Breast

Cancer?

An ultimate goal of advances in NAC for HER-2þ breast cancer would be totally

eliminating the need for surgery. Nonoperative therapy following NAC has been

studied and reported in a series by Ring et al. [29]. The investigators performed a

retrospective analysis of patients who had operative therapy (n¼ 67) versus those

who did not have operative therapy (n¼ 69). All patients in the series received

adjuvant radiation therapy. The investigators reported no significant difference in

overall survival comparing the groups ( p¼ 0.9). A trend was noted, however,

toward an improvement in local recurrence-free survival in those having surgery

Table 20.4 Relationship of

post-NAC stage and

locoregional recurrence [28]

Stage LRR (%)

ypT0 4.7

ypTis 11.8

ypT1 9.1

ypT2 8.2

ypT3 13.8

ypT4a-c 20

ypT4d 31.2
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( p¼ 0.09). Further, in nonsurgical patients with complete response noted on ultra-

sound, local recurrence-free survival was >90 % at 8 years of follow-up. This

study, although retrospective, suggests the future possibility of nonoperative ther-

apy for selected patients receiving modern HER-2-directed therapy.

20.7 Can Radiotherapy Be Safely Omitted Following NAC

for HER-2þ Breast Cancer?

Axillary node involvement has traditionally been an indication for adjuvant radia-

tion therapy in patients following mastectomy for breast cancer [30]. As noted

above, modern combinatorial approaches to neoadjuvant therapy for HER-2þ
breast cancer patients are leading to higher observed responses in the axillary

nodal basin. The high complete nodal response rates have raised questions regard-

ing the role of adjuvant radiation therapy in the setting of complete pathologic nodal

response [31]. The role of adjuvant radiation therapy is currently being evaluated in

a phase 3 randomized trial (NSABP B-51) in which patients having a complete

pathologic axillary nodal response are randomized to adjuvant radiation versus no

axillary radiation [31]. Results from this trial should contribute significantly to

optimizing approaches to adjuvant therapy in HER-2þ breast cancer patients

following NAC.

20.8 Opportunities and Challenges for the Future

The exciting advances being made in neoadjuvant therapy for HER-2þ breast

cancer suggest the opportunity to improve outcome for patients and possibly reduce

the need for aggressive local therapies including surgery and radiation. Challenges

still remain in advancing the care of patients including the need for improved

imaging to detect the presence of residual disease in the breast and axilla following

NAC, the need to better understand the relationships between pathologic complete

response and locoregional control, the need to better assess the axilla to exclude the

presence of metastatic disease following NAC, and the need to understand the role

of radiation therapy in selected patients who have had excellent response to NAC. It

is expected that ongoing and future studies aimed at understanding these concepts

will continue to transform the care of patients with HER-2þ breast cancer.
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Chapter 21

Nomograms to Predict Positive Resection

Margin and to Predict Three or More

Positive Lymph Nodes

Eunshin Lee and Wonshik Han

Abstract A nomogram is a graphical calculating device, a two-dimensional dia-

gram designed to allow the approximate graphical computation of a function.

Nomograms have been developed for various purposes in clinical use of cancer

managements. We will introduce some good examples of useful nomograms for

breast cancer surgeons.

The first one is a nomogram that can predict the probability of having tumor-

positive resection margins in breast-conserving surgery. Factors included in this

nomogram are the presence of microcalcification in mammography, high mammo-

graphic density, high tumor size discrepancy between MRI and ultrasonography

(>5 mm), the presence of DCIS component in needle biopsy specimen, and the

presence of lobular carcinoma on needle biopsy. The AUC of ROC curves was

excellent in the training set and the validation set. The efficacy of this nomogram

was proved in a prospective cohort and was validated in another institution. This

tool is useful for surgeons to reduce frozen section biopsy (FSB) without increasing

the reoperation rate. Also, it can provide useful information about the possibility of

tumor-positive resection margin for surgeons who are not performing FSB.

The second one is a nomogram that can predict the probability of having three or

more positive sentinel lymph nodes. Factors included in this nomogram are imaging

findings such as axillary lymph node grading by ultrasonography and chest CT

finding of axillary lymph node. The AUC was also excellent in the training set and

the validation set. When we applied this nomogram to patients who met the criteria

of ACOSOG Z0011 trial, 88.3 % of the patients could be spared FSB of sentinel

node, and reoperation rate was only 1.6 %. This nomogram is useful for surgeons

especially who follow the Z0011 trial result and who want to do selective

intraoperative analysis of SLN.
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21.1 Nomogram for Predicting Positive Resection Margins

After Breast-Conserving Surgery (BCS)

21.1.1 Introduction of Nomogram for Predicting Positive
Resection Margins After BCS

Positive resection margin(s) after breast-conserving surgery (BCS) is the most

important risk factor for ipsilateral breast tumor recurrence [1, 2]. Reoperation is

inevitable in most cases if tumor cells are found on inked resection margin(s) in

pathologic examination after BCS. However, wider excision after initial surgery or

multiple re-excisions could result in a poorer cosmetic outcome. Multiple

re-excisions also increase the patients’ anxiety and medical costs. One option to

reduce reoperation is intraoperative assessment of resection margins using frozen

section biopsy (FSB). However, false negative rate is high, and even false positive

result is possible with the FSB. In addition, FSB usually makes the surgery time

longer and the cost higher. So, it is not widely used in breast cancer surgery. In these

perspectives, a tool to predict the risk of positive resection margins after BCS is

very useful to perform selective FSB in patients with predicted high probability for

positive resection margins. It might be advantageous for both surgeons and patients.

Several factors have been reported to be associated with positive resection

margins in previous studies, including lobular histology, size of tumor on pathol-

ogy, tumor grade, multifocality, the presence of extensive intraductal component

(EIC), and lymphovascular invasion (LVI) [3]. However, many of these factors’
information are available after the evaluation of paraffin-embedded surgical spec-

imens (Fig. 21.1).

21.1.2 Development of Nomogram for Predicting Positive
Resection Margins After BCS

Data from 1,034 consecutive breast cancer patients with invasive or in situ breast

cancer who initially underwent BCS in single institution (Seoul National University

Hospital, Seoul, Korea) between January 2008 and December 2009 were used to

develop a nomogram for predicting positive resection margins. The nomogram was

then validated independently using a cohort of 563 patients who underwent breast

surgery in 2010. Multivariate logistic regression analysis showed that microcalci-

fications in mammography (OR 1.57, P¼ 0.034), grade 4 mammographic density

(OR 4.51, P¼ 0.005), >0.5 cm difference in tumor size between magnetic reso-

nance imaging (MRI) and ultrasonography (OR 10.00, P< 0.0001), the presence of

ductal carcinoma in situ (DCIS) on needle biopsy (OR 1.57, P¼ 0.044), and lobular

component on needle biopsy (OR 3.98, P¼ 0.015) were independent predictors of

positive resection margins (Table 21.1). These significant variables were used to
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develop a nomogram for predicting positive resection margins. The AUC of

receiver operating characteristic (ROC) curve of the study and the validation cohort

were 0.823 [95 % confidence interval (CI), 0.785–0.862] and 0.846 (95 % CI,

0.800–0.892), respectively (Fig. 21.2).

Fig. 21.1 Nomogram for predicting positive resection margins after breast-conserving surgery.

This nomogram includes five imaging or pathologic factors: the presence of microcalcification in

mammography; high mammographic density; tumor size discrepancy between MRI and ultraso-

nography (>5 mm); the presence of DCIS component in needle biopsy specimen; and the presence

of lobular carcinoma on needle biopsy

Table 21.1 Multivariate

logistic regression model for

positive resection margins in

the validation cohort

Variables N Odds ratio p-value

Microcalcifications

None 678

Present 356 1.574 0.034

Mammographic density

1 69

2 220 1.590 0.411

3 482 1.611 0.376

4 263 4.515 0.005

MRI-US (cm)

�0.5 867

>0.5 167 10.001 <0.001

DCIS on needle biopsy

None 773

Present 261 1.575 0.044

Lobular component on needle biopsy

None 1014

Present 20 3.985 0.015
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21.1.3 Prospective Study of the Nomogram in SNUH
and Validation Study in Kyoto University

We conducted a prospective study to investigate the clinical usefulness of the

nomogram. The aim of this investigation was to compare the reoperation rate and

surgery time between surgeries using this nomogram and the past control group

without this nomogram. In the past, we conducted routine intraoperative frozen

section biopsy (FSB) in almost all patients. After application of the nomogram, we

omitted the intraoperative FSB in patients who presented low nomogram score.

About 62 % of all BCS patients during the study period presented low nomogram

score and avoided FSB. Surgical decision using the nomogram did not significantly

increase reoperation rate due to positive RM compared with control FSB group

(4.6 % vs. 3.8 %, p¼ 0.47). The surgery time was significantly reduced by 18.1 %

(mean 14.7 min) in nomogram group ( p< 0.001).

In the Kyoto University Hospital, the reoperation rate was significantly lower in

patients with low score than in patients with high score (2.7 % vs. 11.4 %,

p< 0.001) (Tables 21.2 and 21.3).

21.1.4 Use of Nomogram for Predicting Positive Resection
Margins After BCS

Below is an example of application of this nomogram to a clinical case (Fig. 21.5).

A woman had infiltrating ductal carcinoma in her breast. Mammography showed

microcalcification in the tumor and grade 3 density. Tumor size was 23 and 25 mm
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Fig. 21.2 Calibration plot of the nomogram using the validation cohort
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in ultrasonography and MRI, respectively. The pathology in needle biopsy did not

show DCIS or lobular component. The nomogram total score was 40, and as a result

the probability of positive resection margin was below 10 %. This patient did not

need intraoperative FSB based on this nomogram.

Let us see another case (Fig. 21.6).

The patient had 15 mm invasive carcinoma in breast US and core needle biopsy.

On mammography, density grade was 4 and there was no microcalcification. There

was lobular carcinoma component in the needle biopsy specimen. Total extent of

the tumor was 38 mm in MRI. The nomogram score was calculated to be 220, and

the probability of positive resection margin was above 80 %. For this patient,

intraoperative FSB would be helpful to reduce reoperation.

21.1.5 Considerations Using the Nomogram for Prediction
of Positive Resection Margins

A disadvantage to use this nomogram in routine clinical practice is that both of

preoperative breast ultrasonography and MRI are compulsory. The clinical benefit

Table 21.2 Mean operation time and reoperation rate due to tumor cell-positive resection margin

in the control group and the nomogram group

Control group Nomogram group

p-valueN¼ 266 N¼ 260

Frozen section biopsy

Yes 258 (97 %) 99 (38.1 %)

No 8 (3 %) 161 (61.9 %)

Mean operation time (min) 81.2 66.5 p< 0.001

High-score group (frozen bx. yes) 82.8

Low-score group (frozen bx. no) 56.4

Reoperation (%) 10 (3.76 %) 12 (4.61 %) p¼ 0.465

High-score group (N¼ 99) 6 (6.1 %)

Low-score group (N¼ 161) 6 (3.7 %)

Table 21.3 Reoperation rate of low- vs. high-score group in the validation set of Kyoto Univer-

sity Hospital

Low-score groupa High-score group

p-valueN¼ 111 N¼ 70

Reoperation (%) 3 (2.7 %) 8 (11.4 %) <0.001
aScore in our nomogram <80, low-score group, �80 high-score group
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of routine use of breast ultrasonography or MRI is controversial [4, 5] besides this

nomogram.

Another issue is the core biopsy method. The use of a larger gauge vacuum-

assisted biopsy would have more chances to find DCIS component in the biopsy

specimen than that of a 14-gauge gun [6, 7]. The higher incidence of finding DCIS

would result in a higher nomogram score. The cutoff of the nomogram score should

be adjusted for each individual site for use.

21.2 Nomogram for Predicting Three or More Axillary

Lymph Node Involvement Before Breast Cancer

Surgery

21.2.1 Introduction of Nomogram for Predicting Three or
More Axillary Lymph Node Involvement Before
Breast Cancer Surgery

There have been major changes in the standard management of axilla in invasive

breast cancer, progressing from axillary lymph node dissection (ALND) to sentinel

lymph node biopsy (SLNB). Recently, a result from American College of Surgeons

Oncology Group (ACOSOG) Z0011 study indicates that women with one or two

involved axillary nodes and clinical T1–T2 tumors undergoing lumpectomy with

radiation therapy followed by systemic therapy do not benefit from completion of

ALND in terms of recurrence and survival [8]. As a result, it now appears that a

significant proportion of patients may not require ALND at all.

Knowledge of the status of axillary lymph node involvement before surgical

intervention might be able to allow informed discussion of management options

with the patients and make individualized multidisciplinary treatment feasible

[9]. We hypothesized that it would be possible to select patients predicted to have

high tumor burden in axillary lymph node, as to select patients who needs

intraoperative analysis of SLN by using preoperative imaging and preoperatively

gathered clinicopathological information.

We developed a nomogram to predict the probability of having three or more

axillary nodes involvement for usage in clinical practice (Fig. 21.3). Our data

suggested that patients with a high probability of having three or more axillary

lymph nodes can be identified using the preoperative images and patient’s charac-
teristics. The nomogram that we developed will be useful for surgeons especially

who follow the ACOSOG Z0011 trial result and who want to do selective

intraoperative analysis of SLN.
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21.2.2 Development of Nomogram for Predicting Three or
More Axillary Lymph Node Involvement Before
Breast Cancer Surgery

We reviewed the records of 1,917 patients with clinical T1–T2 and clinical node-

negative invasive breast cancer. Patients who received neoadjuvant chemotherapy

were excluded. Factors associated with having three or more involved axillary

nodes were evaluated by univariate and multivariate logistic regression analysis.

A nomogram was developed and validated in 378 independent patients. Two

hundred four of 1917 patients (10.6 %) had three or more positive nodes. On a

multivariate analysis, three or more nodes involvement was associated with the

axillary lymph node category assessed by ultrasonography and the presence of

suspicious axillary lymph node on chest CT. Area under ROC curve for the

multivariate logistic regression model involving ultrasonography and CT finding

was 0.852 (95 % CI: 0.820–0.883) and 0.896 (95 % CI: 0.836–0.957) in the training

set and a validation set of 378 patients, respectively (Fig. 21.4). A nomogram to

predict the probability of having three or more axillary nodes involvement was

developed (Table 21.4).

21.2.3 Prospective Application of the Established Nomogram

We applied our nomogram prospectively to 512 invasive breast cancer patients who

were operated between January, 2012 and June, 2014 and who met the criteria of

Points

Age

Total Points

The probability of three or more axillary
 LN involvement 

Axillary US grade

Suspicious positive axillary LN 
finding of chest  CT

0

1

90 80 70 60 50 40

40 60 80 100 120 140 160 180 200

30 20

20

0.02 0.04 0.06 0.08 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

10 0

0

Total Points 37 50 60 67 92 109 123 135 148 161 178

Likelihood

15

0.02 0.04 0.06 0.08 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

No

Yes

2

3

4

5

10 20 30 40 50 60 70 80 90 100

Fig. 21.3 Nomogram for predicting the probability of having three or more involved axillary

lymph nodes
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Fig. 21.4 Calibration plot of the nomogram using validation cohort

Fig. 21.6 Example of application of nomogram for predicting positive resection margins after BCS

Fig. 21.5 Example of application of nomogram for predicting positive resection margins after BCS
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Z0011 trial. Four hundred fifty two patients (88.3 %) had nomogram score below

the cutoff and could be spared intraoperative frozen analysis of SLN. As a result, we

could save the cost of frozen biopsy and operation time (data not shown). In these

patients with low score and without frozen biopsy, only eight patients (1.6 % of all

512 patients) needed reoperation for completion ALND with three or more positive

SLNs. If we had applied no-frozen biopsy strategy for all of these patients without

using the nomogram, 22 patients (4.3 %) would have been received reoperation.

21.2.4 Use of Nomogram for Predicting Three or More
Axillary Lymph Node Involvement Before Breast
Cancer Surgery

Preoperative ultrasonography (US) and chest CT are required for this nomogram.

Axillary US examination was performed 1 day before surgery. The lymph node was

classified according to the maximum thickness of the cortex and the appearance of

the fatty hilum as follows: grade 1, cortical thickness of �1.5 mm; grade

2, 1.5 mm< cortical thickness �2.5 mm; grade 3, 2.5 mm< cortical thickness

�3.5 mm; grade 4, cortical thickness>3.5 mm with an intact fatty hilum; and grade

5, cortical thickness >3.5 mm with a loss of the fatty hilum. The maximum cortical

thickness was measured perpendicular to the long axis of the lymph node on a

cross-sectional plane [10]. In chest CT, axillary lymph node was considered as

positive with one or more of the following CT findings of axillary lymph nodes:

shortest diameter more than 1 cm, loss of fatty hilum, or the presence of central

necrosis.

Below is an example of application of this nomogram to a clinical case

(Fig. 21.7).

A 40-year-old woman had infiltrating ductal carcinoma. In US, the axillary LN

was classified as Gr 3 (2.5 mm< cortical thickness�3.5 mm) by the criteria of Cho

et al. The chest CT showed no suspicious axillary LN. The nomogram score was

about 70 and the probability of having three or more axillary lymph node involve-

ment was about 10 %. Intraoperative FSB of SLN was skipped in this patient.

Let us see another case (Fig. 21.8).

The patient was 70 years old with invasive breast cancer. Axillary LN was not

palpable in physical examination. She had Gr 4 (cortical thickness >3.5 mm with

Table 21.4 Multivariate logistic regression analysis of factors associated with involvement of

three or more axillary lymph nodes

Variable Odds ratio 95 % CI P

Age 0.99 0.97–1.00 0.097

Tumor size by preop. US(cm) 1.08 0.91–1.28 0.392

Axillary US grade 2.13 1.80–2.52 <0.001

Chest CT-ALN positive 4.78 3.07–7.45 <0.001
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an intact fatty hilum) LN in axillary US. In chest CT, there were enhanced and

enlarged LNs (more than 1 cm) in the axilla. The score in nomogram was 130–140,

the probability of predicting three or more axillary lymph node involvement before

breast cancer surgery was about 50 %. For this patient, intraoperative FSB would be

helpful to reduce reoperation.

Fig. 21.7 Example of application of nomogram for predicting three or more axillary lymph node

involvement

Fig. 21.8 Example of application of nomogram for predicting three or more axillary lymph node

involvement
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21.2.5 Considerations of Using the Nomogram for Predicting
Three or More Axillary Lymph Node Involvement

There are several issues with this nomogram. US classification of axillary LN could

be subjective. Chest CT is not a routine imaging modality for breast cancer

metastasis work-up in most institutions.

Also, our nomogram could not be so useful for surgeons who do not follow the

Z0011 trial result in clinical practice. As evolution of image modality is rapid,

further investigations are warranted to improve our nomogram by adding other

image modalities.
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Chapter 22

Practical Use of Nomograms

José Luiz B. Bevilacqua, Paulo R. de Alcantara Filho, Lillian Fraianella,

and Carla Curi

Abstract To predict an event or create predictive models, parameters that are

associated with the final outcome (“end-points”) are usually used. Although med-

ical literature presents a myriad of studies on disease predictors, it is very difficult to

accurately and numerically answer many questions that are often raised by physi-

cians and patients themselves. Statistical modeling, especially regressions, can help

answer these questions in a more objective fashion. Nonetheless, clinical judgment

should not be underestimated but may be improved, if necessary, with the aid of

statistical models. Decision to diagnose or treat in any clinical scenario must

undergo medical judgment and physician-patient relationship; thus, statistical

models should be used only to support decision-making.

Keywords Breast cancer • Nomogram • Predicting tools

22.1 Introduction

To predict an event or create predictive models, parameters that are associated to

the final outcome (“end-point”) are usually used. Nevertheless, our predictive

ability is generally limited when compared to statistical models. This stems from

the multifactorial nature of natural and biological events in which there are numer-

ous associations and correlations between these events; the nonlinearity of out-

comes and the rarity of perfection between causality and effect make it difficult to

predict with perfection. The fashion in which study results are generally expressed

– the odds ratio or relative risk in respect to a sub-variable – is of difficult clinical

application. The results should be easily applicable, presented in a practical and

measurable way, preferably in the form of percentage figures. Nevertheless, the

decision to diagnose or treat in any clinical scenario must undergo medical judg-

ment and physician-patient relationship; thus, statistical models should be used

only to support decision-making.
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In recent years, predictive risk models of cancer, including breast cancer, have

grown substantially in number as they gained great attention of researchers, phy-

sicians, and the public in general, including cancer government agencies of the

United States, such as the National Cancer Institute (NCI), which funds numerous

researches on the subject. Recently, three other statistical models have been devel-

oped in the form of a nomogram which has been quite useful in predicting axillary

metastases in breast cancer: a nomogram for prediction of metastasis in sentinel

lymph nodes (SLN), a nomogram for prediction of metastasis in non-SLN, and

nomograms for prediction of lymphedema in patients undergoing axillary dissec-

tion for breast cancer.

Statistical modeling, which integrates clinical information and gene expression,

has great potential to significantly improve the prognostic ability of predictive

models in oncology. No statistical model is perfect, and thus, the models need to

be continuously developed, improved, and validated. Validation of a statistical

model, in a separate, distinct sample from the one in which it was developed, is

of utmost importance to show the power of the model. Unfortunately, most

published models do not have prospective validation in different samples.

This chapter will address nomograms for predicting lymph node metastases and

lymphedema. It is divided in two parts: the first addresses the predictive factors of

axillary lymph node metastases and lymphedema and the other addresses nomo-

grams. An extensive review of the literature on predictors of metastases and

lymphedema is presented.

22.2 Predictive Factors of Axillary Node Metastases

and Lymphedema

22.2.1 Predictive Factors of Axillary Lymph Node
and Axillary SLN Metastasis

Information on the presence of lymph node metastasis is a major prognostic factor

in patients with invasive breast carcinoma [1–7]. Axillary lymphadenectomy

(ALND) has been used in the treatment of this disease for centuries [8–13]. Until

the 1980s, the importance of systematic ALND as part of the surgical treatment was

unquestionable. The NSABP-B04 study is the first to question the therapeutic value

of axillary dissection placed exclusively as a prognostic factor of postoperative

progression of the disease [14–16]. With the widespread use of mammography for

early diagnosis of breast cancer, there has been a significant increase in the number

of cases diagnosed at an early stage of the disease, i.e., non-palpable small tumors.

Consequently, diagnoses can now be made in situations in which the frequency of

axillary metastases is much smaller. Therefore, many authors have questioned the

necessity of the realization of ALND in these small tumors, since this procedure is

not without morbidity [17]. In an attempt to better select patients for ALND, several
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retrospective studies have attempted to identify predictive factors of lymph node

metastasis [17–36] (Table 22.1). The most frequent variables independently asso-

ciated with axillary metastases are tumor size, age, lymphatic vascular invasion

(LVI), and histological subtype of the tumor. Table 22.1 summarizes the indepen-

dent factors associated with lymph node metastases in breast cancer described in the

literature.

The advent of the SLN concept [36, 41], as well as its application in the staging

of the axilla in breast cancer [29–31], enabled patient selection for ALND, proposed

only in cases of metastasis in SLN. The SLN biopsy has gained importance in that it

proved to be technically simple, a very effective procedure in the staging of the

axilla and associated with minimal morbidity [21, 22, 38, 42–44]. This biopsy has

been adopted as a standard procedure in axillary staging. It replaces systematic

ALND, when the excised SLN is negative for metastases. SLN biopsy has high

accuracy in axillary staging and is at least equal to ALND.

The study of Bevilacqua et al. [35] demonstrates that age, palpability, tumor

location within the breast, lymph vascular invasion (LVI), multifocality, positive

progesterone receptor, tumor size, histological subtype, histological grade, and

Table 22.1 Predictive factors of SLN metastasis – Pre-SLN era

Variables Number of studies References

Size 20 [17–36]

Age 10 [20, 23–26, 34, 35, 37, 38]

LVI (lymphatic vascular invasion) 7 [18, 19, 23–25, 33, 36]

Histological type 7 [23, 26, 30–33, 38]

Tumor location 4 [25, 26, 32, 38]

Palpability 3 [18, 25, 33]

Nuclear grade 4 [18, 25, 36, 39]

Histological grade 3 [22, 32, 35]

Tumor grade 2 [26, 40]

Multifocality 2 [23, 24]

Estrogen receptor 2 [26, 34]

Clinical lymph node status 2 [24, 33]

Menopause status 1 [24]

Progesterone receptor 1 [26]

Her-2/neu 1 [28]

Margin status 1 [37]

Spiculated margins 1 [23]

S-phase 1 [34]

Ploidy 1 [26]

Race 1 [26]

Microcalcifications 1 [40]

Number of lymph nodes analyzed 1 [38]

Nipple invasion 1 [38]

Parity 1 [24]
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nuclear grade are predictors of SLN metastases in the univariate analysis. However,

multivariate analysis revealed that the independent predictors of SLN metastases in

breast cancer were histological type, LVI, tumor size, tumor location, age, nuclear

grade (þ lobular), and multifocality. Therefore, the inclusion of lobular histology in

nuclear grade was needed so as not to automatically exclude it from the logistic

regression. As might be expected, other studies in the pre-SLN era [24–26, 32, 33,

37, 45] also demonstrated that the factors are predictors of axillary metastases

(Table 22.1).

The variables associated with lymph node metastases have not changed dramat-

ically with the advent of the SLN, strengthening confidence in the SLN biopsy

procedure in breast cancer.

Only a minority of published studies identified nuclear grade and histological

grade as predictors of lymph node metastasis (Table 22.1). These variables may be

absent in the results of other studies, since many pathologists and institutions,

including MSKCC, do not classify invasive lobular carcinoma neither in nuclear

nor in histological grade. In Bevilacqua et al.’s [35] study, multifocality is an

independent predictor of metastases in SLN. Only a few studies show multifocality

as a predictor of lymph node metastasis [23, 24]. Another explanation for this

finding is that multifocal carcinomas generally have a greater tumor volume than

similar staged unifocal tumors, and tumor size is a predictor of lymph node

metastasis. Perhaps, multifocality contributes to determine the best volume in

multifocal tumors. Another study conducted at MSKCC revealed that multifocality

is also an independent factor of worse disease-free survival [46]. Moreover, tumor

location also proved to be an independent SLN metastasis factor in the multivariate

analysis [35]. Furthermore, four of these studies cite the location of the tumor as an

independent predictor of lymph node metastasis and report a higher frequency of

lymph node metastasis associated with lateral tumors [25, 26, 32, 47, 48]. Gann

et al. [26] analyzed 18,000 patients from the American College database. The lesser

frequency of metastases in axillary lymph nodes, including SLN, observed in

medial tumors in our study and identified in the literature, supports the hypothesis

of alternative routes of lymphatic flow at that location. Lohrish et al. [49], Asaga

et al. [50], and Zucali et al. [51] demonstrate a worse prognosis in terms of disease-

free and overall survival, associated with medial quarter tumors compared to lateral

quadrant tumors. Israel et al. [52] reported differences in patterns of distant

metastases in medial tumors. These studies [49, 52–54] all explain that the differ-

ences may be due to the greater likelihood of metastases to the lymph nodes of the

internal mammary artery associated with medial tumors. This is also confirmed by

Bevilacqua et al. [53] in an extensive review of the literature related to the approach

of metastases in the internal mammary chain in breast cancer. Another curious fact

noted by Bevilacqua is the apparent differences in the rates of metastases in SLN

between ductal and lobular carcinomas, respectively 31.5 % and 40.3 %

(P< 0.0001) [53]. A possible explanation would be the differences associated

with other variables, such as multifocality, known to be more frequent in lobular

tumor histology. This author has identified differences in the following variables:

age, represented by the median and the age distribution; tumor size, represented by
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T stage and the median; positivity of estrogen receptors and HER-2/neu; distribu-

tion of the location of the tumor; LVI; and multifocality. Nevertheless, in multi-

variate analysis, the difference between ductal and lobular carcinoma ceased to

exist; i.e., there is no statistical difference in relation to metastasis between SLN in

ductal and lobular carcinoma (P¼ 0.142). The difference observed in the univariate

analysis is not independent and can be explained by differences in other variables.

Thus, the developed logistic regression tumor models of ductal and lobular histol-

ogy were grouped into a single group and compared with the tumors.

22.2.2 Predictive Factors of Metastasis in Non-SLN
(Additional Axillary Lymph Nodes)

The number of affected axillary lymph nodes is an important prognostic factor and

is even adopted in the current version of TNM. Therefore, SLN information only as

positive or negative is somewhat limited. The information on the number of lymph

nodes may in some circumstances assist in therapeutic decision of radiotherapy or

adjuvant chemotherapy. In MKSCC’s series, in 38 % of cases in which the SLN was

positive, other axillary lymph nodes (non-SLN) were also affected, as opposed to

rates as high as 50 % in the literature [29–31, 55–60]. This can be explained by the

number of patients in these studies, lower than in the MSKCC study [61].

According to the above findings, 62 % of patients with a positive SLN should not

have any additional positive axillary lymph node, which makes mandatory ALND

in all cases questionable. Several clinical pathologic factors are associated with the

presence of additional non-SLN disease (Table 22.2). We can observe that the

series of some studies are limited, since many neither perform multivariate analysis

of the observations nor validate the results from different samples. Tumor size and

the size of SLN metastasis are the most commonly analyzed factors. However, none

of these studies included in Table 22.2 is able to safely identify a group exempt at

risk for metastasis in non-SLN [55, 57–59, 62–67]. Table 22.3 summarizes the

literature that demonstrates the influence of tumor size on the incidence of metas-

tasis in non-SLN. As expected, the larger the tumor, the greater the probability of

metastasis in non-SLN, as seen in Table 22.4, which shows the impact of LVI

positivity existing in non-SLN information. The influence of the size of SLN

metastasis as a predictor of non-SLN metastasis is evident in the literature data

summarized in Table 22.5. The larger the metastasis, or the greater the number of

metastatic foci identified in the SLN, the greater the risk of impairment of non-SLN.

Although the sample is small, even in cases where metastasis is uniquely identified

by immunohistochemistry (IHC), the incidence of non-SLN metastasis is relevant,

ranging from 8 % to 16 % (Table 22.6). Bevilacqua et al. [35] demonstrate that

multifocality is predictive of metastasis in SLN. The finding that this factor is also

an independent non-SLN metastasis factor does not surprise us for the same reasons

previously described [68]. The independent inverse association of metastasis in
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non-SLN and the number of negative SLNs are somewhat intuitive. The finding of a

single metastasis in SLN over other resected SLNs induces us to think that the

“volume” or “amount” of metastases is not sufficient to affect all SLNs, and

therefore, it is much less likely that other axillary lymph nodes may be committed

[61]. The direct and independent association of metastasis in non-SLN and the

number of positive SLN are also somewhat logical and obvious. By identifying a

situation in which multiple SLNs are committed, it seems very likely that other

Table 22.4 Studies that report metastasis incidence in Non-SLN in positive axillary SLN with

LVI in primary tumor

Study Absence of LVI (%) Presence of LVI (%)

Reynolds [58] 43 62

Turner [71] 37 65

Abdessalam [55] 31 62

Rahusen [57] 42 30

Weiser [76] 26 41

Viale [75] 21 26

Sachdev [67] 12 32

Non-SLN non-sentinel axillary lymph node, SLN sentinel lymph node, LVI lymphatic vascular

invasion

Table 22.5 Studies that report metastasis incidence in Non-SLN with positive SLN, by size of

SLN metastasis

Study <1 mm �1 mm <2 mm >2 mm >2 cm or “Extensive disease”

Chu [62] – – 7 % 55 % –

Reynolds [58] – – 22 % 67 % –

Turner [71] – – 26 % 63 % –

Abdessalam [55] – – 20 % 47 % 75 %

Kamath [66] – – 15 % 58 % 65 %

Rahusen [57] 27 % 50 % – – –

Viale [75] 16 % – 22 % 45 % –

Weiser [76] – – 18 % 45 % –

Mignotte [78] – – 22 % 79 % –

Sachdev [67] 17 % 49 % – – –

Non-SLN non-sentinel axillary lymph node, SLN sentinel lymph node

Table 22.6 Studies that

report metastasis incidence in

non-SLN in subjects with

metastasis in SLN detected

exclusively by IHC

Study Proportion %

Teng [59] 3/26 12

Kamath [66] 2/26 8

Wong [70] 3/28 11

Mignotte [78] 7/44 16

Jakub [69] 9/62 15

Non-SLN non-sentinel axillary lymph node, SLN sentinel lymph

node, IHC immunohistochemistry
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axillary lymph nodes may also be compromised. Other authors also describe this

finding [57, 69, 70].

22.2.3 Predictive Factors of Lymphedema

Lymphedema of the upper limb particularly after lymphadenectomy is a chronic

and incurable disabling condition, which continues to be one of the main sequelae

after breast cancer treatment. In addition to the physical problems, lymphedema

frequently causes social and psychological problems [80, 81].

In the last decades, extraordinary advances in the treatment of breast cancer have

occurred, both in surgery and in adjuvant treatment. Nevertheless, currently in

Brazil, 30–50 % of patients still require classical ALND as part of their surgical

treatment. Based on breast cancer estimates in Brazil [82], one can calculate that

approximately 3000–5000 breast cancer patients per year will develop lymph-

edema. In 2007, there were approximately 2.6 million women alive who had a

history of breast cancer in the United States, which amounted up to an estimated

prevalence of 0.58 % [83]. Worldwide [84], this corresponds to an age-standardized

prevalence of 0.40 % or about 27.5 million survivors of breast cancer who are at

risk for lymphedema (LE) of the upper extremity, which can occur after axillary

lymph node dissection (ALND). If lymphedema is an incurable chronic disease and

if cancer of the breast generally has a good prognosis (prolonged survival), we can,

without a doubt, classify lymphedema as a serious public health problem, which is

commonly ignored by society and by physicians as well.

The pathophysiology of lymphedema is characterized by an inadequate and

decreased lymphatic transport, necessary for deficit absorption of microvascu-

larization (arterial and venous capillaries) of blood filtrate that normally accumu-

lates in the interstitium and necessary for transportation of macromolecules and

excess liquids from capillary filtration. This filtrate is composed mainly of water,

proteins, and some cells. In an initial stage, the edema is an exclusive result of the

accumulation of fluids (water) in the extracellular space, filtrated plasmatic pro-

teins, extravasation of cells from the blood, and parenchymal cell products. At a

second stage, there is proliferation of parenchymal and stromal elements, with

excessive deposit of extracellular matrice substances [80].

Nevertheless, not all women who undergo breast cancer treatment develop

lymphedema, as a compensatory mechanism between the lymphatic and blood

systems [85]. Factors that can trigger the imbalance between these systems [86]

may vary from characteristics that are specific to the woman, postoperative com-

plications, routine daily activities, and exposure to traumas and high temperatures.

After ALND for treatment of breast cancer, the prevalence of lymphedema has

varied between 6 and 49 % (Table 22.7) and the incidence between 0 and 22 %

(Table 22.8). In these tables, we can observe the great variability of prevalence and

incidence of lymphedema in post-lymphadenectomy. These differences can be

justified by the different methodologies of these studies, such as criteria adopted
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for definition and measurement of lymphedema, treatments used (radiotherapy,

surgery and chemotherapy), time elapsed between surgery and evaluation, and

population characteristics [87].

Table 22.7 Prevalence of lymphedema post-lymphadenectomy – systematic review (2000–2006)

Study Year N Median follow-up period Lymphedema prevalence (%)

Edwards et al. [88] 2000 201 37 months 11–23

Kuehn et al. [89] 2000 396 34 months 22

Hojris et al. [90] 2000 84 9 years 14

Johansen et al. [91] 2000 266 7,6 years 11

Petrek et al. [16] 2001 263 20 years 49

Freitas et al. [92] 2001 109 Not available 14

Ververs et al. [93] 2001 400 3 months–5 years 17

Meric et al. [94] 2002 294 1–120 months 14

Almeida et al. [95] 2002 99 3–170 months 38

Beaulac et al. [96] 2002 151 4,8 years 28

Rampaul et al. [97] 2003 677 Not available 6

Deustch et al. [98] 2003 265 61 months 7

Schijven et al. [99] 2003 393 2 years 7

Yap et al. [100] 2003 370 3,3 years 15

Goffman et al. [101] 2004 240 1,5 years 8

Deo et al. [102] 2004 299 2,5 years 34

Ozaslan et al. [103] 2004 240 18–43 months 37

Armer et al. [104] 2004 100 28 months 43

van der V et al. [105] 2004 245 Not available 24

Bergmann et al. [106] 2004 394 59 months 12–31

Table 22.8 Incidence of lymphedema post-lymphadenectomy – systematic review (2000–2006)

Study Year N

Median follow-up

period

Lymphedema incidence

(%)

Isaksson et al. [107] 2000 48 1–2 years 9

Sener et al. [108] 2001 420 24 months 17

Duff et al. [109] 2001 100 1 year 10

Herd-Smith

et al. [110]

2001 1278 56 months 16

Swenson et al. [111] 2002 247 12 months 14

Temple et al. [112] 2002 233 12 months 0

Veronesi et al. [38] 2003 200 2 years 12

Silbernam et al. [113] 2004 94 1–14 years 6–22

Ronka et al. [114] 2005 83 12 months 7

Clark et al. [115] 2005 188 3 years 21

Bergmann [116] 2005 1002 24 months 17
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The SLN biopsy has presented significantly lower estimates of occurrence of

lymphedema, about 5 % for biopsy of SLN and 20 % for axillary

lymphadenectomy, i.e., four times less (Table 22.9).

The knowledge of the risk factors for the development of lymphedema is

essential for establishment of preventive measures, whether preoperative,

intraoperative, or postoperative. Various risk factors for lymphedema have already

been described and are summarized in Table 22.10.

22.3 Nomograms

Based on a review of previous literature, we observed that there are several

predictive factors of lymph node metastasis and lymphedema. Applying this data

to calculate the individual probability is somewhat complex. Founded on subjec-

tivism, there is a natural tendency of the physician to estimate the probability by

“guessing,” which can often fail due to the large number and the interrelationships

of these predictors. With the widespread use of the Internet to access information,

patients are daily more informed about their health problems, and thus, their

questions also require increasingly more accurate answers. Mathematical models,

including the nomograms, are developed to facilitate and improve the calculation of

these probabilities.

22.3.1 Nomograms for Predicting Metastasis in SLN

In 2007, Bevilacqua et al. [35] described the first validated nomogram predictive of

metastasis in SLN (Figs. 22.1 and 22.2). The aim of this study was to create a

Table 22.9 Occurrence of lymphedema when compared to SLN biopsy versus axillary

lymphadenectomy (ALND)

Study

Lymphedema %(N)

Sentinel lymph node Lymphadenectomy P

Schrenk 2000 [117] 0 (0/35) 14 % (5/35) 0.0536

Sener 2001 [108] 3 % (9/303) 17 % (20/117) <0.001

Veronesi 2003 [38] 0 (0/100) 12 % (12/100) <0.001

Blanchard 2003 [118] 6 % (44/730) 34 % (56/164) <0.001

Golshan 2003 [119] 3 % (2/77) 27 % (13/48) <0.001

Armer 2004 [104] 2/9 41 % (33/79) NS

Langer [120] 0 (0/61) 17 % (10/59) <0.001

(ALMANAC) Mansel 2006 [121] 5 % (20/412) 13 % (53/403) <0.001

(Z0011) Lucci 2007 [122] 2 % (6/268) 13 % (37/288) <0.001

Median 4 % (83/1995) 18 % (239/1293) <0.001
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Table 22.10 Risk factors for development of lymphedema identified in the literature. Study

references can be seen in the columns

Risk factors for

development of

lymphedema Risk increase Risk decrease Risk unaltered

Body mass index (BMI) [16, 80, 84, 86,

88, 90, 93, 97,

107, 108]

Radiotherapy of the lym-

phatic drainage

[94, 95, 97, 108]

Breast radiotherapy/boost [94, 96, 97]

Early-onset edema [108]

Seroma [108] [16, 95, 102, 124, 125]

Chemotherapy on ipsilat-

eral arm

[108]

Axillary dissection [81, 82, 87, 90,

101]

Age (older) [82, 83, 85, 108] [116] [16, 80, 81, 84, 86, 88, 90,

92, 93, 95, 101, 105, 117,

120–122]

Limb infection [80, 84, 86] [100, 117]

Trauma of the arm [86, 95]

Articular restriction [84, 86]

Dominant superior limb [95] [80, 107]

SLN biopsy [89, 102, 104,

109–114]

[94]

Systemic treatment (che-

motherapy and/or hor-

mone therapy)

[80, 82, 84, 86, 92, 93, 95,

101, 105, 116, 117, 120,

122]

Axillary metastasis [81, 82, 84, 86, 91–93, 102–

105, 115–117, 120, 122]

Tumor size [80, 82, 84, 86, 91–93, 95,

101, 105, 107, 112–117,

120, 122]

Final staging [80, 82, 84, 86, 91–93, 95,

101, 105, 107, 112–117,

120, 122]

Tumor location [80, 82, 84, 86, 91–93, 95,

101, 105, 107, 112–117,

120, 122]

Type of surgery (of the

breast) and reconstruction

[80–82, 84, 86, 95, 100,

101, 105, 116, 120]

Race/ethnicity [86, 116]

Education [81, 91, 120]

Smoking [81, 91]

Age at menopause [86, 95, 101, 116, 120]

Presence of comorbidities [88, 92, 93, 116]

Arm exercises [16, 115, 116, 120]

Elapsed time from cancer

treatment

[80, 81, 98, 105]
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mathematical model (nomogram) to easily calculate and individualize probability

of metastasis in SLN and answer a very common question as: “Doctor, what is my

probability of axillary metastasis?”

In this study, the authors developed and validated two nomograms to predict

metastasis in SLN based on a large database with over 5,000 SLN biopsies at

MSKCC in New York, USA. The demographic and clinical variables of 3786

consecutive SLN biopsies for invasive breast carcinoma, held at that institution

between 12/1996 and 7/2002, were collected. The accuracies of the nomograms

were quite significant in discriminating patients with and without metastasis in

SLN. In both models, the area under the ROC curve (AUC) was 0.754. This

accuracy is similar to mammography to detect breast cancer that presents AUC of

0.61 and 0.82, for screen-film and digital mammography, respectively. Free online

versions of the nomograms are available at http://nomograms.mskcc.org/breast/

index.aspx.

  0  10  20  30  40  50  60  70  80  90 100

100 80 60 40 20

0 1 2 3 4 5 6 7 8 9 10 11

Yes

No

UIQ

Other

No

Yes

No

Yes

1 3

2

Negative

Positive

Negative

Positive

 0  20  40  60  80 100 120 140 160 180 200

0.02 0.1 0.2 0.3 0.40.50.6 0.7 0.8 0.9 0.99

Points

AGE

TUMOR SIZE

SPECIAL TYPE

LOCATION

LVI

MULTIFOCAL

ER

PR

NUCLEAR GRADE

Total Points

Predicted Probability 
of SLN Metastasis

Lobular

Fig. 22.1 Definitions: AGE, patient age in years; TUMOR SIZE, invasive carcinoma component

size in cm; SPECIAL TYPE, colloid subtype (or mucinous), medular or tubular “Yes” (if subtype

for ductal or lobular, defined as “No”); LOCATION, tumor location (UIQ, upper internal quadrant;

OTHER, other quadrants); LVI, lymphatic vascular invasion; MULTIFOCAL, primary tumor

multifocality; NUCLEAR GRADE, nuclear grade (I, II, II, and lobular); ER, estrogen receptor

status; PR, progesterone receptor status. Reference: Bevilacqua et al. [35]
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22.3.2 Nomograms for Predicting Metastasis in Non-SLN
(Additional Axillary Lymph Nodes)

In 2003, Van Zee et al. [61, 123] described the first validated nomogram to predict

metastasis in non-SLN (Figs. 22.3 and 22.4). The objective of this study was to

create a nomogram to easily calculate and individualize probability of metastasis in

non-SLN when the SLN was positive, so as to aid in the decision-making process of

complete ALND [61, 123]. Clinical and pathological features of the primary tumor

and SLN metastases of 702 patients from 12/1996 to 4/2001, who underwent

complete ALND, were assessed with multivariable logistic regression to predict

the presence of additional disease in the non-SLNs of these patients. All patients

underwent ALND with at least ten lymph nodes were resected and examined. Data

were analyzed using logistic regression, and two predictive models of metastasis in

non-SLN were developed. Both models were applied and validated in other

373 consecutive biopsies performed between 8/2002 and 5/2004, using the same

inclusion and exclusion criteria [61, 123].

In these models, the authors added lobular subtype to nuclear grade, so as not to

be automatically deleted from logistic regression. They also attempted to eliminate

  0  10  20  30  40  50  60  70  80  90 100

100 80 60 40 20

0 1 2 3 4 5 6 7 8 9 10 11

Yes

No

UIQ

Other

No

Yes

No

Yes

1 2

3

  0  20  40  60  80 100 120 140 160 180 200

0.01 0.1 0.2 0.3 0.40.50.6 0.7 0.8 0.9 0.99

Points

AGE

TUMOR SIZE

SPECIAL TYPE

LOCATION

LVI

MULTIFOCAL

NUCLEAR GRADE

Total Points

Predicted Probability of SLN 
Metastasis

Lobular

Fig. 22.2 Definitions: AGE, patient age in years; TUMOR SIZE, invasive carcinoma component

size in cm; SPECIAL TYPE, colloid subtype (or mucinous), medular or tubular “Yes” (if subtype

for ductal or lobular, defined as “No”); LOCATION, tumor location (UIQ, upper internal quadrant;

OTHER, other quadrants); LVI, lymphatic vascular invasion; MULTIFOCAL, primary tumor

multifocality; NUCLEAR GRADE, nuclear grade (I, II, II, and lobular); ER, estrogen receptor

status; PR, progesterone receptor status. Reference: Bevilacqua et al. [35]
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subjectivity of metastases measurement, and hence, the detection method seems to

be less subjective, more practical, and reproducible. This way of quantifying

metastasis in SLN can be criticized, since the current version of TNM recommends

using the size of the lymph node metastasis.

Although the estrogen receptor and the modified nuclear grade (which includes

lobular histology) were not identified as independent predictors of metastases in

non-SLN in the multivariate analysis, the authors chose to include them in the

nomogram since it improved the overall predictive ability of the model [61].

The accuracies of the nomograms were quite significant in discriminating

patients with or without metastasis in non-SLN in the validation population. In

the model study, which included frozen sections, the area under the ROC curve

(AUC) was 0.77; however, in the nonfrozen sections, the AUC was 0.78

[23, 124]. Thus, the predictive ability to detect metastasis in non-LS models is

also the same as the predictive value of mammography in breast cancer detection.

Free online versions of the nomograms are available at http://nomograms.mskcc.

org/breast/index.aspx.

Points
  0  10  20  30  40  50  60  70  80  90 100

NUCGRADE
I Lobular

II III

LVI
No

Yes

MULTIFOCAL
No

Yes

ER
Negative

Positive

NUMNEGSLN
14 12 10 8 7 6 5 4 3 2 1 0

NUMSLNPOS
1 3 5 7

2 4 6

PATHSIZE
0 1 2 3 4 5 6 7 8 9

METHDETECT2
IHC Routine

Serial HE

Total Points
  0  20  40  60  80 100 120 140 160 180 200 220 240 260 280

Predicted Probability of +LN
0.02 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.92

Fig. 22.3 Definições: NUCGRADE, nuclear grade (I, II, II, and lobular); LVI, lymphatic vascular

invasion; MULTIFOCAL, primary tumor multifocality; ER, estrogen receptor status;

NUMNEGSLN, number of negative sentinel lymph nodes; NUMSLNPOS number of positive

sentinel lymph nodes; PATHSIZE, invasive carcinoma component size in cm; METHDETECT,
metastasis detection method in SLN – routine, serial sections (Serial H&E) or immunohistochem-

istry (IHC). Reference: Van Zee et al. [61]
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22.3.3 Other Predictive Models of Metastasis in Non-SLN

Other predictive models of metastasis in non-SLN were published after the

MKSCC nomograms [67, 125–128]. These models differ in the variables used

and number of patients included in the sample modeling (Table 22.11). Coutant

et al. [129] compared the models described in Tables 22.12 and 22.13, in a study

that included 561 patients, all with positive lymph nodes and submitted to ALND.

The models were compared to the AUC, to the calibration and the rate of false-

negative for metastasis in non-SLN, and to the capacity (number of patients and

percentage) of the models. In this cohort, 147 patients (26 %) had metastases in

non-SLN. The authors showed that only models of MSKCC [61, 123] and Tenon

[130] demonstrated AUC higher than 0.75. Models of MSKCC [61, 123], Mayo

[131], and Cambridge [128] were well calibrated. Two models, Tenon and the

Stanford, obtained false-negative rates lower than 5 %. The MSKCC model showed

a false-negative rate of 6.5 % compared with 4.9 % of the Stanford model and 4.4 %

of the Tenon score.

The MSKCC nomogram was the most validated model independently. Nineteen

out of 21 validation studies validated this model positively (Table 22.13).

Points
  0  10  20  30  40  50  60  70  80  90 100

NUCGRADE
I

II III

LVI
No

Yes

MULTIFOCAL
No

Yes

ER
Negative

Positive

NUMNEGSLN
14 12 10 9 8 7 6 5 4 3 2 1 0

NUMSLNPOS
1 3 5 7

2 4 6

PATHSIZE
0 1 2 3 4 5 6 7 8 9

METHDETECT
IHC Routine

Serial HE Frozen

Total Points
  0  20  40  60  80 100 120 140 160 180 200 220 240 260 280 300 320

Predicted Probability of +LN
0.02 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.92

Lobular

Fig. 22.4 Definitions: NUCGRADE, nuclear grade (I, II, II, and lobular); LVI, lymphatic vascular

invasion; MULTIFOCAL, primary tumor multifocality; ER, estrogen receptor status;

NUMNEGSLN, number of negative sentinel lymph nodes; NUMSLNPOS number of positive

sentinel lymph nodes; PATHSIZE, invasive carcinoma component size in cm; METHDETECT,
metastasis detection method in SLN – frozen, routine, serial sections (Serial H&E) or immuno-

histochemistry (IHC). Reference: Van Zee et al. [61]
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22.3.4 Nomograms for Predicting the Risk of Arm
Lymphedema After Axillary Dissection in Breast
Cancer

Lymphedema (LE) after axillary lymph node dissection (ALND) is a multifactorial,

chronic, and disabling condition that currently affects an estimated four million

people worldwide. Although several risk factors have been described, it is difficult

to estimate the risk in individual patients. In 2012, Bevilacqua et al. [132] described

the first validated nomogram to predict arm lymphedema after axillary dissection in

breast cancer. Descriptive characteristics of the study population are shown in

Table 22.14.

In Bevilacqua et al. [132] study, LE was defined as a volume difference of at

least 200 mL between arms at 6 months or more after surgery. The volume of each

arm was estimated using the formula for the volume of the frustum of a cone

(Fig. 22.5). The cumulative incidence of LE was ascertained by the Kaplan–Meier

method, and Cox proportional hazard models were used to predict the risk of

developing LE on the basis of the available data at each time point:

(I) preoperatively, (II) within 6 months from surgery, and (III) 6 months or later

after surgery (Table 22.15). The 5-year cumulative incidence of LE was 30.3 %

Table 22.12 Comparison between predictive models of metastasis in Non-SLN. Summary of

results obtained by Coutant et al. [129]

Model

AUC Calibration False-negative index

Value 95 % CI P % 95 % CI

Whole cohort N¼ 561

MSKCC 0.78 0.76–0.81 <0,0001 6.5 3.9–10.3

Mayo 0.74 0.71–0.76 0,08 12.5 3.5–35.6

Cambridge 0.73 0.7–0.75 0,10 10.3 6.2–12.8

Stanford 0.72 0.7–0.74 <0,0001 4.9 2.2–10.7

Tenon 0.81 0.79–0.83 Not evaluable 4.4 2.6–7.1

MD Anderson 0.73 0.7–0.75 Not evaluable 5.7 3–10.5

Saidi 0.65 0.62–0.67 Not evaluable 15.0 10.3–21

RP-ROC 0.68 0.65–0.7 Not evaluable 5.2 2.8–9.2

CART 0.65 0.63–0.67 Not evaluable 6.4 3.8–10.5

Subject subgroup with micrometastasis or tumoral cells isolated in SLN (N¼ 246)

MSKCC 0.72 0.66–0.79 0.10 3.5 1.6–6.4

Mayo 0.63 0.57–0.7 <0.0001 10.0 1.8–38

Cambridge 0.63 0.57–0.69 <0.0001 4.1 1.4–9.6

Stanford 0.73 0.68–0.79 <0.0001 2.2 0.6–6.4

Tenon 0.81 0.76–0.87 Not evaluable 2.9 1.5–4.8

MD Anderson 0.67 0.62–0.73 Not evaluable 3.8 1.7–7

Saidi 0.62 0.57–0.67 Not evaluable 2.8 0.8–8.2

RP-ROC 0.65 0.59–0.71 Not evaluable 5.2 3.1–7.5

CART 0.60 0.54–0.65 Not evaluable 6.4 4.3–8.3
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Table 22.14 Descriptive characteristics of the 1054 patients included in the analysis

N (%)

Age (years)

�55 years 582 (55.2)

>55 years 472 (44.8)

Marital status

Not married 540 (51.2)

Currently married 503 (47.7)

Unavailable data 11 (1.1)

Highest education

Middle school 705 (66.9)

>Middle school 303 (28.7)

Unavailable data 46 (4.4)

Main occupation

Home activity 495 (47.0)

Other 310 (29.4)

Unavailable data 249 (23.6)

Body mass index (kg/m2)

�25 716 (67.9)

<25 328 (31.1)

Unavailable data 10 (0.9)

Type of surgery

Mastectomy 693 (65.7)

Conservative 361 (34.3)

Immediate breast reconstruction

No 993 (94.2)

Yes 61 (5.8)

Level of axillary lymph node dissection

Levels I and II 162 (15.4)

Levels I, II, and III 838 (79.5)

Unavailable data 54 (5.1)

Number of lymph nodes dissected

�10 132 (12.5)

11–20 606 (57.5)

�21 316 (30.0)

Number of days with drain

�14 days 908 (86.1)

>14 days 90 (8.5)

Unavailable data 56 (5.3)

Axillary lymph node status

Negative 573 (54.4)

Positive 481 (45.6)

(continued)
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Table 22.14 (continued)

N (%)

Chemotherapy

None 322 (30.6)

Neoadjuvant 111 (10.5)

Adjuvant 503 (47.7)

Neoadjuvant and adjuvant 118 (11.2)

Neoadjuvant chemotherapy in ipsilateral arm

No 829 (78.7)

Yes 225 (21.3)

Adjuvant chemotherapy in ipsilateral arm

No 977 (92.7)

Yes 77 (7.3)

Neoadjuvant or adjuvant chemotherapy in ipsilateral arm

No 765 (72.6)

Yes 289 (27.4)

Radiotherapy

No 380 (36.1)

Breast or chest wall 377 (35.8)

Lymph node basins 293 (27.8)

Unavailable data 4 (0.4)

Tumor size (UICC)(68)

Tis 42 (4.0)

T1 299 (28.4)

T2 464 (44.0)

T3 76 (7.2)

T4 6 (0.6)

Unavailable data

Staging (UICC)(68)

0 34 (3.2)

I 200 (19.0)

IIA 335 (31.8)

IIB 246 (23.3)

IIIA 61 (5.8)

IIIB 174 (16.5)

Unavailable data 4 (0.4)

Surgical infection

No 866 (82.2)

Yes 144 (13.7)

Unavailable data 44 (4.2)

Seroma

No 373 (35.4)

Yes 634 (60.2)

Unavailable data 47 (4.5)

(continued)
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(Fig. 22.6). These nomograms are shown in Figs. 22.7, 22.8, and 22.9. Independent

risk factors for LE were age, body mass index, ipsilateral arm chemotherapy

infusions, level of ALND, location of radiotherapy field, development of

Table 22.14 (continued)

N (%)

Early edema (volume >200 mL)

No 1025 (97.2)

Yes 29 (2.8)

Lymphedema

No 807 (76.6)

Yes 247 (23.4)

Died

No 827 (78.5)

Yes 171 (16.2)

Probablya 56 (5.3)
aPatients with untreatable stage IV disease at last follow-up

VLimb = VA + VB + VC + VD + VE

Where:
VA = 7 (A2 + AB + B2)/12 × 3.14
VB = 7 (B2 + BC + C2)/12 × 3.14 
VC = 7 (C2

 + CD + D2)/12 × 3.14 
VD = 7 (D2 + DE + E2)/12 × 3.14 
VE = 7 (E2 + EF + F2)/12 × 3.14 

Fig. 22.5 Arm lymphedema volume estimate: formula for the volume of the frustum of a cone
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postoperative seroma, infection, and early edema. When applied to the validation

set, the concordance indices were 0.706, 0.729, and 0.736 for models 1, 2, and

3, respectively (Figs. 22.7, 22.8 and 22.9) [132]. Free online versions of the

nomograms are available at www.lymphedemarisk.com

Table 22.15 Results of the three multivariable Cox proportional hazards analyses testing the

relationship between patient characteristics and the incidence of lymphedema

Predictor variables

P P P

Perioperative

nomogram

Within 6 months from

surgery nomogram

>6-month

nomogram

Age 0.0040 0.0002 0.0485

Body mass index <0.0001 <0.0001 <0.0001

Number of cycles of neoadjuvant or

adjuvant chemotherapy

<0.0001 0.0001 0.0338

Level of axillary lymph node

dissection

NA 0.0185 0.0836

Radiotherapy field NA <0.0001 <0.0001

Seroma NA NA 0.0418

Early edema NA NA <0.0001

Months from surgery
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Fig. 22.6 Kaplan–Meier plots of 5-year cumulative incidence of lymphedema in the whole

cohort. Numbers above x axis are the numbers of patients at risk at each time point
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Fig. 22.7 Nomogram to predict probability of arm lymphedema after axillary lymph node

dissection, for preoperative use. Below the nomogram (A) with its calibration plot (B)
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Fig. 22.8 Nomogram to predict probability of arm lymphedema after axillary lymph node

dissection, for use within 6 months after surgery. Below the nomogram (A) with its calibration

plot (B)
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Fig. 22.9 Nomogram to predict probability of arm lymphedema after axillary lymph node

dissection, for use 6 months or longer after surgery. Below the nomogram (A) with its calibration

plot (B)
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22.3.5 Using the Nomograms

Each version of the nomogram consists of a variable number of rows. The first line

(points) is the score given to each variable. Subsequent lines represent the variables

included in the models. Based on each patient’s individual clinical and/or histo-

pathological characteristics, a value is assigned to each variable in the range of

points in the first row. A vertical line drawn between the appropriate value of the

variable and the line of points determines the score of each variable scale. For

example, in the age variable, patients 40 years of age correspond to 21 points

(Fig. 22.1). Then, the points of each variable are added. The value of the sum is

identified under “total points.” Another vertical line is drawn between the total

points and the line of Predicted Probability of SLN Metastasis or Predicted Prob-

ability of Non-SLN Metastasis. The corresponding number in the last line is the

probability of metastasis in SLN or non-SLN, depending on the nomogram used.

22.4 Conclusions

No model for predicting metastasis in SLN, non-SLN, and lymphedema reaches

perfection. In all models, the area under the ROC curve is around 0.70–0.80. To

explain what this means, we will use as example the model of metastasis in

non-SLN. This means that, if we randomly select two patients, one of whom has

at least one positive non-SLN and another has a negative non-SLN, there is a

70–80 % chance that the nomogram will predict a greater likelihood for patients

with these outcomes.

Some physicians and patients are reluctant to additional surgery due to the low

risk of additional lymph node involvement and the fear of the possible morbidity

associated with this procedure. In such cases, nomograms provide an accurate

estimate of the risk of additional lymph node disease and future risk of morbidity

associated with these procedures, allowing a more conscious, therapeutic decision.

Finally, the models (including nomograms) represent a significant advance to

estimate the axillary metastatic disease in breast cancer as well as the risk of

lymphedema when compared with our intuition or theory founded on subjectivism.
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Chapter 23

Data Mining and Mathematical Model

Development

Masahiro Sugimoto and Masahiro Takada

Abstract The treatment and diagnosis of breast cancer require difficult decision

making based on multidisciplinary fields, such as image, clinical, and pathological

findings as well as new diagnostic technologies and molecular biomarkers. Thus,

mathematical models that can predict a specific status and outcome of treatment by

efficient usage of these big data are required. Successful models with high accuracy

and high generalization ability can help promote personalized medicine and pro-

vide benefits of medical economy. Here, we introduce the use of advanced com-

putational data mining technologies using artificial intelligence or machine learning

and describe two models that we developed to predict pathological complete

response of neoadjuvant therapy and lymph node metastasis in patients with

primary breast cancer. The development and validation protocols are also

discussed.

Keywords Data mining • Machine learning • Prediction model • Neoadjuvant

therapy • Lymph node metastasis

23.1 Introduction

The recent rapid advances of computer resources have enabled large-data analyses,

e.g., high-throughput analysis of omics data (whole genomes) and high-resolution

magnetic resonance imaging [1]. The analysis of medical big data with such high-

end technologies will make efficient personalized medicine a reality. These large-

data analysis methods use patient information and predict the “future” of the

patients, e.g., treatment outcomes and changes in disease status. Multivariate

analyses have been utilized up to now. Multiple logistic regression (MLR) and
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multiple variable regression are generally used for the prediction of binary and

continuous outcomes, respectively. Both these methods sum up the odds or contri-

butions of the variables in a linear way. For the treatment and diagnosis of cancers,

nomograms of MLR models have been developed. Nomograms were designed to

visualize the relationship among variables. The MD Anderson Cancer Center in

Houston and the Memorial Sloan Kettering Cancer Center in New York have been

involved in developing this tool.

These statistic methods all require independent minimum variable sets as inputs;

therefore, only a small number of variables are normally selected as inputs into

these models using statistical or empirical approaches, even though various vari-

ables are commonly available before any treatments and diagnoses. As a result, the

accuracy of the models is usually limited. Nowadays, the more recently developed

mathematical modeling methods based on data mining technologies have the ability

to deal with a large number of variables that have a complicated structure. How-

ever, rigorous validation of the data mining-based model is required, and interpre-

tation of the predictions of the developed model is also necessary.

23.2 Strategy of Development and Validation

of Mathematical Models

A variety of machine-learning methods are available [2]; therefore, the selection of

a method that is suitable for a given problem is the first important step. Artificial

neural networks (ANNs), decision tree (DT), and support vector machines (SVMs)

are some of the common available techniques [3, 4]. ANN can discriminate specific

data from other data using a nonlinear approach and has been applied to solve

complicated problems. However, multi-linearity (or colinearity) among input vari-

ables will dramatically reduce the generalization ability of a model developed using

ANNs, i.e., the model often performs well only on training datasets and does not

generate good predictions on independent datasets. DT offers definite advantages

over ANN, because a model developed using DT can generate a treelike structure

containing if-then branches and variable nodes, which is visibly interpretable.

However, DT uses only a combination of linear discriminations, meaning that it

tends to have lower discrimination ability than nonlinear methods. SVM separates

two groups of data using kernel functions, which can increase the dimension of the

given parameter space. This method does not suffer from the multi-linearity

problem and is robust against outliers. However, the prediction performance of

SVMs strongly depends on the parameters and kernels, which require rigorous

validations. Bayesian network (BN) and classification and regression trees (CART)

have been also used in machine-learning models.

The development of a mathematical model for breast cancer diagnosis and

treatment would generally start with the development of a database of clinicopath-

ological data, followed by data selection, training of the model, and validation of
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the trained model (Fig. 23.1). For the database, quantitative values with no missing

values or noise are preferable. Feature selection is usually conducted to select

variables that have a predictive ability. For example, if an ANN model is to be

used, multi-linearity of the data should be eliminated and an independent variable

dataset should be selected. SVM-feature selection (SVM-FS) is commonly used for

ranking the predictive ability of the variables without considering the multi-

linearity among these variables.

23.3 Models for Breast Cancer Diagnosis and Treatment

Here, two prediction models that use machine-learning methods in breast cancer

diagnosis and treatment are described. One model can be used to predict the efficacy

of neoadjuvant chemotherapy (NAC) (Fig. 23.2), and the other can be used to predict

axillary lymph node (AxLN) metastasis in primary breast cancer (Fig. 23.3).

23.3.1 Prediction of Efficacy of Neoadjuvant Chemotherapy

NAC is administrated before the surgical operation of cancer. This treatment pro-

vides several benefits including tumor size reduction, which raise the opportunities

Training dataset

Feature selection

Optimization of model 
parameters

Validation 
dataset

Independent 
validation

CV data

Split data into 
two sets

Development of model

Resampled 
dataset

Bootstrap analysis

Training phase Validation phase

Fig. 23.1 Representative scheme of mathematical model development and validation. The train-

ing dataset is used for feature selection and cross validation (CV) to optimize the model param-

eters. A model is developed using training datasets with optimized parameters and subsequently

validated using independent datasets. A validation dataset is usually used for this purpose, and a

resampled dataset from the validation dataset is used for bootstrap analysis
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of breast conservation and reveal the sensitivity of the chemotherapy, which helps

clinicians design later adjuvant therapy [5]. Pathological complete response (pCR)

is commonly used to evaluate the NAC response as well as a surrogate prognostic

indicator in these patients. Predicting the pCR using information collected before

NAC can help in the oncologists’ decision making. Therefore, we developed a

mathematical model to predict pCR after NAC using a relatively large number of

variables collected before starting NAC, such as estrogen receptor (ER) status,

Fig. 23.2 Interface for predicting the pathological complete response to neoadjuvant chemother-

apy in primary breast cancer. Panels (a, b) are the top and the bottom part of the Web site

Fig. 23.3 Interface for predicting axillary lymph node metastasis in primary breast cancer. Panels

(a, b) are the top and the bottom part of the Web site
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human epidermal growth factor receptor 2 (HER2/neu) status, histological grade,

and proliferative activity [6].

We collected patient data from a number of institutions and split them into two

datasets: training datasets (n¼ 150) and a validation dataset (n¼ 173). The training

datasets were collected from three institutions from 2005 to 2009. A consecutive

dataset of 58 patients was collected from the Tokyo Metropolitan Cancer and

Infectious Diseases Center Komagome Hospital. The rest of the data were collected

from the Osaka National Hospital and the Tsukuba University Hospital. Among the

patients were 89 patients who had participated in the OOTR N003 trial. The

validation datasets were collected from the OOTR N003 trial conducted in the

Niigata Cancer Center Hospital, National Kyushu Cancer Center, and the Aichi

Cancer Center (see [6] for details).

All the patients received the same neoadjuvant protocol, consisting of four

courses of FEC (5-fluorouracil 500 mg/m2, epirubicin 100 mg/m2, and cyclophos-

phamide 500 mg/m2 administered intravenously [IV] every 3 weeks) followed by

four courses of docetaxel (75 mg/m2, IV, every 3 weeks) with or without

capecitabine (1650 mg/m2/day, oral administration, for 14 days every 3 weeks).

We used an alternative decision tree (ADTree) method as the prediction model

[7, 8]. To enhance the accuracy and generalization ability of the model, an ensem-

ble technique that used the predictions of multiple mathematical models was

employed [9].

For each patient, 28 clinicopathological variables were retrospectively collected.

These data included physical findings, information on mammography and ultraso-

nography images, and histological type, ER status, progesterone receptor (PgR)

status, HER2 status, and histological/nuclear grade of needle biopsy specimens

[10]. The clinical response was evaluated after both the FEC treatment (i.e., the

clinical response after anthracycline) and the taxane-containing regimen (i.e., the

clinical response after taxane). The pCR was defined as the absence of residual

invasive cancer cells in the breast and axillary lymph nodes (ypT0/is þ ypN0).

The ADTree model was trained using cross validation and 15 features were

selected. The model predicted the area under the ROC curve (AUC)¼ 0.766 (95 %

confidence interval (CI) 0.671–0.861; P-value¼ 0.0001) for the training dataset

and AUC¼ 0.787 (95 % CI 0.716–0.858; P-value¼ 0.0001) for the validation

dataset. The similar AUC values for the testing and validation datasets indicated

a low possibility of over-fitting.

Because the structure of this model is quite complicated, interpretation based on

a visualized model is difficult. Instead, we used an indirect approach to analyze the

features of the developed model. We eliminated each of the features from the

trained model and then ranked the importance of each feature based on the decrease

in prediction accuracy compared with the accuracy of the original model. Clinical

features such as ER, HER2, and PgR were ranked in the top 3, and subsequently

image findings—such as the halo in ultrasonography images—were ranked. The

prediction accuracies of the model for each subtype were evaluated as

AUC¼ 0.779 (n¼ 102; 95 % CI 0.641–0.917; P-value¼ 0.0059) for luminal type,

AUC¼ 0.718 (n¼ 24; 95 % CI 0.496–0.940; P-value¼ 0.074) for HER2-positive
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type, and AUC¼ 0.531 (n¼ 44; 95 % CI 0.350–0.712; P-value¼ 0.743) for the

triple negative (TN) type. The low prediction ability for the TN subtype indicated

that the currently available variable lacked predictivity, probably because of its

heterogeneous genetic background [11–13]. To improve the prediction results of

this subtype, the development of new biomarkers or diagnosis methods are required.

23.3.2 Prediction of Lymph Node Metastasis

AxLN metastasis is an important prognostic factor in patients with primary breast

cancer for predicting survival and for making decisions about the use of chemo-

therapy [14–16]. Currently, sentinel lymph node (SLN) biopsy is commonly

employed to investigate AxLN status, avoiding AxLN dissection. However, SLN

biopsy can reveal only 20–30 % positive metastasis, and more invasive, usually

two-stage, procedures are needed for accurate determination of AxLN status [14]. A

considerable number of patients with node negative require invasive procedure in

order to confirm that they do not have a metastasis in their AxLNs. Therefore, it is

important to use the available clinicopathological variables for the predicition of

AxLN metastasis. To achieve this, we developed a mathematical model using an

ADTree method.

A total of 24 clinicopathological variables for primary breast cancer patients

who underwent SLN biopsy or AxLN dissection without prior treatment were

collected from three institutes (Dataset A from the Tokyo Metropolitan Cancer

and Infectious Diseases Center Komagome Hospital, n ¼ 148; Dataset B from the

Kyoto University Hospital, n ¼ 143; Dataset C from the Seoul National University

Hospital, n ¼ 174). Data A and B were used for variable selection and model

training and the developed model was validated using external data C.

The ADTree model used 15 variables and yielded AUC¼ 0.770 (95 % CI

0.689–0.850) for the model training datasets and AUC¼ 0.772 (95 % CI

0.689–0.856) for the validation dataset. The bootstrap value of the validation

dataset was 0.768 (95 % CI 0.763–0.774). The similar AUC values between the

testing and validation datasets indicated the low possibility of over-fitting and high

generalization ability of the model.

The model’s variables were ranked by eliminating each variable from the

original model. Image findings, such as halo, lymph node size, and tumor size,

were ranked in the top 3.

23.4 Analysis and Web Interface for Data Mining Models

Clinical data retrospectively collected frequently contained missing data. There-

fore, prediction models should be robust against missing values. We compared the

decreasing level of the prediction ability of our models and MLR models that were
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published previously [17]. The options for determining the structure of the ADTree

model were boosting and ensemble numbers that corresponded to the size of a tree

and the number of trees, respectively. We found that even small ensemble numbers

dramatically increased the model’s robustness against missing values, indicating

that a complex structure using multiple trees may further contribute to this benefi-

cial feature.

A disadvantage of such mathematical methods is the low interpretability of the

predictions. Additionally, such models can be used only by oncologists who have

good computer skills. On the other hand, Nomograms require no computer skills

and show clear relationships among variables and predicted outcomes [18–

22]. Therefore, the development of user-friendly interfaces for mathematical

models is necessary. We developed a Web interface (Figs. 23.1 and 23.2) for the

two prediction models described above (https://www.brca-pm.net/model/entrance.

php). To access the interface, users require an account that can be set up by

contacting the corresponding author [23]. In the future, we plan to incorporate

many different models into one portal site, which will further benefit both patients

and oncologists.

Although data mining-based mathematical models using clinicopathological

variable have shown enough accuracy compared to gene expression-based models

[24], more sophisticated computational methods are required to better use the

available clinical information. Several computer companies have begun collabora-

tive studies with the MD Anderson Cancer Center and the Memorial Sloan Ketter-

ing Cancer Center to develop a data mining system using a supercomputer.

Advanced informatics technologies to maximize the values of medical datasets

are required to make full use of the large amounts of accumulated data.
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