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INTRODUCTION

In the Netherlands in 2012 more than 14,000 women were diagnosed with invasive breast 
cancer and another 2,200 with carcinoma in situ (non-invasive breast cancer) [1]. Although 
these incidence rates are increasing, the breast cancer mortality has been decreasing over 
the past decades [1]. This decrease is mainly a result of the introduction of screening and 
more effective treatments. Improvements have been achieved in both local (surgery and 
radiotherapy) and systemic treatments (chemotherapy, endocrine therapy and targeted 
therapy) [2, 3, 4]. Hence, the prognosis of breast cancer is relatively good: 5-years survival 
rate of more than 90% have been reported [5]. 

Despite the improved prognosis of breast cancer, this disease is still the most substantial 
cause of cancer death in Western women. Therefore, continuing breast cancer research is of 
great importance. This research goes on in a highly dynamic venue and in recent years far-
reaching progress has been made in all areas of breast cancer care. Moreover, breast cancer 
awareness strongly encourages women to participate in screening and research programmes 
and helps to gain more attention for the need of continuing breast cancer research [2]. 

Research from the past decades has demonstrated that breast cancer is a heterogeneous disease 
that can be subdivided according to several characteristics of the disease. This heterogeneity 
has major implications and challenges for breast cancer research and breast cancer care. In 
common with many other types of cancer this heterogeneity mainly emphasizes the need for a 
personalized treatment approach. This approach, also known as “patient-tailored treatment”, 
is driven by the continuous search for the optimal treatment for an individual patient with 
minimized side effects and excellent disease-free survival (DFS) rates. These efforts may 
help to minimize both under- and overtreatment. An important prerequisite for personalized 
treatment is an accurate diagnosis. The role of breast imaging in this context is still evolving 
and novel techniques and strategies are under investigation. Contrast-enhanced magnetic 
resonance imaging (MRI) and positron emission tomography with integrated computed 
tomography (PET/CT) are two of these techniques.

In the following part of this introduction we will address the diagnosis, staging, and treatment 
of breast cancer in more detail, taking the heterogeneity of breast cancer into consideration. 

Breast cancer diagnosis and staging
First it needs to be determined whether a patient has breast cancer and if so, what type of 
breast cancer.

Breast cancer diagnosis consists of: clinical breast examination (CBE) (palpation and 
inspection of the breast and the adjacent lymph node regions), breast imaging and pre-
treatment pathology (cytology and/or histology). The latter is considered as the golden 
standard. Histologically there is a distinction between non-invasive and invasive disease. 
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Non-invasive disease includes ductal carcinoma in situ (DCIS), a precursor for invasive 
breast cancer. Infiltrating ductal carcinoma (IDC) is the most common histological type 
of invasive breast cancer (70-85 %).The second most common type is infiltrating lobular 
carcinoma (ILC) (10-20 %). Other histological types of breast cancer, such as medullary 
carcinoma and mucinous carcinoma, are rarer.

A commonly used method to further classify breast cancer is based on immunohistochemical 
(IHC) analysis. IHC determines the estrogen receptor (ER), the progesterone receptor (PR) 
status and overexpression of the human epidermal growth factor receptor 2 (HER2). Based 
on IHC, breast tumors are subdivided into three breast cancer subtypes: HER2-positive 
(regardless of ER status), ER-positive/HER2-negative (regardless of PR status) and triple 
negative (ER, PR and HER2-negative). 

These classifications express the previously mentioned heterogeneity of breast cancer and are 
essential in the management of the disease. ER-positive tumors, for example, are sensitive 
to hormonal therapy, whereas tumors with a negative hormonal receptor status, e.g. triple-
negative tumors, are not. In contrast to ER-positive/HER2-negative tumors, triple-negative 
tumors are usually very proliferative and therefore associated with a poor prognosis.

After the diagnosis of breast cancer the stage of the disease needs to be determined. This 
stage plays an important role in the prognosis of breast cancer: patients with metastasized 
disease, for example, have strongly reduced 5-year survival rates compared to patients with 
disease confined to the breast. Staging systems are therefore necessary for clinicians to plan 
the treatment, to evaluate treatment results and to assess prognosis. An important objective 
of staging systems is that they formulate a ‘general language’ among cancer professionals. 

The TNM system of the Union for International Cancer Control-American Joint Committee 
on Cancer (UICC-AJCC) is widely used by clinicians and researchers for classifying cancer 
spread [6]. This system is based on, Tumor extent, Nodal status and absence or presence of 
distant Metastases. Typically, breast cancer patients are stratified into stage groups that are 
derived from this TNM system.

Breast imaging
Conventional breast imaging, consisting of X-ray mammography (XM) and ultrasound 
(US), are well-established and indispensible modalities in the diagnosis and staging of breast 
cancer. XM is typically applied as first modality in screening programmes, aiming to detect 
breast disease at an early stage. This early stage includes DCIS and small, not yet palpable, 
tumors. DCIS is often visible as micro-calcifications on XM. The sensitivity of XM varies 
over studies (20-77 %) [7-9]. This variation is due to the strong dependency of XM on breast 
density. [11-13]. Moreover, compared to IDCs, ILCs are harder to detect on XM [14]. 

US is generally applied as an adjunct to XM, particularly to assess the extent of invasive lesions 
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and to guide aspiration biopsy and cytology fine-needle aspiration (cFNA). Furthermore US 
is able to distinguish cystic from solid lesions. The complementary value of XM and US has 
been studied extensively. Many authors reported improvements in diagnostic performance 
when applying US as an adjunct to XM [11-13, 15]. Despite these improvements the 
diagnostic performance is still imperfect [15]. Therefore, through the years new diagnostic 
strategies with newly developed imaging techniques have been investigated.

In the mid-eighties, contrast-enhanced MRI was introduced as a diagnostic tool with high 
sensitivity to detect invasive breast lesions [16]. The exact role of MRI in the staging of breast 
cancer is not yet established. Particularly, it is unclear who will benefit from a preoperative 
MRI and who will not. We will address this issue in much more detail in this thesis. 

Another imaging technique is positron emission tomography in combination with computed 
tomography (PET/CT). PET is a technique in which radiotracer compounds are injected 
intravenously. The most frequently used tracer in oncology, is 18-fluoro-deoxy-glucose (FDG). 
This is a glucose analogue labelled with radioactive Fluorine (18F). After annihilation in tissue 
with electrons two photons travel 180° in the opposite direction. The photons are captured by 
the PET scanner and reconstructed into an overview of its distribution. Compared to normal 
cells tumor cells have an increased glucose metabolism. The difference in glucose uptake 
(thus FDG) can be visualized by PET. Hence, PET generates functional information of the 
tumor. FDG uptake can be quantified as “maximum standardized uptake value” (SUVmax). 
This is described as the radioactivity concentration per two- or three-dimensional region of 
interest. PET is generally used in combination with CT to provide anatomical information. 
PET/CT has proven its value in the staging and re-staging of recurrent disease [17-19]. Its 
role in monitoring of treatment response of breast cancer is currently subject of research.  

Through the years many investigators reported on the accuracy of both MRI and PET/CT to 
detect breast cancer. Particularly the relatively low specificity of these techniques is subject 
of research. In PET/CT inflammation and infectious tissue may result in increased FDG-
uptake and consequently false-positive findings [20]. 

The most recently published report that addressed the accuracy (in terms of sensitivity and 
specificity) of non-invasive breast cancer diagnosis tests is a systematic review published by 
the Agency for Healthcare Research and Quality [21]. The studied population consisted of 
women who were recalled after detection of a possible abnormality at standard workup (XM 
and/or US). For MRI, the authors analyzed 41 studies and reported a summary sensitivity 
for all lesions of 91.7 % (95 % confidence interval (CI): 88.5 to 94.1 %) and a summary 
specificity of 77.5 % (95 % CI: 71.0 to 82.9 %). For PET/CT the authors analyzed 7 studies 
and reported a summary sensitivity for all lesions of 83.0 % (95 % CI: 73.0 to 89.0 %) and 
a summary specificity of 74.0 % (95 % CI: 58.0 to 86.0 %). The authors indicated, however, 
that their data had significant heterogeneities and they therefore rated the strength of the 
evidence as moderate to low. 
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Breast cancer treatment
The next step after the diagnosis and staging is the selection of a treatment plan. The choice 
of treatment strongly depends on the stage of the disease, specific tumor characteristics (e.g., 
grade, type and subtype), patient‘s characteristics (e.g., age and physical condition) and 
prognosis. The patient’s preferences are also taken into account. A treatment plan is generally 
based on national guidelines and discussed in a multidisciplinary meeting of breast cancer 
specialists (surgeons, radiologist, radiation oncologists, pathologists, nurse practitioners, 
medical oncologists, etc.).

The treatment of breast cancer consists of loco-regional and systematic treatment. Loco-
regional treatment affects the site of the primary tumor and its surrounding. This is done 
with surgery and radiotherapy. Surgery depends on the stage of the disease and varies from 
removal of the tumor only to removal of the whole breast with adjacent lymph nodes.

After surgery, radiotherapy is typically applied to the whole breast or thoracic wall, and, when 
indicated, to the adjacent lymph node regions. The procedure of limited surgery to excise 
the tumor and postoperative radiotherapy is termed “breast-conserving therapy” (BCT). The 
value of radiotherapy as an adjunct to surgery to achieve long-term local control has been 
proven in large randomized controlled trials (RCTs) [22, 23].

Systemic treatment is given in selected patient groups and includes chemotherapy, endocrine 
therapy or targeted-therapy. Several chemotherapy regimens are applied clinically or are 
being tested in large trials. Endocrine therapy is applied in ER-positive tumors but not in 
tumors with negative hormonal receptor status, e.g., triple-negative tumors. Target-therapy 
is treatment that targets specific properties of the tumor that are not overexpressed in normal 
cells. For example, HER2-positive tumors are treated with targeted HER2-therapy (e.g., 
trastuzumab and pertuzumab).

Traditionally, systemic therapy is given after surgery and radiotherapy. This procedure 
is termed “adjuvant systemic therapy”. Over the last 2 decades, however, neoadjuvant 
chemotherapy (NAC), also referred to as ‘preoperative’ or ‘primary systemic therapy’, has 
steadily become an accepted treatment strategy. During NAC the systemic therapy is given 
as first treatment, i.e., before surgery. 

NAC has several advantages. First, by reducing the size of the tumor, it may allow breast-
conserving surgery (BCS) instead of mastectomy in about 16% to 37% [24,25] of all patients. 
Second, NAC offers an excellent platform for translational research, because the molecular 
characteristics of breast cancer can be directly related to chemo-sensitivity. Third, monitoring 
of the treatment effect with imaging during NAC enables adaptations of the treatment in case 
of an unfavourable tumor response. 
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There is emerging evidence that pathological complete response (pCR) after treatment in 
triple-negative and HER2-positive tumors is associated with better disease-free survival rates 
[26,27 ]. Therefore, achieving pCR is an important aim of NAC. Accurate monitoring of 
treatment response may increase the efficacy of systemic therapy by adapting the regimen 
based on imaging findings. 

Breast imaging is therefore an essential part of NAC. Application of PET/CT and MRI 
during NAC may result in complementary value to monitor tumor response during NAC. The 
rationale behind this possibility lies in the fact that PET/CT visualizes the change in glucose 
uptake, whereas contrast-enhanced MRI depicts changes in morphology and perfusion. The 
role of PET/CT solely and in combination with MRI will be addressed in this thesis as well.

AIM OF THE THESIS

The general aim of this thesis is to investigate if, and how, multimodality imaging contributes 
to improved personalized treatment strategies for both the staging and the monitoring of 
treatment of breast cancer. 

In this thesis we present our research addressing the following questions:

1. Does the use of a preoperative breast MRI impact surgical precision and surgical 
management?

2. Is it feasible to select patients in whom a preoperative MRI will not add information 
to existing findings from conventional breast imaging? If so, this may lead to a more 
selective use of preoperative MRI.

3. What is the impact of breast cancer subtype on response monitoring during NAC with 
PET/CT?

4. Does combined use of PET/CT and MRI result in an improved accuracy of response 
monitoring during NAC, and what is the influence of breast cancer subtype?

THESIS OUTLINE

In part 1 of this thesis we focus on the use of MRI in patients with early-stage breast cancer 
who were eligible for breast conserving therapy (BCT) to improve the visualization of the 
disease.

The MARGINS-study
Between 2000 and 2008 the MARGINS (Multi-modality Analysis and Radiogical Guidance 
IN breast conServing therapy) study was performed in the Netherlands Cancer Institute. The 
aim of this single-institutional study was to investigate the use of conventional imaging in 
combination with MRI to improve the assessment of extent and localization of the disease. 
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In the MARGINS study, women with pathologically-proven breast cancer and eligible for 
BCT on the basis of conventional imaging and clinical breast examination (CBE) were 
consecutively recruited for an additional preoperative breast MRI. The MARGINS study was 
approved by the institutional review board and written informed consent of the participants 
was mandatory. The research that we describe in the first part of this thesis is based on data 
collected in the context of the MARGINS study. 

In chapter 2 we describe our findings with regard to the impact of a preoperative breast MRI 
on surgical precision and surgical management. We investigated if MRI reduces the rate of 
incomplete tumor excision. For this purpose, we studied a cohort of patients; half of which 
was treated after conventional imaging (mammography and ultrasound) only and the other 
half after an additional preoperative breast MRI. 

In chapter 3 we identify pre-treatment characteristics related to invasive breast cancers of 
limited extent. These cancers may have low risk of being incompletely removed at surgery. 

In chapter 4 we propose guidelines for more selective use of preoperative breast MRI to 
identify patients in whom it is unlikely that preoperative breast MRI adds information to 
findings from conventional imaging. Hence, overdiagnosis and cost may be reduced. 

In part 2 we present our research on response monitoring with PET/CT solely and combined 
with MRI in patients with advanced-stage breast cancer and treated with NAC. Moreover this 
research takes breast cancer heterogeneity into account.

The CTMM (Center for Translational Molecular Medicine) Breast Care study
In September 2008 we started a single institutional PET/CT-MRI response monitoring 
study. Patients with primary invasive breast cancer >3 cm and/or at least one tumor-
positive node received NAC according to one of several prospective trial protocols 
studying chemotherapeutic regimens. Patients underwent at least two PET/CT and two 
MRI examinations, before and during NAC (after 6 weeks or, in case of HER2-positivity, 
8 weeks). Up till now, promising but varying results have been reported by others [28, 29]. 
Furthermore, the patient populations studied were relatively small and/or heterogeneous. 
Moreover, in most studies the heterogeneity of breast cancer was not taken into account. 
Efforts to improve response monitoring are essential in the process to achieve the desired 
personalized breast cancer treatment.

In chapter 5 we present our findings concerning the accuracy of PET/CT to monitor response 
to NAC in relation to breast cancer subtype. 

In chapter 6 we describe the value of response monitoring in the primary tumor and the 
axillary lymph nodes using sequential PET/CT scans for the prediction of pathological 
response in relation to breast cancer subtype. 
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In chapter 7 we present our results on combined use of PET/CT and MRI to monitor 
tumor response during NAC. Several studies compared these two techniques but their 
complementary potential was not yet determined. 
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ABSTRACT

Aim:
To assess whether preoperative contrast-enhanced magnetic resonance imaging (MRI) of the 
breast influences the rate of incomplete tumor excision. 

Methods: 
In a cohort of 349 women with invasive breast cancer, patients eligible for breast-conserving 
therapy (BCT) on the basis of conventional imaging and palpation only (N = 176) were 
compared to those who had an additional preoperative MRI (N = 173). Multivariate analysis 
was applied to explore associations with incomplete tumor excision. 

Results:
MRI detected larger extent of breast cancer in 19 women (11.0%), leading to treatment 
change: mastectomy (8.7%) or wider excision (2.3%). Tumor excision was incomplete in 
22/159 (13.8%) wide local excisions in the MRI group and in 35/180 (19.4%) in the non-MRI 
group (P = 0.17). Stratified to tumor type, incompletely excised infiltrating ductal carcinoma 
(IDC) was significantly associated with absence of MRI: 11/136 (8.1%) versus 2/126 (1.6%) 
(MRI present) (P = 0.02). No significant factors explained incomplete excision of other tumor 
types. 

Conclusion:
Preoperative MRI did not significantly affect the overall rate of incomplete tumor excision, but 
it yielded significantly lower rate of incompletely excised IDC. The reduction of incomplete 
excisions after MRI was smaller than the rate of a prior treatment change incurred by MRI.

Keywords:
MRI Breast cancer Breast-conserving therapy. Incomplete excision 
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INTRODUCTION

Breast-conserving therapy (BCT), consisting of wide local excision (WLE) of the tumor 
combined with postoperative radiotherapy, is the standard of care in loco-regional treatment 
of early (<3 cm) breast cancer. Large prospective randomized trials have demonstrated that 
the survival rates after BCT are equivalent to those obtained after radical mastectomy [1-3]. 
The 5-year local-recurrence rate after BCT is about 5% with survival rates of approximately 
92% [2-5]. The local-recurrence rate is, however, approximately twice as large in patients 
with incompletely excised tumors and in patients 40 years of age or younger [2-5]. Results 
from major trials with long-term follow-up demonstrated that improvement of local control 
results in better survival, and complete gross excision of the primary tumor has been shown 
to maximize local control [2-6].

To select the optimal therapeutic strategy, the size, growth pattern and location of the lesion 
must be accurately visualized. Conventional imaging by mammography and ultrasonography 
fails to accurately assess tumor extent in approximately one-third of patients eligible for BCT 
[7]. Several studies reported a higher sensitivity of contrast-enhanced magnetic resonance 
imaging (CE MRI) to detect invasive breast cancer and to visualize disease extent compared 
to the standard workup using conventional imaging [8-11]. These observations have led to 
changes in the surgical management of patient [12-17] . Preoperative breast MRI for women 
with known breast cancer is, however, controversial due to the increase in cost, mastectomy 
rate and larger excisions, without knowing the benefit in local control [18-23]. The therapy 
of most patients is not converted after preoperative MRI, but little is known whether the high 
sensitivity of CE MRI improves the precision of BCT in this group of patients.

The aim of this study was to assess whether preoperative MRI reduces the risk of an 
incomplete tumor excision, and to assess consequences in patient management.

MATERIALS AND METHODS

Patient cohort
All women with invasive breast cancer and eligible for BCT on the basis of conventional 
imaging and palpation presenting at our hospital between March 2002 and July 2004 were 
consecutively included. Women who underwent chemo- or hormone-therapy prior to surgery 
and women with only primary ductal carcinoma in situ (DCIS) were not included. Detection 
and staging of breast cancer was performed by mammography, ultrasonography, and 
physical examination. Ultrasonography was also used to detect pathological loco-regional 
lymph nodes [24]. Proof of breast cancer was obtained using fine-needle aspiration (FNA) or 
core biopsy. Treatment plans were established in consensus by a multi-disciplinary team of 
breast cancer specialists (radiologists, surgeons, medical oncologists, radiation oncologists, 
pathologists, and nurse practitioners).
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In 2000, the MARGINS (Multi-modality Analysis and Radiogical Guidance IN breast 
conServing therapy) study started at our hospital. The aim of this single-institutional study 
was to investigate the use of conventional imaging in combination with MRI to improve 
the definition of the extent and localization of the tumor. In the MARGINS study, women 
with pathology-proven breast cancer and eligible for BCT were recruited for an additional 
preoperative breast MRI (the MRI group). The MRI results were discussed in a subsequent 
multi-disciplinary meeting at which time the initial treatment plan was confirmed or adjusted. 
In the current study, patients not recruited (the non-MRI group), either refused to participate, 
could not be imaged by MRI prior to the scheduled surgery date, or had contraindications for 
MRI, such as claustrophobia.

All data were obtained after written informed patient consent and approval of the institutional 
review board (the MRI group) or from established clinical guidelines and waiver of consent 
(the non-MRI group).

Prospective guidelines for management of additional findings at MRI
Guidelines were established to handle additional findings detected at CE MRI, aiming to 
minimize treatment changes on benign findings [12]. In short, if additional findings were 
sufficiently close to the index lesion, BCT was pursued with larger wide-local excision 
margins to include the additional findings. Depending on the size of the breast, the total 
diameter of disease in patients eligible for BCT typically does not exceed 3 cm. If additional 
MRI findings were further away from the index lesion, attempts were made to obtain proof 
of malignancy by second-look targeted ultrasonography and FNA or biopsy. If pathology 
confirmed malignant disease over a region too large to allow cosmetically acceptable BCT, a 
conversion to mastectomy was advised. If pathology proof could not be obtained, BCT was 
advised and follow-up by MRI. The final treatment plan was implemented after consultation 
with the patient.

Magnetic resonance imaging
Magnetic resonance imaging was performed with a 1.5-Tesla scanner (Magnetom, Siemens 
Medical Systems, Erlangen, Germany) using a coronal FLASH-3D technique. Both breasts 
were imaged in prone orientation, using a dedicated double-breast array coil. One series was 
acquired before the injection of contrast agent, and four series were acquired after intravenous 
injection of contrast agent (Prohance, Bracco-Byk Gulden, Konstanz, Germany); 0.1 mmol/
kg body weight, at a rate of 2–4 ml/s. The series were acquired at intervals of approximately 
120 s. The following MRI parameters were used: 3D coronal T1-weighted sequence, 
repetition time 8.1 ms, echo time 4.0 ms, isotropic voxels of 1.35 × 1.35 × 1.35 mm3 and no 
fat suppression. Subtraction images were available to examine initial and late enhancement. 
Radiologists with experience in breast MRI read the examinations. If multiple lesions were 
visible, the total area including normal breast tissue between lesions was indicated as the total 
disease extent.



29

2

Impact breast MRI on surgeryChapter 2

Surgery
The surgical procedures were performed according to accepted surgical standards, with the 
aim to achieve tumor-free margins with the best possible cosmetic outcome [25, 26]. The 
procedures were carried out or directly supervised by fully trained surgeons specialized in 
breast surgery. Results of preoperative diagnostic imaging were available in the operating 
theater. For non-palpable lesions, surgeons were typically guided by a gamma-ray detection 
probe, after preoperative intra-lesional injection of 99mTc-nanocolloid (Nanocoll; GE-
Healthcare, Eindhoven, The Netherlands) administered under ultrasound guidance [27]. 
Wide local excisions in our hospital are performed according to the technique described by 
Aspegren et al. [28]: the incision is typically radial, skin is removed only for cosmetic reasons, 
tumor resection is performed with an intended macroscopic margin of at least 1 cm, generally 
down to the fascia and reconstruction of the breast parenchyma is done by mobilization of 
breast tissue in order to minimize the cavity.

Pathology
At pathology, the excision specimens were handled according to a fixed protocol based on 
radiographic and pathological assessment, described by Egan[29]. Specimens were inked to 
indicate their orientation in the breast, sectioned into 5 mm parallel slices and radiographs 
were obtained. Cross sections of the tumor, surrounding breast tissue and nearest margins, as 
well as additional grossly or radiologically suspicious areas, were sampled for microscopic 
examination. Pathologists, experienced in breast pathology, assessed the specimens to 
report the largest diameter of invasive cancer, in situ components, growth pattern, margins, 
histological grade and type.

Grade was determined according to the Bloom and Richardson method resulting in well 
(grade 1), moderately (grade 2), or poorly (grade 3) differentiated carcinoma [30, 31]. An 
incomplete excision was defined as an excision that resulted in extension of the tumor into 
the edge of specimen. Incomplete excisions were rated as focally incomplete (tumor present 
in the resection margin in less than two low power fields) or extensively positive (tumor 
present in the resection margin in two or more low power fields).

Statistical analysis
SPSS Version 15.0; SPSS Chicago, Ill, was used for all analyses. To explore the difference in 
patients and tumor characteristics between the MRI and the non-MRI group, Students t-tests 
were performed for normally distributed continuous variables, and Mann–Whitney-U and 
Fisher’s exact test for the non-normally distributed variables.

Multivariate analysis using logistic regression (LR) was performed to determine which 
factors were significant explanatory variables for incomplete surgery. Backward LR based 
on step-wise feature selection (f-to-entry: 0.05, f-to-remove: 0.10) was applied.

The following patient and tumor characteristics were fitted into the model to explore the 
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association with incompletely excised tumor: age, palpable (yes/no), lymph node metastases 
(present/not present), tumor size, tumor histological grade (1, 2, 3) and MRI (done/not done). 
Subset analysis, using similar procedures, was performed for presence of various tumor types 
on the excision boundary (IDC, ILC and DCIS).

RESULTS

Patient characteristics
At baseline the MRI group consisted of 173 women with 175 tumors (2 contra-lateral tumors 
prior to MRI). The non-MRI group consisted of 176 women with 180 breast tumors (4 contra-
lateral tumors). The mean age was 56.1 years, standard deviation (SD) 9.9 years (range: 
28–82) and 59.6 years, SD 11.1 years (range: 31–89) in the MRI group and non-MRI group, 
respectively (P = 0.02).

No significant differences were found between the tumor characteristics in the two groups: 
lymph node stage, palpability, tumor size, histological tumor type, and grade. The tumor type 
was invasive ductal carcinoma (IDC) in 274 (77.2%) of the cases. Invasive lobular carcinoma 
(ILC) was found in 53 (14.9%) of all cases. Patient characteristics are listed in Table 1 and 
Fig. 1. The rate of patient inclusion in the MRI group and non-MRI group was comparable 
throughout the investigated study period.

Additional findings and patient management
In the MRI group, therapy was converted to mastectomy in 16/173 (9.2%) women after 
detection of additional pathology-proven disease (Table 1; Fig. 1). In 19 women (11.0%), 
tumor with a larger extent was found than anticipated using conventional imaging. Fifteen 
patients (8.7%) were advised a mastectomy because of larger tumor size (n = 3) and multi-
focal disease spread, up to 9 cm (n = 12) (Table 2). In all cases, the spread of disease was 
confirmed by extensive histopathological examination of the specimens. In four cases (2.3%) 
a wider excision was performed than initially planned. Three women (1.7%) were found 
to have additional contra-lateral breast cancer, (not visible at conventional imaging). These 
MRI-detected contra-lateral tumors were not included in the current study. In one woman 
with a bilateral tumor the treatment was changed to bilateral mastectomy, according to the 
wish of the patient. The other two women underwent bilateral BCT. A total of 157 women 
with 159 tumors continued with wide-local excision.

In addition to malignant findings, 21 benign lesions in 175 breasts (12.0%) were detected 
at preoperative MRI. Three lesions were considered benign on the basis of ultrasound 
characteristics, four were proved to be benign after target ultrasound with fine-needle 
aspiration (FNA). Thirteen lesions were occult at target ultrasonography and considered 
benign by follow-up. The median follow-up time was 54.1 months (range: 37.0–70.1 months). 
The only therapy change for a benign lesion was a wider local excision than initially planned 
which included a fibro-adenoma close to the index tumor.
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Tabel 1 Patient and tumor characteristics
Variable MRI

173 women
175 tumors

Non-MRI
176 women
180 tumors

Total
349 women
355 tumors

p-value

Age (years) Mean: 56.8  
SD: 9.6 

Mean: 59.2 
SD: 11.2  0.02

    ≤40 6 (3.8) 9 (5.1) 15 (4.5)
    41–50 39 (24.8) 27 (15.3) 66 (19.8)
    51–60 57 (36.3) 58 (33.0) 115 (34.5)
    >60 55 (35.0) 82 (46.6) 137 (41.1)
Histological type     0.14
    IDC 126 (79.2) 136 (75.6) 262 (77.3)  
    ILC 26 (16.4) 26 (14.4) 52 (15.3)  
    Other 7 (4.4) 18 (10.0) 25 (7.4)
Laterality    0.88
    Left 80 (50.3) 92 (51.1) 172 (50.7)  
    Right 79 (49.7) 88 (48.9) 167 (49.3)  
Palpable    0.09
    Yes 112 (70.4) 111 (61.7) 223 (65.8)  
    No 47 (29.6) 69 (39.3) 116 (34.2)  
Pathology tumor size 
(mm)

Mean: 16.9
SD: 6.5

Mean: 15.7 
SD: 7.2  0.12

    <10 23 (14.5) 32 (17.8) 55 (16.2)  
    10–19 86 (54.1) 98 (54.4) 184 (54.3)  
    20–30 45 (28.3) 39 (21.7) 84 (24.8)
    >30 5 (3.1) 8 (4.4) 13 (3.8)  
    Missing 0 3 (1.7) 3 (0.9)  
Histological grade     0.26
    1 43 (27.0) 63 (35.0) 106 (31.3)  
    2 77 (48.4) 81 (45.0) 158 (46.6)  
    3 39 (24.5) 36 (20.0) 75 (22.1)
Nodal status     0.38
    N0 102 (64.2) 119 (66.1) 221 (65.2)  
    N1 49 (30.8) 45 (25.0) 94 (27.7)  
    N2 7 (4.4) 15 (8.3) 22 (6.5)
    N3 1 (0.6) 1 (0.6) 2 (0.6)  

Values between parentheses are percentages unless otherwise indicated
SD= standard deviation; IDC= invasive ductal carcinoma; ILC=invasive lobular carcinoma

Incomplete surgical excision
Surgical excision of the tumor was incomplete in 22 of the 159 procedures (13.8%) in the 
MRI group, and in 35 of the 180 procedures (19.4%) in the non-MRI group (P = 0.17). The 
types of disease at the margins of the incomplete excisions are shown in Table 3. Incomplete 
excision of invasive disease was 8/159 (5%) and 19/180 (10.6%) in the MRI and in the 
non-MRI group, respectively, (P = 0.06). This difference was mainly caused by the lower 
rate of incompletely excised IDC in the MRI group: 2/126 (1.6%) versus 11/136 (8.1%), 
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respectively, (P = 0.02). The mean weight of the excised specimens was 61.5 g (SD 35.0 g) 
in the MRI group and 65.0 g (SD 35.5 g) in the non-MRI group (P = 0.38).

Management after incomplete surgery
In the MRI group, 8/159 (5.0%) additional surgical procedures were performed after WLE. 
A re-excision was done in four patients and in another four a mastectomy. In the non-MRI 
group, 19/180 (10.6%) additional surgical procedures were performed after WLE (P = 0.06). 
Ten re-excisions were done and nine mastectomies. In 11 of the 22 women in the MRI group 
and in 13 of the 35 in the non-MRI group incomplete surgery was followed by a higher 
boost dose at radiotherapy to treat the incompletely excised component rather than additional 
surgery (Table 4).

Multivariate results
At multivariate analysis, no factors were associated with incomplete tumor excision in the 
overall patient cohort. At subset analysis, significant association was found only between 

Fig. 1 Overview surgery in the MRI and the non-MRI group; main results. 
Mastectomies due to disease with larger extent (n = 15) and contra-lateral disease (n = 1) detected at MRI (see also 
Table 2). Values between parentheses are percentages
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Table 2 Primary mastectomy due to disease 
with larger extent in the MRI group

Variable 15 Women 
15 tumors

Age (years) Mean: 47.7 ; SD 9.3 
    ≤40 3 (20.0)
    41–50 8 (53.3)
    51–60 2 (13.3)
    >60 2 (13.3)
Laterality
    Left 7 (46.7)
    Right 8 (53.3)
Histological grade
    1 4 (26.7)
    2 7 (46.7)
    3 4 (26.7)
Nodal status
   N0 9 (60.0)
   N1 5 (33.3)
   N2 1 (6.7)
   N3 0
Histological type
   IDC 11 (73.3)
   ILC 1 (6.7)
   Others 3 (20.0)

Values between parentheses are percentages unless 
otherwise indicated
SD= standard deviation; IDC=invasive ductal 
carcinoma; ILC=invasive lobular carcinoma

Table 3 Incomplete surgery in the MRI versus the non-MRI group
Histological type 
primary tumor

Incompletely excised 
disease MRI Non-MRI

p−value
M % F E M % F E

IDC
N = 126 vs. 136
MRI vs. non-MRI

IDC 2 1.6 1 1 11 8.1 2 9 0.02

in situ 12 9.8 6 6 12 8.6 4 8 n.s

ILC
N = 26 vs. 26
MRI vs. non-MRI

ILC 6 23.1 4 2 5 19.2 2 3 n.s.

in situ 1 3.8 0 1 3 11.5 1 2 n.s.
Others
N = 7 vs. 18
MRI vs. non-MRI

Others 0 – – – 1 5.6 0 1 n.s.

IDC 0 – – – 1 5.6 1 0 n.s.
ILC 0 – – – 1 5.6 1 0 n.s.

in situ 1 14.3 1 0 1 5.6 0 1 n.s.
Total 22 13.8 12 10 35 19.4 11 24 0.17

F = Focally incomplete, E = Extensively incomplete, % = Percentage of incompletely excised disease, IDC= 
invasive ductal carcinoma; ILC=invasive lobular carcinoma, n.s. = not significant 
M = Number of incompletely excised disease
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absence of MRI and incompletely excised IDC (P = 0.02) (Table 3). The hazard ratio was 0.18 
(CI: 0.04–0.81), suggesting that these patients were at a relatively lower risk of incomplete 
excision of IDC when a preoperative MRI was performed. None of the other co-variates 
(age, palpability, lymph node status, tumor size, and grade) were significantly associated with 
incomplete surgical excision, and no factors were found to be associated with presence of 
ILC or a DCIS component on the excision boundary.

Table 4 Management after incomplete surgery. 
 MRI (N = 159) Non-MRI (N = 180)
Re-excision 4 (2.5) 10 (5.6)
Mastectomy 4 (2.5) 9 (5.0)
Higher radiotherapy boost dose 11 (6.9) 13 (7.2)
No change in treatment 1 (0.6) 1 (0.6)
Unknown 2 (1.3) 1 (0.6)
Others  1 (0.6)a 
Total 22 (13.8) 35 (19.4)
AOne woman with extensive incompletely excised IDC refused further treatment. 
Values between parentheses are percentages unless otherwise indicated

DISCUSSION

We reported our experiences with a clinical guideline established to manage additional 
findings at preoperative contrast-enhanced MRI of the breast. The impact of this guideline 
was assessed on the precision of BCT in a retrospective cohort of 349 women treated in the 
same time period. A total of 173 women underwent preoperative MRI.

In the entire cohort no significant difference in incomplete excision between the MRI and 
the non-MRI group was found (P = 0.17). Further stratification by subset analysis showed 
significant association between preoperative MRI and reduced rates of incompletely excised 
infiltrating ductal carcinoma (IDC) (P = 0.02). These findings may provide input to future 
studies investigating the potential benefit of preoperative MRI in subgroups of patients.

MRI led to treatment change in 11% of patients after pathology proof of malignancy The rate 
of therapy changes due to benign findings were small (one change to larger wide local excision 
for a benign finding); no changes to mastectomy were caused by benign findings. MRI also 
detected contra-lateral cancer occult at conventional imaging in 1.7% of the patients.

The impact of preoperative MRI appeared twofold. Firstly women with more extensive 
pathology-proven disease were filtered away from the standard BCT eligibility and thus 
received a more extensive surgical treatment (mastectomy or a wider excision). The 
increased mastectomy rate in the MRI group raises the concern that MRI leads to over-
treatment. Indeed, increased mastectomy rates were also reported in other studies [12, 13, 
16]. It is likely that additional malignant disease also occurred in the non-MRI group. This 
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assumption is supported by studies that reported more extensive disease in diverse groups of 
breast tumors [7, 32-35]. Consequently, a considerable part of undetected multi-focal tumor 
may be controlled by adjuvant treatment such as radiotherapy. Nonetheless, it is also known 
that radiotherapy is ineffective to eradicate large residual tumor burden [2-4]. It remains to be 
proven whether conversion of therapy to mastectomy on the basis of additional MRI-detected 
disease has impact on the 15–20-year local recurrence rates after BCT[18-22, 36-38].This may 
be of particular concern in younger patients where the local recurrence rate is approximately 
twice as large as in older patients. In a retrospective analysis, Fisher and colleagues reported 
that preoperative MRI reduced the incidence of local recurrence [36]. Impact of preoperative 
MRI on surgical precision was not addressed. Solin and colleagues reported that the use of 
MRI in the staging of the patients was not associated with an improvement in local control 
after BCT [37]. One of the study limitations, indicated by the authors, was a significantly 
lower age of women in the MRI group, which makes differences in local recurrence difficult 
to interpret. In contrast to Fisher et al., Solin and colleagues took differences in age and 
adjuvant treatment into account in their analysis. Local recurrence was not an end-point of 
our current study.

A second impact of MRI appears to be the high accuracy at which the extent and location of 
IDC is visualized. This provided the surgeons with a better preoperative assessment resulting 
in reduced rates of incompletely excised IDC. Despite observations from other studies 
demonstrating superior sensitivity of MRI for ILC compared to that of conventional breast 
imaging [39-44], we were unable to translate these findings to reduced rates of incompletely 
excised ILC. Several explanations may exist. First, the number of patients with ILC was 
relatively small in our cohort. Secondly, all patients in our study were eligible for BCT on the 
basis of conventional imaging thus excluding tumors larger than 3 cm that were also included 
in other studies. Thirdly, evidence of multi-focal disease elsewhere in the breast may be 
difficult to extract from the cut margins of the WLE specimens at histopathology due to the 
finite tissue sampling and the typically diffuse multi-nodular pattern of growth of ILC [45, 
46]. Some of these considerations also hold for DCIS. Moreover, variable sensitivity of MRI 
for the detection of pure DCIS has been observed in other studies [10, 47-50].

Study design
A randomized clinical trial (RCT) is the standard study design to provide level-I evidence 
for medical intervention studies. Level-II evidence is available showing that breast MRI 
visualizes disease extent more accurately than conventional breast imaging [8-11]. This 
evidence has created much confidence in favor of MRI in patients as well as in practitioners, 
making it difficult to implement prospective comparative level-I studies. To our knowledge, 
there are currently only two RCTs that address aspects discussed in the present study. The 
first one is the COMICE (comparative effectiveness of magnetic resonance imaging in breast 
cancer) trial [38], investigating the role of the MRI in the preoperative staging of breast 
cancer. The second one is the MONET (MR mammography Of Non-palpable brEast Tumors) 
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trial [51], evaluating whether MRI will improve breast cancer management for non-palpable 
tumors. Neither trials have been designed specifically to answer the question whether MRI 
will reduce local recurrence after long-term follow-up. Moreover, potential differences in 
how MRI findings are incorporated into clinical decision-making may lead to differences in 
outcome and cost-benefit between hospitals.

The design and results of the present study may be useful in follow-up studies to examine 
differences in local recurrence between “MRI-proven unifocal” breast tumors and tumors 
where only conventional imaging was performed. Studies concerning the cost effectiveness 
of MRI and the selection of patients for partial breast irradiation (PBI) may also benefit from 
these findings.

Study limitations
An obvious drawback of non-randomized studies is that they are prone to diverse bias and 
confounders. The women in the current study were not randomized, but consecutively 
recruited for a preoperative MRI scan. They were treated in the same time period as the 
patients in the non-MRI group, were included at similar rates during the investigated study 
period, under the same circumstances and had the same tumor characteristics. It allowed us to 
explore the potential impact of our preoperative guidelines on the management of additional 
MRI findings.

Although there was no selection on age in the current study we did observe a lower mean 
age in the MRI group, comparable to the observations of Solin et al. [37]. We analyzed 
the allocation procedure but could not find an explanation for this finding. It is likely that 
older women refused more often to undergo preoperative MRI. The multivariate analysis was 
performed taking the differences in age into account. Premenopausal women are at increased 
risk of local recurrence because of dense breast tissue (resulting in difficulty to visualize 
tumor extent) and increased tumor aggressiveness [3-5]. Nonetheless, despite the younger 
age of the women in the MRI group, this group still showed more complete excisions of IDC 
than the non-MRI group. This effect was not caused by larger excision volumes in the MRI 
group compared to the non-MRI group.

CONCLUSIONS

Preoperative MRI did not significantly affect the overall rate of incomplete tumor excision, 
but it yielded significantly lower rate of incompletely excised IDC. Preoperative MRI 
detected disease with larger extent in 11% of all patients eligible for BCT on the basis of 
conventional imaging and palpation, thus leading to a-prior changes in treatment.
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ABSTRACT

Background and purpose
Identifying breast cancers of limited extent (BCLE) is becoming increasingly important, 
especially for (image guided) minimally invasive therapy and partial breast irradiation. 
The purpose of this study is to establish characteristics at functional imaging and pathology 
associated with invasive BCLE.

Materials and methods
Seventy-five patients (77 breasts) with invasive breast cancer were prospectively included. 
Excision specimens were processed using complete embedding. Microscopic findings 
were reconstructed and correlated with contrast-enhanced MRI. Tumors were stratified by 
absence or presence of occult disease ≥10 mm from the MRI-visible lesion: BCLE and non-
BCLE, respectively. Imaging and pathology characteristics were evaluated for their ability 
to discriminate between BCLE and non-BCLE. Multivariate binary logistic regression was 
employed to create a prediction model for BCLE.

Results
At univariate analysis, imaging as well as pathology characteristics were indicative for BCLE 
(39/77 = 51%). At multivariate analysis, a mass on mammography, the absence of tumor 
washout, positive ER and low quantity of DCIS in the index tumor retained significance (area 
under ROC curve = 0.87).

Conclusions
Pre-treatment assessment of mammography findings, MRI washout kinetics, ER status and 
quantity of DCIS in the index tumor has the potential to accurately identify BCLE.

Keywords:
MRI; Breast; Breast cancers of limited extent (BCLE); Partial breast irradiation; Minimally 
invasive therapy
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INTRODUCTION

Randomized trials have demonstrated no difference in survival after breast-conserving 
therapy (BCT) or radical mastectomy [1]. Consequently, BCT has become the standard 
treatment for most patients with localized breast cancer [2]. BCT, consisting of breast-
conserving surgery and radiotherapy, aims to achieve the optimal balance between local 
control and adverse side effects such as poor cosmetic outcome and radiation-induced heart 
and lung damage. Although current local recurrence rates are low in the overall population 
of breast cancer patients – <1% per year follow-up – higher rates have been observed in 
younger patients [3]. Positive surgical resection margins are found in up to 30% of initial 
procedures, especially in non-palpable breast cancer [4]. Although residual tumor foci are 
typically controlled by subsequent mastectomy, re-excision, or additional radiotherapy, these 
procedures partly negate the benefit of breast conserving therapy. Moreover, recent studies 
have shown suboptimal long-term cosmetic outcome particularly when large radiation boost 
fields are applied [5] and [6]. Improved selection of localized breast cancers that have no 
surrounding disease components may potentially enhance the trade-off between local control 
and adverse side effects in subgroups of patients. Technological advances and the necessity 
to reduce side effects have fueled interest in even less invasive therapies such as minimally 
invasive image-guided tumor ablation and partial breast irradiation (PBI) [7] and [8]. One of 
the largest problems to date is, however, the inability to accurately select patients suitable for 
these techniques. This is especially important when the primary index tumor remains in situ 
after treatment, facilitating the localization of the target, but removing the ability to establish 
accurate tumor characteristics and margin status. This will be the case after minimally 
invasive therapies, e.g., high intensity focused ultrasound (HIFU) [9], radiofrequency- or 
laser ablation [10] and [11]. Similar concerns exist when a local therapy is to be selected at a 
time when no surgical specimen is yet available, such as with intra-operative PBI [12].

In approximately half the number of patients eligible for BCT, additional tumor foci are found 
beyond the boundaries of the index tumor at preoperative imaging [13] and [14]. Faverly et 
al. used mammographic and pathologic criteria to help identify breast cancers of limited 
extent (BCLE) [15]. They defined breast carcinoma of limited extent (BCLE) as invasive 
breast cancers having no invasive carcinoma, ductal carcinoma in situ, and lymphatic emboli 
foci beyond 1 cm from the edge of the dominant mass. However, these criteria are based 
on patient populations and mammographic techniques present during the onset of national 
screening programmes. More recent techniques such as magnetic resonance imaging (MRI) 
were not available and could not be taken into account [16]. Contrast-enhanced MRI 
visualizes processes related to neovascularization and underlying biology of breast cancer 
[17]. In addition, because it is important to exclude multifocal and multicentric disease, 
the use of MRI has been suggested prior to PBI, rendering 5–10% of patients ineligible 
for PBI [18] and [19]. Moreover, recent insights in the molecular subtyping, e.g., hormone 
receptor status, of breast cancer were not available to consider subgroups within the overall 
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heterogeneous population of breast cancers [20]. Little is currently known about potential 
association between hormone receptor status, breast imaging and presence of occult disease 
burden. These are important issues because local therapy is typically based on imaging.

The purpose of this study is to identify invasive breast cancers with limited disease extension 
around the MRI-visible lesion, based on pre-treatment (functional) imaging features and 
histopathology of the dominant tumor mass. These hypotheses-generating results may 
be a first step towards identifying patients indicated for minimally invasive therapy and 
complement the selection of patients eligible for partial breast irradiation.

MATERIALS AND METHODS

Patients
The study was performed after approval of the institutional review board and written informed 
consent of all patients. In 2000, the MARGINS (Multi-modality Analysis and Radiogical 
Guidance IN breast conServing therapy) study started at our hospital. The purpose of this 
prospective study was to investigate the use of conventional imaging in combination with 
MRI to improve the definition of the extent and localization of the tumor. All women with 
pathology-proven invasive breast cancer (after fine-needle aspiration (FNA) cytology or 
14-gauge core biopsy) eligible for BCT on the basis of conventional imaging and clinical 
examination were recruited for an additional preoperative breast MRI [21]. The vast majority 
of the patients included in this study were female Caucasian from The Netherlands.

In the current study, patients were recruited from the MARGINS study between May 2003 
and August 2006 to undergo additional and more extensive pathology assessment of the 
tissue after breast-conserving surgery. Blinded for patient and tumor characteristics, our 
data manager randomly selected one patient a week for inclusion in the extensive pathology 
work-up. Given the workload and limited capacity of our Pathology department, the actual 
inclusion rate was, however, realized closer to one patient every 2 weeks. In this period a total 
of 77 of 463 (17%) MARGINS patients were selected for the current study.

Women who underwent chemo-or hormone therapy prior to surgery, had primary ductal 
carcinoma in situ (DCIS) on core biopsies, or had tumors that were not visible on MRI, were 
excluded.

Tumor characteristics at imaging
Conventional digital mammography was performed (Lorad Selenia; Hologic, Bedford, MA). 
Both breasts were imaged in the craniocaudal and mediolateral oblique directions. The lesion 
seen on mammography was reviewed by one radiologist, based on the ACR BI-RADS lexicon 
[22]. The following characteristics were annotated (Table 1): type of finding, shape, margin 
and density of a mass, presence of suspicious microcalcifications, and largest diameter.
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Ultrasonography was performed using a Philips scanner (Philips Medical Systems, Best, The 
Netherlands). The following characteristics were annotated (Table 1): type of finding, shape, 
orientation, margin and internal echogenicity of a mass, calcifications visible and largest 
diameter.

Table 1. Tumor characteristics at mammography and ultrasound. 
Characteristics Total tumors BCLE Non-BCLE p-value
No. of breasts (N = 77) 77 39 38
Age ± SD (years) 57.6 ± 9.6 58.2 ± 8.7 57 ± 10.5 0.583
Mammography
Type of finding 0.041*
None 7 4 3
Non-mass 9 1 8
Mass 61 34 27
Mass: shape 0.842
Irregular 37 21 16
Not irregular 24 13 11
Mass: margin 0.757
Spiculated 48 26 22
Not spiculated 13 8 5
Mass: density 0.256
Low 2 1 1
Equal 27 17 10
High 32 16 16
Microcalcifications present 0.065
No 65 36 29
Yes 12 3 9
Largest diameter ± SD (mm) 19.6 ± 12.5 17.9 ± 12.1 21.3 ± 12.9 0.269
Ultrasound
Type of finding 0.348
None 2 0 2
Non-mass 2 1 1
Mass 73 38 35
Mass: shape  0.855
Irregular 43 22 21
Not irregular 30 16 14
Mass: orientation 0.784
Parallel 26 13 13
Not parallel 47 25 22
Mass: margin 0.817
Circumscribed 22 11 11
Not circumscribed 51 27 24
Mass: internal echogenicity 0.49
Hypoechoic 58 29 29
Not hypoechoic 15 9 6
Calcifications visible 1.00
Yes 69 35 34
No 8 4 4
Largest diameter ± SD (mm) 13.7 ± 6.5 13.0 ± 6.4 14.5 ± 6.8 0.348

Abbreviations: BCLE, breast cancer of limited extent; SD, standard deviation. *Significant p-value.



48

Selection breast cancers of limited extentChapter 3

MRI was performed with a 1.5-T scanner (Magnetom, Siemens Medical Systems, Erlangen, 
Germany) using a coronal FLASH (fast low-angle shot)-3D acquisition technique. A 
standard clinical protocol was used, by means of the following MRI parameters: T1-
weighted sequence, TR 8.1 ms, TE 4.0 ms, reconstructed in-plane matrix: 256 × 256, voxel 
size of 1.3 × 1.3 × 1.3 mm3, no fat suppression. Patients were positioned prone and both 
breasts were imaged using a dedicated phased-array bilateral 4-channel breast coil. One 
series was acquired before and four series after intravenous injection of a bolus (14 ml) of 
gadolinium containing contrast agent followed by a 30-ml saline flush using an automatic 
injector (3 ml/s). The series were acquired at intervals of 120 s. Subtraction images were 
automatically computed by subtracting the pre-contrast images from the first post-contrast 
images. MRI scans were read and scored according to the MRI BI-RADS lexicon [23]. On 
a viewing station, subtraction images were reformatted and linked in three perpendicular 
planar views (coronal, transversal and sagittal) [24]. Interpretation of MRI was based on 
morphological as well as kinetic properties of contrast uptake. Visual as well as computer-
aided assessment was used. The following characteristics were annotated (Table 2): type 
of lesion, shape of mass, margin of mass, initial enhancement (within the first 2 min) and 
late enhancement (480 s after contrast administration). The tumor diameter was measured in 
three planes, using the subtraction images and maximum intensity projections. The largest 
diameter (mm) was recorded. Differences in size of the lesion on mammography, ultrasound 
and MRI were recorded.

If more than one suspicious lesion was visible on any of the imaging modalities, each lesion 
was considered separately and the largest diameter of the total area, including normal breast 
tissue between the lesions was recorded. If additional findings were sufficiently close to the 
index lesion to maintain eligibility for BCT, a wide-local excision (WLE) was performed to 
include the additional finding. If pathology confirmed malignant disease over a larger region 
than acceptable for BCT, a conversion to neo-adjuvant chemotherapy or mastectomy was 
advised (approximately 9% of patients in the MARGINS study [21]). If pathology proof 
could not be obtained, BCT was advised with annual follow-up.

Tumor characteristics at pathology
All wide local excision (WLE) procedures were performed by dedicated breast surgeons 
aiming at a microscopically tumor-free margin of at least 1 cm [2], and typically extending 
from skin to basal fascia according to the technique described by Aspegren et al. [25]. The 
WLE specimens were completely embedded and analyzed to establish extent of the invasive 
index tumor (the dominant invasive mass) and microscopic spread of disease. An extended 
fixed protocol, comparable to the approach reported by Egan et al. [26] was used for this 
purpose [14]. First, the WLE was marked and inked to indicate orientation. Then, the specimen 
was chilled and sectioned into 4-mm parallel slices. Each slice was completely embedded 
using multiple paraffin blocks. Two pathologists experienced in breast pathology, reviewed 
the histology slides after H&E staining. They indicated the tumor distribution by recording
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Table 2. Tumor characteristics at MRI and size differences. 
Characteristics Total tumors BCLE Non-BCLE p-value
No. of breasts (N = 77) 77 39 38

MRI
Type of lesion 0.240
Non-mass 2 0 2
Mass 75 39 36

Mass: shape 0.88
Round 20 10 10
Oval 23 12 11
Lobular 19 9 10
Irregular 13 8 5

Mass: margin 0.773
Smooth 25 12 13
Irregular 42 22 20
Spiculated 8 5 3

Initial enhancement 0.263
>100% 69 33 36
<100% 8 6 2

Late enhancement 0.025*
Wash-out 65 29 36
No wash-out 12 10 2
Largest diameter ± SD (mm) 18.1 ± 7.6 16.3 ± 6.1 19.9 ± 8.5 0.037*

Size differences
Mammogram – ultrasound ± SD 4.6 ± 13.9 4.3 ± 12.7 2.8 ± 15.3 0.940
MRI – mammogram ± SD −1.4 ± 13.3 −1.8 ± 9.7 −0.9 ± 16.3 0.773
MRI – ultrasound ± SD 2.9 ± 9.4 2.2 ± 7.3 3.5 ± 11.3 0.579
MRI – (largest ultrasound or 
mammogram) ± SD −3.0 ± 13.7 −3.1 ± 10.0 −2.8 ± 16.6 0.940

Abbreviations: BCLE, breast cancer of limited extent; MRI, magnetic resonance imaging; SD, standard deviation 
(mm). *Significant p-value

the outline of the index tumor and the location and extent of surrounding microscopic tumor 
foci, i.e. invasive foci, DCIS and lymphatic emboli. The nearest and furthest distance (mm) 
of each focus to the edge of the index tumor was assessed by combining distances in and 
across histology slices. Findings at pathology were reconstructed and correlated with MRI 
findings [14].

The following pathology characteristics were annotated (Table 3): tumor type and grade, 
number of mitoses and mitoses score, estrogen receptor (ER) status, progesterone receptor 
(PR) status, human epidermal growth factor 2 (Her-2/neu) receptor status, the quantity of 
DCIS in the index tumor, the absence or presence of an extensive intraductal component 
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Table 3. Tumor characteristics at pathology. 
Total tumors BCLE Non-BCLE p-value

No. of breasts (N = 77) 77 39 38

Size
Size index tumor ± SD (mm) 19.1 ± 8.2 18.0 ± 6.9 20.2 ± 9.2 0.200
Size index tumor + additional findings ± SD (mm) 41.8 ± 22.7 24.5 ± 9.2 60.0 ± 18.2 <0.001*

Tumor type 0.787
IDC 56 28 28
ILC 10 6 4
Other 11 5 6

Histologic grade index tumor 0.160
Grade I 30 17 13
Grade II 28 16 12
Grade III 19 6 13
Number of mitosis ± SD 7.9 ± 8.5 6.2 ± 7.0 9.7 ± 9.5 0.068

Mitoses score 0.182
Low: 0–6 48 28 20
Intermediate: 7–12 11 5 6
High: >13 18 6 12

Quantity of DCIS in index tumor <0.001*
None 36 27 9
Minimal 30 11 19
Moderate/extensive 11 1 10

Estrogen 0.007*
Negative 10 1 9
Positive 67 38 29

Progesterone 0.915
Negative 36 18 18
Positive 41 21 20

Her-2/Neu 0.047*
Negative 62 35 27
Positive 15 4 11

EIC <0.001*
Absent 58 39 19
Present 19 0 19

Lymph node status 0.852
Negative 56 28 28
Positive 21 11 10

Margin status of WLE specimen
Negative for invasive tumor 73 37 36 0.979
Positive for invasive tumor 4 2 2
Negative for in situ component 53 36 17 <0.001*
Positive for in situ component 24 3 21

Abbreviations: BCLE, breast cancer of limited extent; SD, standard deviation; IDC, invasive ductal carcinoma; 
ILC, invasive lobular carcinoma; DCIS, ducta carcinoma in situ; EIC, extensive intraductal component. 
*Significant p-value. Total tumors BCLE



51

3

Selection breast cancers of limited extentChapter 3

(EIC) and surgical margin status.

Grade was determined according to the Bloom and Richardson method [27]. ER and PR 
status were determined by immunohistochemistry and considered positive if more than 
10% of nuclei stained positive. The Her-2/neu receptor status was assessed by scoring the 
intensity of membrane staining using immunohistochemistry. Tumors with a score of 3+ 
(strong homogeneous staining) were considered positive. In case of 2+ scores (moderate 
homogeneous staining) chromogenic in situ hybridization was used to determine Her-2/neu 
amplification. Amplification was defined as a gene copy number of six or more per tumor 
cell. The DCIS component in the tumor was considered minimal if three of fewer ducts 
were involved, moderate if four to nine ducts were involved, and extensive if 10 or more 
ducts were involved [3]. EIC was defined as DCIS in grossly normal breast tissue adjacent 
to the index tumor and comprising more than 1 low power field at microscopy (>1 cm) [28] 
and [29]. All patients underwent sentinel lymph node biopsy.

Study group definitions
A BCLE was defined as a tumor with no additional histopathologic disease foci at or beyond 
10 mm from the edge of the MRI-visible lesion (Fig. 1). A non-BCLE was defined as a tumor 
with additional histopathologic disease foci at or beyond 10 mm from the MRI-visible lesion. 
This definition was adapted from Faverly et al. [15].

Fig. 1.  Illustration of BCLE and non-BCLE. A BCLE was defined as a tumor with no additional histopathologic 
disease foci beyond 10 mm from the edge of the MRI-visible lesion (left). A non-BCLE was defined as a tumor with 
additional histopathologic disease foci at or beyond 10 mm from the MRI-visible lesion (right).
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Statistical analysis
Univariate analyses were performed to assess associations between imaging/pathology 
features and BCLE; Student’s t-tests were used for continuous normally distributed features, 
Mann–Whitney U exact tests for non-normal distributed continuous features, and Pearson’s 
chi-square or Fisher’s exact tests for categorical features. All tests were two-sided. A p-value 
≤ 0.05 was considered a significant indication for BCLE. Data normality was assessed though 
Q–Q plots and Kolmogorov–Smirnov tests. Features with a univariate p-value ≤0.2 potentially 
attainable from core biopsy prior to therapy and from imaging entered the multivariate 
analysis. Age and tumor grade were always included. To reduce the risk of overfitting with 
excess features, we adhered to the general guideline for multivariate prediction models 
(10 positive and 10 negative cases per multivariate feature [30]) yielding restriction of the 
maximum number of selected features to four in our database. Multivariate binary logistic 
regression was performed using backward step-wise feature selection with probability to 
enter 0.05 and probability to remove 0.10. Potential correlations between features were 
taken into account. The resulting model was cross-validated using 5-fold cross validation. A 
nomogram was constructed to visualize the model. Receiver operating characteristics (ROC) 
analysis was used to quantify the ability to discriminate between BCLE and non-BCLE and 
to examine the impact of various operating points on the sensitivity and specificity of the 
model. SPSS 16.0 was used, as well as PROPROC [31], and Matlab R12 (TheMathWorks).

RESULTS

Patient and study group definitions
Seventy-five breast-cancer patients (77 breasts) were included in the study. After correlation 
of MRI and pathology, 39 (51%) tumors were BCLE and 38 (49%) non-BCLE. Patient age 
did not show a significant relation with BCLE (p = 0.583).

Tumor characteristics at imaging
On mammography, 70 of 77 lesions were visualized (Table 1). The type of finding was a 
significant indicator for differences between BCLE and non-BCLE (p = 0.041). Eight of the 
nine (89%) non-mass lesions (microcalcifications only or an architectural distortion) were 
non-BCLE.

On ultrasound, 75 of the 77 (97%) lesion were visualized (Table 1). None of the ultrasound 
lesion characteristics were found to be significantly associated with BCLE.

On MRI, the absence of contrast washout was significantly associated with BCLE (p = 0.025) 
(Table 2). Of the 12 tumors that showed a persistent enhancement or plateau, 10 (83%) were 
BCLE. Initial enhancement showed no correlation with BCLE (p = 0.263). Smaller lesion 
size on MRI was found to be associated with BCLE (p = 0.037) at univariate analysis. None 
of the other morphologic MRI characteristics were predictive for BCLE.
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Tumor characteristics at pathology
A total of 1019 slices were obtained (13.2 on average per WLE). From these slices, 2691 
microscopic slides were reviewed (35.0 on average per WLE). The size of the lesion found 
on MRI was equal to or smaller than the size of the invasive index tumor on pathology in 51 
(66%) cases and was larger in 26 (34%) tumors.

Significant association was found between ER and Her-2/Neu receptor status and non-BCLE 
(p = 0.006 and p = 0.047, respectively) ( Table 3). Nine of the ten (90%) ER negative tumors 
and 11 out of 15 (73%) Her-2/neu positive tumors were non-BCLE. The quantity of DCIS in 
the index tumor was most indicative for differences between BCLE and non-BCLE: moderate 
or extensive quantity of DCIS was associated with larger risk of non-BCLE (p < 0.001). 
Fifty-eight (75%) tumors were classified as EIC- and 19 (25%) as EIC+. All of the 19 (100%) 
EIC+ tumors were non-BCLE.

Surgical margin status was positive for invasive tumor in 4 cases (5%), and positive for the 
in situ component in 24 cases (31%). A positive surgical margin for the in situ component 
was significantly associated with a non-BLCE (p < 0.001). Findings on mammography 
(p = 0.006) and DCIS in index tumor (p = 0.007) were significantly associated with positive 
surgical margins for the in situ component.

Multivariate analysis
The following features entered multivariate analysis: age, type of finding at mammography, 
presence of microcalcifications, MRI late enhancement, MRI largest tumor diameter, 
histologic grade of index tumor, mitoses score, ER and Her-2/Neu receptor status and 
quantity of DCIS in index tumor. EIC was not considered for multivariate analyses, because 
this feature can only be determined after surgery in the excision specimen. The following 
features retained significance in the multivariate model: ER status, quantity of DCIS in index 
tumor, MRI late enhancement, findings at mammography. The area under the ROC curve was 
0.87 ± 0.04 (Fig. 2), and 0.81 after 5-fold cross validation. At 10% false-positive (FP) fraction 
for BCLE, approximately half the number of BCLE (46%) are correctly identified (Fig. 2). 
At 90% true-positive (TP) fraction for BCLE, the FP fraction is 32%. The performance of the 
model to stratify tumors into BCLE and non-BCLE is illustrated in Fig. 3.

The contribution of the features to the multivariate model is illustrated in the nomogram (Fig. 
4). In this nomogram, the points for each feature are to be combined to make a total score 
and probability for BCLE. For example, a 10% FP rate on the ROC curve corresponds to a 
cut-off probability of 0.82 (see Fig. 2). In the nomogram, a probability of 0.82 corresponds 
to a total score of a least 285. The combination of tumor features and their points either 
reaches (assume BCLE) or does not reach (assume non-BCLE) this threshold. This method 
of presentation is comparable to that of, e.g., the Adjuvant! Online system [32, 33], where 
tumor characteristics are weighted to estimate the benefit of adjuvant systemic therapy in 
breast cancer patients. As illustrated by the nomogram, ER status is most indicative for 
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Fig. 2. ROC curve (N = 77) for the prediction model of BCLE containing the characteristics significant at 
multivariate analysis. The area under the curve = 0.87. The dots represent different operating points. Each operating 
point corresponds to a false-positive fraction, a true-positive fraction, and a cut-off probability that may be used in 
the nomogram.

Fig 3. Illustration of the stratification into BCLE and non-BCLE according to the model at a low (3%) false-positive 
operating point on the ROC-curve. The drawn line represents the cases that were selected as BCLE (N=9), the dotted 
line represents the cases that were selected as non-BCLE (N=68). None of the expected BCLE had an extensive 
intraductal component. The incidence of disease was smaller at all distances around the index tumor in the expected 
BCLE group. 
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BCLE, followed by mammography findings, quantity of DCIS in the index tumor and MRI 
late enhancement.

The model was also associated with positive surgical tumor margins (invasive and the in situ 
component), with an area under the ROC curve of 0.66 (p = 0.02).

DISCUSSION

In this study, we established tumor characteristics associated with BCLE. At multivariate 
analysis, imaging as well as histopathology features were found to be significantly associated 
with BCLE: positive ER status, mass lesion at mammography, low quantity of DCIS in the 
index tumor and absence of washout kinetics at MRI. These yielded an area under the ROC 
curve of 0.87.

Particularly now that breast cancers are detected in an earlier stage due to screening programs, 
the interest increases for highly conformal treatment techniques that reduce side effects such 
as poor cosmetic outcome while achieving high rates of local control. The use of partial 
breast irradiation (PBI) in and outside the framework of clinical trials has markedly increased 
[34]. Although the results of clinical PBI studies are promising, variations exist in eligibility 
criteria [34] and [35]. Novel tumor ablation techniques are explored for minimal invasive 
image-guided treatment of breast cancer, such as radiofrequency-, laser-, cryo- and HIFU 

Fig. 4. Nomogram to predict BCLE using features selected at multivariate analysis. The nomogram also represents 
the strength of each feature to discriminate between BCLE and non-BCLE. Adding the points for each feature gives 
a total score and a corresponding probability of BCLE. Depending on the cut-off probability chosen on the ROC 
curve, a threshold value of total score has to be reached to assume presence of BCLE.
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ablation [7] and [36]. Accurate pre-treatment selection of patients with BCLE will, however, 
be essential for highly conformal image-guided therapy of breast cancer. We emphasize that 
in the current study, non-BCLE is eligible for standard BCT, whereas BCLE (identified in 
part by MRI) may be eligible to smaller treatment volumes. Conversely, breast conserving 
therapy may ultimately be intensified in patients who are at high risk of an extensive disease 
burden.

Identifying BCLE has been subject of previous studies [15]. Faverly et al. used both 
mammographic and pathologic tumor features to identify BCLE [15]. These tumors were 
defined as cancers with no foci beyond 10 mm from the edge of the dominant mass on 
pathology. In total 53% of tumors were BCLE. Absence of calcification or tumor density 
beyond the edge of the index tumor on mammography appeared to be the best predictor. In 
addition, they found that a 10 mm tumor-free margin gives the best positive predictive value 
for BCLE. However, the latter may be of limited value prior to minimally invasive therapy. 
Furthermore, hormone receptor status and MRI features were not considered. Vicini et al. 
used re-excision specimens from 441 patients who were treated with lumpectomy, in order to 
identify factors associated with possible disease extensions [37]. They found that the surgical 
margin status and a greater number of DCIS ducts near the resection margin were associated 
with the likelihood of residual carcinoma.

In a previous MRI-pathology correlation study, presence of microscopic disease foci was 
found beyond 10 mm from the edge of the MRI-visible lesion in 52% of the patients [14]. 
We were, however, not able to explore factors that discriminate between the group with and 
the group without these disease extensions. In the current study, the number of patients has 
been increased and detailed multivariate analysis including cross validation was performed 
to explore potential predictive factors for these groups. Association between type of finding 
on mammography and BCLE was also found. Particularly tumors that represented as a non-
mass, i.e. clusters of microcalcifications or architectural distortion, were an indication of non-
BCLE. These findings are in accordance with those from other studies [38], [39] and [40].

At multivariate analysis, another imaging feature retained significance: late enhancement 
kinetics at MRI. A plateau or slowly rising and persistent signal intensity curve was associated 
with BCLE, but it has also been reported in benign lesions [41]. Rapid washout, typically 
seen in malignant lesions, is most likely caused by the arterioveneus shunts that exist within 
the network of tumor vessels. Apparently, some BCLE have more benign contrast uptake 
kinetics which may be associated with a lower degree of neoangiogenesis in and around the 
tumor. The importance of late enhancement kinetics is also emphasized by other studies, e.g., 
focusing on tumor response during neoadjuvant chemotherapy [42] and [43].

The potential benefit of preoperative MRI is currently under debate because local recurrence 
rates after standard BCT are low [5] and preoperative MRI has been reported maintain 
the rate of mastectomies [44]. Furthermore, MRI can over- or under estimate tumor size, 
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leading to over- or under treatment. Nonetheless, the pursuit to reduce adverse side effects by 
limiting treatment volumes necessitates accurate identification of BCLE. MRI may enhance 
this identification, but should only be used in subgroups of patients who are likely to benefit 
from less invasive therapy.

From the four tumor characteristics that were significant at multivariate analyses, two were 
obtained from histopathology. ER expression is a known prognostic factor in breast cancer; 
patients with ER positive tumors have an overall better survival than hormone receptor 
negative tumors, because they respond to hormonal therapy [45] and [46]. We found that 
most ER-negative tumors (90%) were associated with non-BCLE. The results from the 
study of Wilder et al. [47] seem to underline our findings: the presence of an ER negative 
tumor had a significant adverse effect on relapse-free survival after PBI. Furthermore, MRI 
is apparently less capable of visualizing disease extensions when the tumor is ER negative. 
To our knowledge, this is the first study that reports dependence of MRI on the ER receptor 
status to accurately visualize disease extent.

The other histopathologic finding was the quantity of DCIS found in the index tumor. 
Apparently, the quantity of DCIS in the index tumor, is indicative of the extent of DCIS 
around the tumor and around the MRI-visible lesion. When final histology is not available, 
e.g., after (currently experimental) minimally invasive therapy, pre-therapy core biopsies 
can potentially be used to determine this feature. Some studies have shown that the presence 
of DCIS in core biopsies of invasive tumors are predictive for the presence of an extensive 
intraductal component in the lumpectomy specimen[48] and [49]. This remains an important 
subject for future studies.

BCLE defined in the current study may be a potential candidate for minimally invasive 
localized therapy and contribute to the pre-treatment selection of patients for partial breast 
irradiation. We suggest some additions to the identification of BCLE according to Faverly 
et al.

• After biopsy of a suspicious lesion confirms the presence of a malignant tumor, the quantity 
of DCIS and the hormonal receptor status in the core should also be considered. ER negative 
tumors and tumors with moderate or extensive amount of DCIS, should not be considered.

• BCLE should then be considered based on the findings at mammography and MRI. Caution 
is advised when a non-mass (microcalcifications only or architectural distortion) is found at 
mammography. Special attention should be paid to the signal intensity curve at MRI. Tumors 
with plateau or increased enhancement are more likely to be suitable.

A limitation of our study was that pathology features were established from the WLE 
specimens rather than from core biopsies. As most of our patients underwent FNA rather 
than core biopsy, no pathology reports from core-biopsies were available. Nonetheless, we 
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only used those features from the WLE specimen that can be accurately assessed from core-
biopsies. Hormonal receptor status and presence or amount of DCIS in the tumor have shown 
to be determined with confidence in the core-needle biopsies with concordance rates as high 
as 98% [48], [49], [50] and [51]. The extent of DCIS, however, was not considered in our 
model because it cannot be reliably established from core biopsy. We suggest to use the most 
reliable and representative pathology specimen available. When a surgical specimen is absent 
before or after treatment, e.g., with neoadjuvant PBI or minimally invasive therapy, large-
core needle biopsies are needed to determine tumor characteristics.

Another limitation of this study is the relatively small number of patients. Although cross-
validation was used in the multivariate analyses, a prospective validation of our findings in 
larger cohort of patients is needed. Such study is currently under way. Future studies will 
be directed towards further improving the ability to discriminate between BCLE and non-
BCLE, using additional functional tumor information from MRI and nuclear imaging, as well 
as from gene-expression profiling.

In conclusion, pre-treatment imaging parameters and tumor characteristics have the potential 
to accurately identify cancers suitable for minimally invasive therapy and contribute to the 
selection of patients for partial breast irradiation. In particular, breast tumors with limited 
disease at histopathology around the MRI-visible lesion were associated with the positive ER 
status, finding of a mass at mammography, no or limited DCIS in the index tumor and absence 
of washout kinetics at MRI. Given the limited size of our dataset, our findings are, however, 
considered hypothesis-generating, and definite guidelines for routine clinical implementation 
cannot yet be formulated.
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ABSTRACT

Aim
To determine when preoperative breast MRI will not be more informative than available 
breast imaging and can be omitted in patients eligible for breast conserving therapy (BCT).

Methods
We performed an MRI in 685 consecutive patients with 692 invasive breast tumors and eligible 
for BCT based on conventional imaging and clinical examination. We explored associations 
between patient, tumor, and conventional imaging characteristics and similarity with MRI 
findings. Receiver operating characteristic (ROC) analysis was employed to compute the 
area under the curve (AUC).

Results
MRI and conventional breast imaging were similar in 585 of the 692 tumors (85%). At 
univariate analysis, age (p < 0.001), negative preoperative lymph node status (p = 0.011), 
comparable tumor diameter at mammography and at ultrasound (p = 0.001), negative HER2 
status (p = 0.044), and absence of invasive lobular cancer (p = 0.005) were significantly 
associated with this similarity. At multivariate analysis, these factors, except HER2 status, 
retained significant associations. The AUC was 0.68.

Conclusions
It is feasible to identify a subgroup of patients prior to preoperative breast MRI, who will 
most likely show similar results on conventional imaging as on MRI. These findings enable 
formulation of a practical consensus guideline to determine in which patients a preoperative 
breast MRI can be omitted.

Keywords
Breast cancer; Breast conserving therapy; Breast MRI; Staging
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INTRODUCTION

There is a persisting controversy about the role of contrast-enhanced magnetic resonance 
imaging (MRI) of the breast in patients with known breast cancer and eligible for breast 
conserving therapy (BCT). BCT includes limited surgery to excise the tumor and postoperative 
radiotherapy. Several studies demonstrated that MRI has superior sensitivity to detect 
invasive breast cancer compared to conventional imaging (mammography and ultrasound) 
and clinical breast examination (CBE) [1-4]. This sensitivity leads to improved definition of 
tumor extent [4, 5]. As a result, MRI has been expected to increase complete resection rates, 
breast cancer control and cosmetic outcome, but these effects have not been demonstrated 
consistently.

Opponents of the routine use of preoperative breast MRI point at the risk of overdiagnosis 
and overtreatment, increase in cost, delay in surgery, increased patient anxiety, and the ability 
of adjuvant therapy to eradicate possible additional disease foci [2, 6]. Conversely, it has been 
postulated that if lumpectomy margins need to be clear from microscopic disease in order to 
reduce the risk of local recurrence, small foci detected on MRI also need identification and 
excision [7].

The use of MRI in the preoperative staging of BCT is recommended by a number of studies 
[8, 9], but remains controversial in others [2, 6]. Meanwhile, preoperative breast MRI is 
increasingly used, and the need for clinical guidelines rises.

Parallel to the efforts to define the role of preoperative MRI in the ipsilateral breast, both 
the European Society of Breast Imaging, and the American College of Radiology (ACR) 
have recommended the use of MRI to screen the contralateral breast in patients with proven 
cancer [9, 10]. More recently the European Society of Breast Cancer Specialists (EUSOMA) 
has published general recommendations for the application of breast MRI [11]. The authors 
acknowledged that preoperative MRI may have potential advantages for particular subgroups 
(e.g., patients with invasive lobular cancer and women at high risk for breast cancer), but 
recommended further research.

There is similarity between conventional imaging and MRI in approximately 85% of BCT 
patients [12-14]. So regardless which guidelines are used for preoperative breast MRI, 
the value of this technique can be disputed in this group of patients. If this group could 
be identified prior to the decision to perform the MRI, studies on MRI-detected additional 
disease could be powered more efficiently while reducing the number of clinical procedures 
and cost.

Our aim was to investigate clinical, pathological and imaging characteristics available prior 
to MRI to identify patients who are expected to have MRI findings similar to conventional 
imaging findings. Combined with existing knowledge on preoperative breast MRI we 
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formulated practical guidelines to determine in which patients a preoperative breast MRI can 
be omitted.

METHODS AND MATERIALS

Patients
The cohort consisted of women with invasive breast cancer who participated in the MARGINS 
(Multi-modality Analysis and Radiogical Guidance IN breast conServing therapy) study 
conducted at the Netherlands Cancer Institute, between 2000 and 2008. The aim of this single-
institution study was to investigate the use of conventional imaging in combination with MRI 
to improve the assessment of extent and localization of the disease. In the MARGINS study, 
women with pathology-proven invasive breast cancer and eligible for BCT on the basis of 
conventional imaging and CBE were consecutively recruited for an additional preoperative 
breast MRI. Non-participants refused to undergo an additional MRI, could not be imaged by 
MRI prior to the scheduled surgery date (without treatment delay), or had contraindications 
for MRI, such as claustrophobia.

The MARGINS study was approved by the institutional review board and written informed 
consent of the participants was obtained.

Before MRI all patients underwent conventional imaging and CBE. Proof of malignancy 
was obtained by means of fine needle aspiration cytology (FNAC) and/or a core biopsy. 
Characteristics of the lesions at conventional imaging were assessed by radiologists 
experienced in breast imaging according to the ACR criteria [15].

Mammography
Initially mammography was done with a Trex LORAD MIV (Trex Medical Corporation, 
LORAD Division, Danbury, CT) or a Philips Mammo Diagnost 3000 (Philips Medical 
Systems, Best, The Netherlands) and Agfa HDR films. In 2004 we implemented digital 
mammography: Selenia (Hologic, 35 Crosby Drive, Bedford, MA). Both breasts were imaged 
in the cranio-caudal and medio-lateral oblique directions. Breast density was subdivided in 4 
categories, representing ACR 1–4 (completely fatty to extremely dense) [15].

Ultrasound
Ultrasound was performed with a Kretz Voluson V730 (Kretztechnik, Zipf, Austria) and 
a Philips IU22 (Philips, Best, Netherlands). Ultrasound of the axilla was performed in all 
patients and an FNAC was done for proof of malignancy of suspicious lymph nodes [16].

MRI
MRI examinations were performed and interpreted as reported previously [17], initially using 
a 1.5-Tesla scanner (Magnetom, Siemens, Erlangen, Germany) and from April 2007 using a 
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3.0 Tesla scanner (Achieva Philips, Best, The Netherlands).

Guidelines for management of additional lesions on MRI
Additional lesions on MRI were defined as lesions in the vicinity of the index tumor, (multifocal 
tumor extent) and lesions in a different quadrant of the ipsilateral breast (multicentric tumor 
extent). Guidelines were established to handle additional lesions detected on MRI, aiming to 
minimize additional procedures and treatment changes due to benign findings. This approach 
has recently been described in more detail [17]. Briefly, for multifocal additional lesions 
(maximum diameter of volume including index tumor and additional lesion(s) <3 cm), 
surgery was done with larger wide-local excision margins. For multicentric additional 
lesions (>5 mm) attempts were made to obtain proof of malignancy by second-look targeted 
ultrasound and FNAC or core biopsy. If pathology confirmed malignant disease over a region 
too large to allow cosmetically acceptable BCT, a conversion to mastectomy was advised. 
If no pathology proof for multicentric additional lesions could be obtained prior to surgery, 
BCT was pursued and follow-up with MRI was advised. During the study period, MRI-
guided biopsies were only occasionally done. Mastectomies, solely based on MRI findings 
were not performed. All findings were discussed preoperatively in a multidisciplinary team 
of breast cancer specialists. In the current study only primary and additional lesions with 
pathology proof of malignancy were included.

Pathology
Pathologists, experienced in breast cancer, assessed the specimens to report the margins, 
histological grade and type of the cancer. Excision specimens were handled according to a 
protocol adopted from Egan [18]. Briefly, each specimen was cut into 3–4 mm slices and 
fixed in 4% formalin overnight. Subsequently, a radiograph and a digital photo from the slices 
were obtained to correlate radiological and microscopic findings. Immunohistochemistry 
was used to assess estrogen receptor (ER), progesterone receptor (PR) and human epidermal 
growth factor receptor 2 (HER2). Based on macroscopic, radiographic and MRI findings, 
samples were taken to enable adequate microscopic investigation of the lesions and their 
surroundings.

Statistical analysis
SPSS Version 20.0; SPSS Chicago, IL, was used to explore differences in patient and tumor 
characteristics between women with similar malignant findings and those with discordant 
malignant findings on preoperative breast MRI. Student’s t-tests were performed for 
normally distributed continuous variables, and Mann–Whitney U and Fisher’s exact test for 
the non-normally distributed ones. Multivariate analysis using logistic regression (LR) was 
performed to determine which factors were significant explanatory variables for additional 
disease. Backward LR using step-wise feature selection (f-to-entry: 0.05, f-to-remove: 0.10) 
was applied.

The following patient and tumor characteristics were entered into the multivariate analysis: 
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age at diagnosis, preoperative lymph node metastasis (present/not present), ER status 
(positive/negative), PR status (positive/negative), HER2 status (positive/negative), invasive 
lobular cancer (ILC) (yes/no), breast density on mammography (ACR 1 and 2 versus 3 and 
4), tumor histological grade (1, 2, and 3) and discrepancy in diameter between mammography 
and ultrasound (yes/no). This discrepancy was defined as: a tumor occult at mammography 
or a difference in tumor diameter between mammography and ultrasound of 10 mm or more. 
Receiver operating characteristic (ROC) curve analysis was employed to compute the area 
under the curve (AUC). A p-value ≤0.05 was considered significant.

RESULTS

The study group consisted of 685 women with 692 breasts cancers (7 initially bilateral). The 
mean age was 56.6 years, standard deviation 10.4 years. The majority, 76.5%, had invasive 
ductal cancer (IDC) and 20% had invasive lobular cancer (ILC). Additional malignant disease 
on MRI (i.e., discordant findings with conventional imaging) was detected in 107 of the 692 
breasts (15.5%) (Table 1).

Of the 237 tumors with postoperative positive lymph nodes, 54 (22.8%) were detected 
preoperatively by ultrasound and subsequent FNAC. At univariate analysis, age, preoperative 
lymph node positivity (FNAC), HER2-positivity, discrepancy in tumor diameter between 
mammography and ultrasound (including mammographic occult), and presence of ILC were 
significantly associated with discordant findings (p < 0.001, p = 0.011, p = 0.044, p = 0.001, 
p = 0.005, respectively). At multivariate analysis these factors, except HER2-positivity, 
retained significance. The area under the ROC curve was 0.68, 95% confidence interval: 
0.63–0.74.

Discrepancy in tumor diameter between mammography and ultrasound occurred significantly 
more often in younger patients and patients with breast density ACR 3 and 4 (p < 0.001) (Table 
2). In addition, significant association was found between discordant malignant findings and 
postoperative lymph node status (p < 0.001).

Contralateral breast cancer on MRI was detected in 5 of the 685 patients (0.7%). These 
cancers, which were occult at conventional diagnosis, were not included in the analysis as 
discordant malignant findings.

DISCUSSION

Since the introduction of BCT it is known and accepted that not all disease is visualized 
on imaging. It was and still is assumed that undetected disease foci will be controlled by 
adjuvant treatments [19, 20]. Progression in the field of preoperative imaging, in particular 
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Table 1.  Patients and tumor characteristics.
Variable Similar findings Discordant findings Total p-value

579 women 106 women* 685 women
585 tumors 107 tumors 692 tumors

Age Mean: 57.5 years Mean: 53.6 years Mean: 56.9 years <0.001
SD 9.9 years 
(range: 27–86 years)

SD 10.8 years 
(range: 29–86 years)

SD 10.2 years 
(range: 27–86 years)

 ≤40 yr 36 (78.3) 10 (21.7) 46
 41–50 yr 110 (75.9) 35 (24.1) 145
 51–60 yr 209 (84.6) 38 (15.4) 247
 >60 yr 224 (90.7) 23 (9.3) 247
Tumor histology type 0.028
 IDC 457 (86.4) 72 (13.6) 529
 ILC 80 (75.5) 26 (24.5) 106
 Other 48 (90.6) 5(9.4) 53
 NOS 0 4 4

0.005
 ILC 80 (75.5) 26 (24.5) 106
 No ILC 505 (86.2) 81 (13.8) 586
Tumor subtype
 ER 0.912
 Positive 490 (84.5) 90 (15.5) 580
 Negative 90 (84.9) 16 (15.1) 106
 Missing 5 1 6
 HER 2 0.044
 Positive 68 (77.3) 20 (22.7) 88
 Negative 511 (85.6) 86 (14.4) 597
 Missing 6 1 7
Histological grade 0.10
 1 189 (87.5) 27 (12.5) 216
 2 235 (81.6) 53 (18.4) 288
 3 149 (87.6) 21 (12.4) 170
 Missing 12 6 18
Preoperative lymph node status 0.011
 FNAC positive 39 (72.2) 15 (27.8) 54
 FNAC negative 546 (85.6) 92 (14.4) 638
Breast density 0.366
 ACR 1 and 2 366 (14.5) 62 (85.5) 428
 ACR 3 and 4 219 (83.0) 45 (17.0) 264
Discrepancy diameter 
mammography/ultrasound 
(≥10 mm) incl. mammographic 
occult

0.001

 No 527 (86.3) 84 (13.7) 611
 Yes 58 (71.6) 23 (28.4) 81

Abbreviations: SD, standard deviation; ILC, invasive lobular cancer; IDC, invasive ductal cancer; NOS, not 
otherwise specified; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; ACR breast density 
mammography: 1–4 completely fatty to extremely dense; FNAC: fine needle cytology. Values between parentheses 
are percentages; unless otherwise indicated.
*one woman with a contralateral tumor had discordant findings in both breasts.
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MRI, enabled detection and addressing of these foci more extensively, but it is currently 
unclear if patients benefit from this development in terms of a better surgical outcome and 
prognosis. These aspects of breast MRI, which have been subject of world-wide research 
for many years, were not the aim of the current study. Alternatively we focused on the vast 
majority of patients (∼85%) with a proven malignancy in which preoperative MRI did 
not show any additional malignant findings to conventional imaging. In our opinion this 
approach relates better to our daily clinical practice, because an MRI without complementary 
information will not have impact on surgical outcome or prognosis. In a prospectively 
collected dataset we explored which factors were associated with a high likelihood of the 
same findings on conventional imaging and MRI in 685 consecutive patients eligible for 
BCT. Although this likelihood was associated with older age, lymph node negativity, equal 
tumor size at mammography and ultrasound, and no ILC at histology, ROC analysis suggests 
that these associations alone are insufficient to accurately dismiss MRI as non-informative.

Our observed associations of similarity between conventional imaging and MRI are consistent 
with the literature on additional disease at preoperative MRI, and with clinical observations. 
Combined with the opinions of our breast cancer specialists our findings enabled us to 
establish pragmatic guidelines when preoperative breast MRI is unlikely to be informative in 
our clinical practice (Fig. 1). It is assumed that these guidelines will lead to a more selective 
and limited use of the preoperative breast MRI in our institute.

We propose to avoid preoperative MRI if the following conditions are concurrently present: 
patients older than 60 years, ACR 1 or 2 breast density at mammography, preoperative lymph 
node negativity, no substantial discrepancy in tumor diameter between mammography and 
ultrasound, including visibility of the tumor at mammography, and no ILC at histology. In the 
following part we will explicate our considerations.

Age and breast density
Similarity between conventional imaging and MRI occurred more often in older than in 
younger women (Table 1). Young, premenopausal women typically have more dense fibro-
glandular breast tissue than postmenopausal women. This dense breast tissue can obscure 
malignancy. The superior sensitivity of MRI to detect more malignancies in these women has 
been demonstrated in several studies [4, 12, 21]. Conversely, in a study conducted in women 
with a recently diagnosis of unilateral breast cancer, Lehman et al. reported a comparable 
detection rate of mammographic occult cancers in the contralateral breast of dense versus 
non-dense breasts using MRI [22]. Differences in study design and/or number of patients 
may explain this conflicting result. In the present study, high breast density (ACR 3 or 4) 
may be associated with additional malignancies if there is discrepancy in tumor diameter 
at mammography and ultrasound (including malignancies occult at mammography) (Table 
2). Our findings suggest that older age and non-dense breasts are associated with a high 
likelihood that preoperative MRI is not informative because the results will not differ from 
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those already available at conventional imaging.

Lymph node status
Preoperative negative lymph nodes were significantly associated with similarity between 
conventional imaging and MRI (p = 0.011). Moreover, 30% of the breasts with similar imaging 
findings showed lymph node metastases postoperatively against half of those with discordant 
imaging findings (p < 0.001). These observations are compliant with pathology studies that 
reported more initially undetected disease of the breast in lymph node positive cases [23, 
24]. Furthermore our study confirms the findings of Saha et al., who found significantly more 
often lymph node metastases in patients with more malignancies on MRI than in patients 
with a single malignancy (50.0% and 20.2%, respectively) [25]. In many studies lymph 
node positivity is reported as a risk factor for relapse after BCT [19, 26]. In these studies 

Fig. 1.  Proposed guidelines to avoid use of preoperative MRI on the basis of expected similarity with conventional 
imaging in patients eligible for breast conserving therapy. *ACR breast density mammography: 1: fibrous and 
glandular tissue of smaller than 25% of the breast; 2: fibrous and glandular tissue of 25–50% of the breast. **Visible 
on mammography or a difference in tumor diameter between mammography and ultrasound smaller than 10 mm.
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MRI was, however, not performed. It is tempting to speculate that these local relapses may 
be (partly) caused by insufficiently treated occult tumor that can currently be visualized by 
MRI. Our data suggest a lower likelihood for MRI to add additional information in case of a 
preoperative negative lymph node stage.

Tumor diameter mammography and ultrasound
In case a tumor is occult at mammography or the size at mammography and ultrasound 
difference of 10 mm or more we observed a relationship with discordance between 
conventional imaging and MRI. Our study supports similar observations reported in 
previous studies [5, 27] . Additionally, we observed possible interactions with age and breast 
density (Table 2). Investigation in a larger group of patients may be warranted to clarify this 
observation more thoroughly.

Table 2. Association between discrepancy mammography/ultrasound (including mammographic 
occult tumor), age and breast density.

Discrepancy diameter (≥10 mm) mammography and ultrasound
No Yes p-value

ACR breast <0.001
1 and 2 407 (95.1) 21 (4.9) 428
3 and 4 204 (77.3) 60 (22.7) 264
Total 611 (88.3) 81 (11.7) 692 breasts
Age <0.001

Mean: 57.6 years 
SD 9.9 years

Mean: 51.9 years 
SD 10.6 years

Total 604 (88.2) 81 (11.8) 685 women

ACR breast density mammography: 1–4 completely fatty to extremely dense. SD: standard deviation.
Values between parentheses are percentages.

Tumor type: ILC
Invasive carcinoma without lobular carcinoma was significantly associated with similarity 
between conventional imaging and MRI. Particularly the typically diffuse multi-nodular 
pattern of growth of ILC is a diagnostic challenge. We therefore propose to perform an 
MRI in patients with known ILC histology. The debate on the value of MRI for ILC is still 
ongoing. Heil et al. investigated whether changing surgical therapy due to MRI findings was 
adequate in 92 patients with ILC. The authors concluded that patients with ILC might benefit 
from MRI, but they also pointed at the risk of overtreatment: in 3 patients an unnecessary 
mastectomy was done following MRI findings [28] In a retrospective analysis in 70 patients 
with ILC, Mc Ghann et al. reported a better sensitivity for MRI than mammography and 
ultrasound to detect lobular disease. Moreover, MRI had a better concordance with pathology 
compared to mammography and ultrasound with regard to tumor size. However, there was 
an overestimation by MRI in about one-third of the cases [29]. Mann et al. reported that 
preoperative breast MRI had reduced the re-excision rate without increasing the mastectomy 
rate in patients with ILC [30]. Similar benefits for patients with ILC have been demonstrated 
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in other studies.

Retrospective review of proposed guideline
In our study population, in which MRI was performed in all patients eligible for BCT the 
proposed guideline (Fig. 1) would have resulted in 20% (140/685) fewer preoperative breast 
MRIs. As a consequence, 7 of the 107 (6.5%) additional malignant findings would not have 
been detected. A lower age limit would lead to even less MRIs but more missed additional 
malignant findings (Table 3). We emphasize that the results of our study do not advocate or 
dismiss the use of preoperative breast MRI in general for BCT patients, but merely suggest 
when to avoid a preoperative MRI that is unlikely to have informative value. Additional 
studies are necessary to assess the value of the discordant information, but these studies may 
be powered more efficiently if patients with similar findings are excluded.

Table 3. Retrospective review of the proposed guideline. Effects on number of MRIs, similar and 
discordant findings for variable age limits.

Age MRIs performed MRIs not 
performed

Breasts with similar 
malignant findings

Breasts with 
discordant 
malignant findings 
detected

Breasts with 
discordant 
malignant findings 
missed

All ages 685 0 585 107 0
 ≤65 607 78 580 102 5
 ≤60* 545 140 449 100 7
 ≤55 470 215 383 89 18
 ≤50 422 263 340 83 24

*Age proposed in guidelines. See Fig. 1

Study limitations
Some developments may have impacted the current study to some extent. First, digital 
mammography was implemented during the study period. In general, this improved imaging 
technique may lead to the detection of more lesions and consequently more similar findings 
with MRI. We did not observe such an increase: 84.5% before digital mammography and 
85.5% after. Second, the transition from a 1.5 T to a 3.0 T MRI scanner. The rate of similar 
findings using the 1.5 T MRI scanner was 84.7% and 87.7% with the 3.0 T scanner. Finally: 
from 2004 onwards, patients with preoperatively proven positive lymph nodes were gradually 
referred to a neo-adjuvant chemotherapy study. This change in policy may have influenced 
the current study, possibly leading to an underestimation of the impact of preoperative lymph 
node status on the rate of discordant findings.
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CONCLUSION

Prior to preoperative breast MRI, it is feasible to identify a subgroup of patients who will 
most likely show similar results on conventional imaging as on the MRI. These findings 
enabled us to establish a practical consensus when to avoid preoperative breast MRI in our 
clinical practice.

CONFLICT OF INTEREST STATEMENT

The authors declare that they have no conflict of interest.

ACKNOWLEDGMENTS

This work was financially supported by The Dutch Cancer Foundation; grant number NKB 
2004-3082.

The authors thank Angelique Schlief, Anita Paape, Eline Deurloo, and Wilma Heemsbergen 
for their contribution.



75

4

Selection patients for preoperative breast MRIChapter 4

REFERENCES
1. Houssami N, Ciatto S, Macaskill P, Lord SJ, Warren RM, Dixon JM, Irwig L: Accuracy and surgical impact of 

magnetic resonance imaging in breast cancer staging: systematic review and meta-analysis in detection of multifocal 
and multicentric cancer. JClinOncol 2008, 26(19):3248-3258.

2. Morrow M, Harris JR: More mastectomies: is this what patients really want? JClinOncol 2009, 27(25):4038-4040.

3. Bleicher RJ, Morrow M: MRI and breast cancer: role in detection, diagnosis, and staging. Oncology (Williston Park) 
2007, 21(12):1521-1528, 1530.

4. Sardanelli F, Giuseppetti GM, Panizza P, Bazzocchi M, Fausto A, Simonetti G, Lattanzio V, Del Maschio A: 
Sensitivity of MRI versus mammography for detecting foci of multifocal, multicentric breast cancer in Fatty 
and dense breasts using the whole-breast pathologic examination as a gold standard. AJR AmJRoentgenol 2004, 
183(4):1149-1157.

5. Deurloo EE, Klein Zeggelink WF, Teertstra HJ, Peterse JL, Rutgers EJ, Muller SH, Bartelink H, Gilhuijs KG: 
Contrast-enhanced MRI in breast cancer patients eligible for breast-conserving therapy: complementary value for 
subgroups of patients. EurRadiol 2006, 16(3):692-701.

6. Orel S: Who should have breast magnetic resonance imaging evaluation? JClinOncol 2008, 26(5):703-711.

7. Bilimoria KY, Cambic A, Hansen NM, Bethke KP: Evaluating the impact of preoperative breast magnetic resonance 
imaging on the surgical management of newly diagnosed breast cancers. ArchSurg 2007, 142(5):441-445.

8. Hollingsworth AB, Stough RG: Preoperative breast MRI for locoregional staging. JOklaState MedAssoc 2006, 
99(10):505-515.

9. Mann RM, Kuhl CK, Kinkel K, Boetes C: Breast MRI: guidelines from the European Society of Breast Imaging. 
EurRadiol 2008, 18(7):1307-1318.

10. Committee AGaS, LW B, WA B, RL B, al e: ACR practice guideline for the performance of contrast-enhanced 
magnetic resonance imaging (MRI) of the breast. In.; 2008.

11. Sardanelli F, Boetes C, Borisch B, Decker T, Federico M, Gilbert FJ, Helbich T, Heywang-Kobrunner SH, Kaiser 
WA, Kerin MJ et al: Magnetic resonance imaging of the breast: recommendations from the EUSOMA working 
group. EurJCancer 2010, 46(8):1296-1316.

12. Berg WA, Gutierrez L, NessAiver MS, Carter WB, Bhargavan M, Lewis RS, Ioffe OB: Diagnostic accuracy of 
mammography, clinical examination, US, and MR imaging in preoperative assessment of breast cancer. Radiology 
2004, 233(3):830-849.

13. Deurloo EE, Peterse JL, Rutgers EJ, Besnard AP, Muller SH, Gilhuijs KG: Additional breast lesions in patients 
eligible for breast-conserving therapy by MRI: impact on preoperative management and potential benefit of 
computerised analysis. EurJCancer 2005, 41(10):1393-1401.

14. Houssami N, Hayes DF: Review of preoperative magnetic resonance imaging (MRI) in breast cancer: should MRI 
be performed on all women with newly diagnosed, early stage breast cancer? CA Cancer JClin 2009, 59(5):290-302.

15. (ACR) ACoR: Breast Imaging Reporting and Data System Atlas (BI-RADS® Atlas). Reston, Va: © American 
College of Radiology. In.; 2003.

16. van Rijk MC, Deurloo EE, Nieweg OE, Gilhuijs KG, Peterse JL, Rutgers EJ, Kroger R, Kroon BB: Ultrasonography 
and fine-needle aspiration cytology can spare breast cancer patients unnecessary sentinel lymph node biopsy. 
AnnSurgOncol 2006, 13(1):31-35.

17. Elshof LE, Rutgers EJ, Deurloo EE, Loo CE, Wesseling J, Pengel KE, Gilhuijs KG: A practical approach to manage 
additional lesions at preoperative breast MRI in patients eligible for breast conserving therapy: results. Breast 
Cancer Res Treat 2010, 124(3):707-715.

18. Egan RL: Multicentric breast carcinomas: clinical-radiographic-pathologic whole organ studies and 10-year 
survival. Cancer 1982, 49(6):1123-1130.

19. Kreike B, Hart AA, van de Velde T, Borger J, Peterse H, Rutgers E, Bartelink H, van de Vijver MJ: Continuing risk 
of ipsilateral breast relapse after breast-conserving therapy at long-term follow-up. Int JRadiatOncolBiolPhys 2008, 



76

Selection patients for preoperative breast MRIChapter 4

71(4):1014-1021.

20. Clarke M, Collins R, Darby S, Davies C, Elphinstone P, Evans E, Godwin J, Gray R, Hicks C, James S et al: Effects 
of radiotherapy and of differences in the extent of surgery for early breast cancer on local recurrence and 15-year 
survival: an overview of the randomised trials. Lancet 2005, 366(9503):2087-2106.

21. Van Goethem M, Schelfout K, Dijckmans L, Van Der Auwera JC, Weyler J, Verslegers I, Biltjes I, De Schepper A: 
MR mammography in the pre-operative staging of breast cancer in patients with dense breast tissue: comparison 
with mammography and ultrasound. EurRadiol 2004, 14(5):809-816.

22. Lehman CD, Gatsonis C, Kuhl CK, Hendrick RE, Pisano ED, Hanna L, Peacock S, Smazal SF, Maki DD, Julian TB 
et al: MRI evaluation of the contralateral breast in women with recently diagnosed breast cancer. N EnglJMed 2007, 
356(13):1295-1303.

23. Boyages J, Jayasinghe UW, Coombs N: Multifocal breast cancer and survival: each focus does matter particularly 
for larger tumours. EurJCancer 2010, 46(11):1990-1996.

24. Coombs NJ, Boyages J: Multifocal and multicentric breast cancer: does each focus matter? JClinOncol 2005, 
23(30):7497-7502.

25. Saha S, Sirop S, Korant A, Kanaan M, Shekher R, Strahle D, Hicks M, Hicks R, Lawrence L, Wiese D: Nodal 
positivity in breast cancer correlated with the number of lesions detected by magnetic resonance imaging versus 
mammogram. AmJSurg 2011, 201(3):390-394.

26. Komoike Y, Akiyama F, Iino Y, Ikeda T, Akashi-Tanaka S, Ohsumi S, Kusama M, Sano M, Shin E, Suemasu K et al: 
Ipsilateral breast tumor recurrence (IBTR) after breast-conserving treatment for early breast cancer: risk factors and 
impact on distant metastases. Cancer 2006, 106(1):35-41.

27. Bernardi D, Ciatto S, Pellegrini M, Valentini M, Houssami N: EUSOMA criteria for performing pre-operative MRI 
staging in candidates for breast conserving surgery: hype or helpful? Breast 2012, 21(3):406-408.

28. Heil J, Buehler A, Golatta M, Rom J, Schipp A, Harcos A, Schneeweiss A, Rauch G, Sohn C, Junkermann H: 
Do patients with invasive lobular breast cancer benefit in terms of adequate change in surgical therapy from a 
supplementary preoperative breast MRI? AnnOncol 2012, 23(1):98-104.

29. McGhan LJ, Wasif N, Gray RJ, Giurescu ME, Pizzitola VJ, Lorans R, Ocal IT, Stucky CC, Pockaj BA: Use 
of preoperative magnetic resonance imaging for invasive lobular cancer: good, better, but maybe not the best? 
AnnSurgOncol 2010, 17 Suppl 3:255-262.

30. Mann RM, Hoogeveen YL, Blickman JG, Boetes C: MRI compared to conventional diagnostic work-up in the 
detection and evaluation of invasive lobular carcinoma of the breast: a review of existing literature. Breast Cancer 
ResTreat 2008, 107(1):1-14.



77

4

Selection patients for preoperative breast MRIChapter 4





Part 2





CHAPTER 5

FDG PET/CT DURING NEOADJUVANT 

CHEMOTHERAPY MAY PREDICT RESPONSE IN ER-

POSITIVE/HER2-NEGATIVE AND TRIPLE-NEGATIVE, 

BUT NOT IN HER2-POSITIVE BREAST 

Bas B. Koolen1, 2, Kenneth E. Pengel3, Jelle Wesseling4, Wouter V. Vogel1, Marie-Jeanne T.F.D. 

Vrancken Peeters2, Andrew D. Vincent5, Kenneth G.A. Gilhuijs3,7, Sjoerd Rodenhuis6, Emiel J.Th. 

Rutgers2, Renato A. Valdés Olmos1

Netherlands Cancer Institute, Amsterdam, The Netherlands:
1Department of Nuclear Medicine

2Department of Surgical Oncology
3Department of Radiology
4Department of Pathology

5Department of Biometrics
6Department of Medical Oncology

University Medical Center Utrecht, Utrecht, The Netherlands:
7Department of Radiology

Breast 2013 Oct;22(5):691-7.



82

Response monitoring in the breast with PET/CT Chapter 5

ABSTRACT

Background
Response monitoring with MRI during neoadjuvant chemotherapy (NAC) in breast cancer is 
promising, but knowledge of breast cancer subtype is essential. The aim of the present study 
was to evaluate the relevance of breast cancer subtypes for monitoring of therapy response 
during NAC with 18F-FDG PET/CT.

Methods
Evaluation included 98 women with stages II and III breast cancer. PET/CTs were performed 
before and after six or eight weeks of NAC. FDG uptake was quantified using maximum 
standardized uptake values (SUVmax). Tumors were divided into three subtypes: HER2-
positive, ER-positive/HER2-negative, and triple negative. Tumor response at surgery was 
assessed dichotomously (presence or absence of residual disease) and ordinally (breast 
response index, representing relative change in tumor stage). Multivariate regression and 
receiver operating characteristic (ROC) analyses were employed to determine associations 
with pathological response.

Results
A (near) complete pathological response was seen in 19 (76%) of 25 HER2-positive, 7 (16%) 
of 45 ER-positive/HER2-negative, and 20 (71%) of 28 triple negative tumors. Multivariate 
regression of pathological response indicated a significant interaction between change in 
FDG uptake and breast cancer subtype. The area under the ROC curve was 0.35 (0.12–0.64) 
for HER2-positive, 0.90 (0.76–1.00) for ER-positive/HER2-negative, and 0.96 (0.86–1.00) 
for triple negative tumors. We found no association between age, stage, histology, or baseline 
SUVmax and pathological response.

Conclusion
Response monitoring with PET/CT during NAC in breast cancer seems feasible, but is 
dependent on the breast cancer subtype. PET/CT may predict response in ER-positive/
HER2-negative and triple negative tumors, but seems less accurate in HER2-positive tumors.

Keywords
Breast cancer; Subtype; PET/CT; Response monitoring; Neoadjuvant chemotherapy.
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INTRODUCTION

Neoadjuvant chemotherapy (NAC) is the standard of care in locally advanced breast cancer 
and is increasingly applied in larger operable breast cancer or in node-positive disease [1]. As 
compared with adjuvant chemotherapy, the administration of NAC results in similar disease-
free and overall survival and in comparable local control [2, 3]. However, by reducing tumor 
load in the majority of patients, it results in a higher proportion of breast-conserving treatment 
and may allow surgery in patients who are deemed to be inoperable [2, 4]. 

Breast cancer is a heterogeneous disease comprising various subtypes with different 
prognoses. NAC offers an excellent platform for translational research in this context, since 
the molecular characteristics of the individual tumors can be directly related to sensitivity 
and resistance for NAC. Based on immunohistochemistry, three different subtypes can be 
distinguished: human epidermal growth factor receptor 2 (HER2)-positive, estrogen receptor 
(ER)-positive/HER2-negative, and triple negative. These subtypes exhibit different behavior 
regarding response to chemotherapy [5] and prognosis [6, 7]. The presence of tumor cells 
in the surgery specimen following NAC has been associated with an unfavorable prognosis, 
thereby emphasizing the need for individualized chemotherapy and achieving a complete 
pathological response (pCR) of the primary tumor [8, 9].

NAC provides an opportunity to monitor treatment response as well. In case of an 
unfavorable response, there is the possibility to switch the chemotherapeutic regimen or 
perform early surgery. This could prevent patients from experiencing unnecessary further 
drug toxicity. Further, randomized controlled trials, performing response assessment with 
clinical examination and ultrasound, have shown potential benefit of modifying therapy in 
both responders and non-responders regarding pCR and survival [10-12]. These findings 
substantiate the need for accurate response prediction during NAC.

A recent review by Marinovich et al. concluded that response monitoring with magnetic 
resonance imaging (MRI) during NAC is promising, although there is lack of standardization 
[13]. If response during NAC is monitored with MRI, knowledge of the breast cancer subtype 
is important; MRI response monitoring during NAC seemed accurate in HER2-positive and 
triple negative disease, but was less accurate in ER-positive/HER2-negative breast cancer 
[14].

The value of positron emission tomography with integrated computed tomography (PET/CT) 
using 18F-fluorodeoxyglucose (FDG) in breast cancer has been studied extensively in recent 
years. Several studies have reported diverse behavior of different types of breast cancer 
regarding visualization and quantification of FDG uptake, with a higher degree of FDG 
uptake in tumors with an unfavorable prognosis [15, 16]. Studies regarding the use of PET/
CT during NAC to monitor response have shown promising results, [17-21] but up till now 
only one paper differentiates between clinical subtypes [22]. The aim of the present study 
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was to evaluate the relevance of breast cancer subtype on PET/CT markers for monitoring of 
therapy response during NAC.

PATIENTS AND METHODS

Patients
Patients with primary invasive breast cancer >3 cm and/or at least one tumor-positive node 
receive NAC according to one of several prospective trials studying chemotherapeutic 
regimens [14]. The N08-RMB trial, running since September 2008, is an additional imaging 
study that evaluates the value of FDG PET/CT for response monitoring during NAC. Patients 
with two PET/CT examinations, one before and a second during NAC (after 6 weeks or, in 
case of HER2-positivity, 8 weeks), quantifiable tumor FDG uptake, and undergoing surgery 
after NAC were included in this analysis. The institutional review board approved this study 
and informed consent was obtained from all patients.

Histopathological analysis
A core biopsy from the primary tumor was used to determine the histological type and to 
perform immunohistochemical stainings. An experienced consultant breast pathologist 
(J.W.) revised all biopsies. Samples were scored as positive for ER or progesterone receptor 
(PR) by immunohistochemistry (IHC) when at least 10% of the tumor cells showed staining. 
Samples were scored as HER2-positive when either a strong membrane staining (3+) could 
be observed by IHC or if chromogenic in situ hybridization revealed amplification of HER2 
in samples with moderate (2+) membrane staining at IHC. Grade was determined using 
modified Bloom–Richardson criteria. Ki-67 was considered to indicate high proliferation 
when ≥15% of cells showed positivity.

Treatment
Patients with HER2-negative tumors were generally treated with six courses of 
cyclophosphamide (600 mg/m2) and doxorubicin (60 mg/m2) (AC), administered in a dose-
dense schedule (every two weeks). Conform institutional guidelines, based on consensus 
in a multidisciplinary meeting, chemotherapy could be switched to a (hypothetically) non-
cross-resistant regimen (CD; capecitabine 2× daily 850 mg/m2 orally on days 1–14 and 
docetaxel 75 mg/m2 IV on day 1). A switch was based on patient’s preference, drug toxicity, 
or MRI response monitoring [23]. Further, inclusion of triple negative tumors in additional 
chemotherapeutic trials could lead to treatment modification (CTC, cyclophosphamide 
3000 mg/m2, thiotepa 250 mg/m2, carboplatin 400 mg/m2). Patients with HER2-positive 
tumors were treated with a trastuzumab-based regimen consisting of paclitaxel (70 mg/
m2), trastuzumab (2 mg/kg), and carboplatin (AUC = 3 mg ml−1 min) in three courses of 8 
weeks (PTC). In week seven and eight of each course only trastuzumab was given. After the 
last course of chemotherapy, all selected patients underwent breast-conserving surgery or 
mastectomy based on post-chemotherapy MRI evaluation.
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18F-FDG PET/CT
Patients were prepared with a 6-h fasting period. Blood glucose levels were required to be 
<10 mmol/l. An FDG dose of 180–240 MBq was given intravenously, depending on body 
mass index. The PET/CT was acquired after a resting period of 60 ± 10 min using a whole 
body PET/CT scanner (Gemini TF, Philips, Cleveland, USA). A PET scan (3.00 min per 
bed position) of the thorax was performed with the patient in prone position, with hanging 
breasts and the arms above the head, with image reconstruction to 2 × 2 × 2 mm voxels [24]. 
PET acquisition was preceded by a low-dose CT (40 mAs, 2 mm slices). Subsequently, as a 
baseline staging procedure, a standard supine whole body PET/CT (1.30 min per bed position 
and 5.0 mm CT slices) was performed from the base of the skull to the upper half of the 
femora. During NAC, only the hanging breast PET/CT was repeated for response monitoring 
using similar acquisition, time interval after FDG injection, and patient positioning as at 
baseline.

Image reading
A panel of experienced readers evaluated the images using orthogonal multiplanar 
reconstruction and simultaneous display of PET, CT, and fused PET/CT images. First the 
primary tumor was qualitatively assessed. Moderate or intense FDG uptake was considered 
sufficient for response monitoring with PET/CT. FDG uptake was measured using maximum 
standardized uptake values (SUVmax), obtained by generating a 3D region of interest (ROI) 
based on region-growing procedures [25]. In case of a low tumor-to-background ratio, 
rendering an automated ROI generation unreliable, the SUV was derived from a manually 
drawn 3D volume of interest. In case of a complete metabolic response on second PET/CT 
(increased FDG uptake at baseline, no increased FDG uptake on the second scan), the same 
ROI location of the PET/CT at baseline was used for calculation of SUVmax (i.e. background 
value in the breast at the site of the tumor). Relative changes in SUVmax between both PET/
CTs were calculated for analytic purposes.

Response assessment of the primary tumor
One breast consultant pathologist (J.W.) reviewed all surgery specimens regarding 
pathological response. A pCR was defined as complete absence of residual tumor cells at 
microscopy, irrespective of carcinoma in situ. The presence of a small number of scattered 
tumor cells was classified as near-complete remission (near pCR). All tumors showing 
progression, stable disease, or a partial response to NAC were classified as residual disease. 
Axillary response was not evaluated.

In addition, the breast response index (BRI) was used, which is an ordinal scale, derived 
from the change in T-stage before treatment (on imaging) to the T-stage at final pathological 
assessment [26]. One point is awarded for each transition in T-stage, except for the change 
from T1 to T0. One extra point is given for near-complete response, two extra points 
for complete response. The BRI is calculated by dividing the accumulated points by the 
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maximum number of achievable points, resulting in scores between 0 (no response) and 1 
(complete response).

Statistical analysis
Since the aim of this study was to differentiate between high and low sensitivity to 
chemotherapy, tumors with near pCR were included in the group of no residual disease at 
pathology for analytic purposes (i.e., ‘(near)pCR’). A second analysis is performed with pCR 
only as a reference. Logistic regression and mixed-effect logistic regression were used to 
model dichotomous pathological response and BRI, respectively. For BRI we assume, for 
each patient, a binomial distribution where a success is a reduction in the T-stage. Univariate 
regression including either the log-transformed baseline FDG uptake or log-transformed 
FDG uptake ratio (i.e. transformed relative change), as fixed effects, assessed PET-response 
association. In addition, pairwise interactions with change in FDG uptake and other factors 
were tested: baseline FDG uptake, age, tumor grade (1–2 vs 3), stage, histology (ductal 
vs other), and clinical subtype (HER2-positive, ER-positive/HER2-negative, and triple 
negative). Significant interactions were confirmed in multivariate models (adjusting for other 
factors). No imputation was performed, patients with missing grade status were allocated a 
separate level. A level of 0.05 was taken as significance and no adjustments were made for 
multiple testing. Receiver operating characteristic (ROC) analysis was used to calculate the 
area under the ROC curve (ROC-AUC) for different cohorts. Confidence intervals of the 
ROC-AUC were determined using a bootstrap with 500 replicates.

Results
Since September 2008 a total of 185 breast cancer patients underwent baseline PET/CT 
before treatment with NAC. Due to insufficient FDG uptake PET/CT response monitoring 
was impossible in ten (5%) of them. Of the remaining 175 patients, 58 did not give informed 
consent for PET/CT response monitoring. Of 117 patients, the second PET/CT was not 
performed in 16 of them, whereas in 3 patients it was performed at a different time-point 
during NAC.

We included a total of 98 patients in this study. Baseline characteristics are presented in 
Table 1. A pCR was found in 17 (68%) of 25 HER2-positive, 5 (11%) of 45 ER-positive/
HER2-negative, and 17 (61%) of 25 triple negative tumors. A (near)pCR was observed in 19 
(76%) HER2-positive, 7 (16%) ER-positive/HER2-negative, and 20 (71%) triple negative 
tumors (Table 2).

We found no association between pathological response and SUVmax at baseline (p = 0.14 
for (near)pCR, p = 0.09 for pCR), but we did find an association between the change in 
SUVmax and pathological response (p < 0.0001 for (near)pCR, p < 0.0001 for pCR). For 
(near)pCR the ROC-AUCs for baseline FDG uptake and change in FDG uptake were 0.57 
(95% confidence interval [CI] 0.45–0.69) and 0.79 (95% CI 0.70–0.88), respectively. For 
pCR only the ROC-AUCs were almost unchanged: baseline FDG uptake 0.58 (95% CI 0.46–
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0.69), change in FDG uptake 0.77 (0.68–0.87).

Table 1. 

Baseline characteristics of 98 patients. 
Age (years)
 Median 47
 Range 25–68
T-stage prior to NAC (MRI)
 T1 8
 T2 59
 T3 24
 T4 7
N-stage prior to NAC (FNA/SLNB)
 N0 14
 N1 57
 N2 2
 N3 25
Multifocal or multicentric (MRI) 33
 Clinical subtype
 HER2-positive 25
 ER-positive/HER2-negative 45
 Triple negative 28

Abbreviations: T-stage, tumor stage; NAC, neoadjuvant chemotherapy; 
MRI, magnetic resonance imaging; N-stage, locoregional lymph node 
stage; FNA, fine needle aspiration; SLNB, sentinel lymph node biopsy; 
HER2, human epidermal growth factor receptor 2; ER, estrogen receptor.

Table 3 presents the tests of interaction between factors and change in FDG uptake, with 
either dichotomous response (logistic regression) or BRI (mixed logistic regression) as the 
outcome. These indicate that there was a strong statistically significant interaction with clinical 
subtype and moderate significant interactions with age, grade, and baseline FDG uptake. 
Both grade and baseline FDG uptake were significantly associated with clinical subtype (see 
Table 2; both p < 0.0001), while age was not (p = 0.38). Including each pairwise interaction 
with change in FDG uptake along with the interaction between subtype and change in FDG 
uptake indicated that these moderate interactions provided no additional value in predicting 
response (age p = 0.58, grade p = 0.36, baseline FDG uptake p = 0.20).

The final multivariate logistic regression models are shown in Table 4, indicating no significant 
associations of age, stage, and histology with pathological response. A significant association 
was found for change in FDG uptake and clinical subtype. The occurrence of response was 
independent of change in FDG uptake in HER2-positive patients, while for both ER-positive/
HER2-negative and triple negative cohorts the occurrence of response increased with greater 
decreases in FDG uptake (relative to baseline uptake rates). Fig. 1 depicts pathological 
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Table 2. Pathological and imaging characteristics per subtype. 

HER2-positive (n = 25) ER-positive/HER2-
negative (n = 45) Triple negative (n = 28)

Histology
 Invasive ductal carcinoma 21 (84%) 41 (91%) 27 (96%)
 Invasive lobular carcinoma 4 (16%) 4 (9%) 0
 Adenocarcinoma NOS 0 0 1 (4%)
ER
 Negative 16 (64%) 0 28 (100%)
 Positive 9 (36%) 45 (100%) 0
Grade
 1 0 4 (9%) 0
 2 9 (36%) 29 (64%) 1 (4%)
 3 12 (48%) 9 (20%) 25 (89%)
 Unknown 4 (16%) 3 (7%) 2 (7%)
SUVmax baseline
 Median 6 6.3 12
 Range 2.3–11 2.4–19 4.5–47
Chemotherapeutic regimen
 AC 0 29 (64%) 19 (68%)
 AC-CTC 0 0 4 (14%)
 AC-CD 0 15 (33%) 5 (18%)
 CD 0 1 (2%) 0
 PTC 25 (100%) 0 0
Complete metabolic response
 Yes 15 (60%) 10 (22%) 3 (11%)
 No 10 (40%) 35 (78%) 25 (89%)
Pathological response
 pCR 17 (68%) 5 (11%) 17 (61%)
 near pCR 2 (8%) 2 (4%) 3 (11%)
 Residual disease 6 (24%) 38 (84%) 8 (29%)

Abbreviations: HER2, human epidermal growth factor receptor 2; ER, estrogen receptor; NOS, not otherwise 
specified; SUVmax, maximum standardized uptake value; AC, cyclophosphamide, doxorubicin; CTC, 
cyclophosphamide, thiotepa, carboplatin; CD, docetaxel, capecitabine; PTC, paclitaxel, trastuzumab, carboplatin; 
(near)pCR, (near) complete pathological response.

response in relation to the change in FDG uptake for the entire cohort and the three different 
subtypes. ROC curves, presented in Fig. 2, demonstrated good discrimination of response 
by change in FDG uptake in ER-positive/HER2-negative and triple negative tumors with an 
ROC-AUC of 0.90 (95% CI 0.76–1.00) and 0.96 (95% CI 0.86–1.00), respectively. Since the 
slope of HER2-positive tumors in Fig. 1 was slightly positive and results are presented as 
subsets of the complete group (in which the slope was negative), the ROC curve of HER2-
negative tumors was reversed as compared with the other ROC curves. The ROC-AUC for 
HER2-positive tumors was 0.35 (95% CI 0.12–0.64). ROC-AUCs for pCR only were 0.91 
(95% CI 0.77–1.00) for ER-positive/HER2-negative, 0.85 (95% CI 0.68–1.00) for triple 
negative, and 0.41 (95% CI 0.16–0.76) for HER2-positive tumors (Figures 1 and 2).
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Table 3. Tests of interactions between factors and change in SUVmax with either dichotomous 
(near) complete pathological response (logistic regression), complete pathological response 
(logistic regression), or BRI (mixed logistic regression) as the outcome variable. 

(near)pCR (dichotomous) 
p-value

pCR (dichotomous) 
p-value

BRI (ordinal) 
p-value

Age 0.11 0.06 0.06
Stage 0.20 0.72 0.19
Histology 0.71 0.78 0.82
Grade 0.05 0.08 0.02
Subtype 0.0001 0.004 0.0001
Baseline SUVmax 0.03 0.03 0.03

Abbreviations: BRI, breast response index; SUVmax, maximum standardized uptake value.

Table 4.  Multivariate logistic regression models of (near) complete pathological response (logistic 
regression) and BRI (mixed logistic regression). 

(near)pCR pCR BRI
OR (95% CI) p-value a OR (95% CI) p-value a OR (95% CI) p-value a

Age 0.9 (0.4–1.8) 0.69 0.99 (0.54–1.8) 0.98 1.0 (0.97–1.0) 0.96
Stage
 3–4 vs 2 2.6 (0.7–9.9) 0.17 1.5 (0.44–5.2) 0.51 1.5 (0.8–3.0) 0.22
Histology
 Other vs ductal 0.45 (0.06–3.6) 0.45 0.92 (0.13–6.6) 0.93 1.1 (0.35–3.2) 0.92
Clinical subtype

 ER-positive/HER2-
negative vs HER2-positive

0.0009 
(<0.0001–0.03) 0.0001

0.0014 
(0.00003–
0.054)

0.0005 0.02 (0.002–
0.09) <0.0001

 Triple negative vs HER2-
positive

0.0003 
(<0.0001–0.11) 0.007 0.022 

(0.00091–0.51) 0.02 0.01 (0.001–
0.12) 0.0002

PET ratio (logarithmic)
 HER2-positive cohort 2.9 (0.4–23) 0.31 1.6 (0.27–8.9) 0.62 2.2 (0.6–8.5) 0.27
PET ratio: subtype (interaction)
 ER-positive/HER2-
negative vs HER2-positive

0.02 (0.0008–
0.27) 0.005 0.022 (0.0011–

0.42) 0.01 0.09 (0.02–
0.45) 0.004

Triple negative vs HER2-
positive

<0.0001 
(<0.0001–0.16) 0.01 0.028 (0.0014–

0.53) 0.02 0.01 (0.001–
0.12) 0.0003

Grade is excluded due to its strong correlation with subtype. Abbreviations: pCR, complete pathological response; 
BRI, breast response index; OR, odds ratio; 95% CI, 95% confidence interval; HER2, human epidermal growth 
factor receptor 2; ER, estrogen receptor; SUVmax, maximum standardized uptake value; PET ratio, log-transformed 
relative change in fluorodeoxyglucose uptake.
a Test of significance of entirely removing covariate from model (i.e. including interaction term).

DISCUSSION

This study demonstrates that the association between the change in FDG uptake during NAC 
and pathological response is dependent on the breast cancer subtype. Changes in FDG uptake 
during NAC correlated well with pathological response for ER-positive/HER2-negative and 
triple negative tumors, but not for HER2-positive tumors.
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Numerous studies have shown that breast cancer is a heterogeneous disease. Classification 
according to the clinical subtype (HER2-positive, ER-positive/HER2-negative, and triple 
negative) has gained widespread acceptance and has been shown to differ in presentation, 
response to treatment, and prognosis [5-7, 27]. The prognosis of HER2-positive tumors was 
initially poor, but has shown a marked improvement after the introduction of targeted HER2-
therapy such as trastuzumab [28, 29]. ER-positive/HER2-negative tumors, the most common 
subtype, tend to be less aggressive, but are also less responsive to NAC [5]. Triple negative 
tumors are often very proliferative and bear the poorest prognosis, but frequently result in a 
high rate of response to systemic therapy [30].

In comparison with previous studies we found a relatively high proportion of pCR in the 
HER2-positive and triple negative tumors [5, 14, 21, 28]. The relatively small number of 
patients in these subgroups could partially explain this finding. Further, analyzed patients 

Fig. 1.  (near)pCR and breast response index (y-axis) in relation to the change in FDG uptake (x-axis) for the entire 
group and for the three subtypes separately. Abbreviations: HER2, human epidermal growth factor receptor 2; 
ER, estrogen receptor; BRI, breast response index; NRD, no residual disease (combination of complete and near-
complete response); RD, residual disease; FDG, fluorodeoxyglucose.
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were included in currently active, prospective trials studying a two-week schedule instead of 
a three-week schedule. Also, some form of inclusion bias could have appeared, since patients 
with insufficient baseline FDG uptake were excluded from this analysis; however, this was 
only 5% of all patients.

The administration of chemotherapy prior to surgery enables response assessment of the 

Fig. 2.  Receiver operating characteristic curves on change in FDG uptake and (near)pCR for all patients and the three 
breast cancer subtypes separately. AUCs: all 0.79 (95% CI 0.70–0.88), HER2-positive 0.35 (95% CI 0.12–0.64), ER-
positive/HER2-negative 0.90 (95% CI 0.76–1.00), triple negative 0.96 (95% CI 0.86–1.00). Abbreviations: HER2, 
human epidermal growth factor receptor 2; ER, estrogen receptor; TPF, true positive fraction; TP, true positive; P, 
positive; FPF, false positive fraction; FP, false positive; N, negative; FDG, fluorodeoxyglucose; AUC, area under the 
curve; 95% CI, 95% confidence interval.
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tumor to therapy. Moreover, if response of the tumor can be visualized during NAC, then the 
possibility of switching chemotherapy regimens in case of an unfavorable response becomes 
available [31]. Loo et al. have recently shown that response monitoring during NAC with 
MRI seems accurate in HER2-positive and triple negative breast cancer [14]. However, MRI 
seemed less reliable in ER-positive/HER2-negative tumors, usually comprising the largest 
subgroup.

Several articles have reported on the use of FDG PET and PET/CT in the prediction of 
response to NAC in breast cancer patients [17-21]. Recently, Humbert et al. published an 
article on the relevance of subtype in PET/CT response monitoring during NAC [22]. They 
found that PET/CT was accurate in HER2-positive tumors, but inaccurate in triple negative 
tumors, which is exactly contrary to our findings. However, some differences in study designs 
are perceived: as compared with our study, they used PET without CT, scanned after the first 
cycle of chemotherapy, employed a longer time between injection and scanning, and used 
slightly different chemotherapeutic regimens in HER2-negative patients. Further, the results 
from our study are in accordance with a recent study by Groheux et al., which demonstrates 
accurate response prediction in triple negative tumors [21]. Clearly, larger patient cohorts in 
further trials are needed to clarify this.

The number of patients in our study was too small for determination of cut-off points in 
predicting responders and non-responders. Therefore, for validation of ROC-AUCs and 
establishment of robust cut-off points, this study will be extended to a total of 300 patients. 
However, the aim of the present study was to analyze the (potential) impact of breast cancer 
subtype on the discriminative value of PET/CT for response monitoring during NAC, not to 
provide monitoring guidelines. This finding is relevant since we now know that monitoring 
guidelines should be stratified according to breast cancer subtype.

Further, this study shows that PET/CT can predict pathological response, dependent on breast 
cancer subtype, after six or eight weeks. One of the focus points for future research on this 
topic should be the selection of an optimal time-point for PET/CT response monitoring.

Some studies suggest an association between the degree of baseline FDG uptake and final 
response rates [32]. Although we could not confirm this (possibly due to the relatively small 
numbers of patients), we did find an interaction between change in FDG uptake, baseline 
FDG uptake, and pathological response. Because of the small size of different subgroups we 
could not analyze this interaction in detail, but an increased association between change in 
SUVmax and pathological response was found after exclusion of patients with low baseline 
FDG uptake.

On the reasons for the inaccuracy of PET/CT in response monitoring of HER2-positive 
tumors can only be speculated. It is thought that anti-HER2-therapy sensitizes the tumor for 
chemotherapeutic treatment by inhibiting HER2 signaling, but also through an immunologic 
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mechanism, antibody-dependent cellular cytotoxicity (ADCC) [33]. Although the confidence 
interval was large, the slope of changes in FDG uptake in HER2-positive tumors and response 
to chemotherapy was slightly positive (see Fig. 1) and the ROC curve was reversed (see 
Fig. 2), thereby not excluding the possibility of an inflammatory reaction and an initial rise 
in FDG uptake in responsive tumors. It is purely speculative, but the addition of trastuzumab 
could facilitate chemotherapeutic action by inducing an initial inflammatory response. If this 
were true, a rise in glucose uptake and increased SUVmax would be perceived in case of 
response to therapy. This inflammatory reaction and visualization with PET/CT has been 
described in ER-positive/HER2-negative tumors treated with hormonal therapy, but not in 
HER2-positive tumors during NAC [34, 35].

A previous study by de Ronde et al. has shown that immunohistochemical and molecular 
subtyping show high concordance, with the exception of the HER2-positive (IHC) group 
[36]. Also, previous analysis by our group has shown that these tumors show variable FDG 
uptake, confirming heterogeneity of this group [16]. In the HER2-positive group, molecular 
subtyping or distinction between ER-positivity and -negativity might improve knowledge on 
the value of PET/CT in response monitoring. Unfortunately, microarray analysis was only 
available for a limited number of patients in our study group and the number of patients in the 
HER2-positive subgroup was too small for differentiation based on ER.

Finally, we cannot make a statement regarding the accuracy in HER2-positive disease 
on other time-points. Based on Fig. 1, showing an initial increase in SUVmax in patients 
eventually achieving (near)pCR, it is unlikely that an early PET/CT for response monitoring 
would show a decrease in responders. However, a decrease may be perceived in responders if 
a PET/CT was performed after, for instance, twelve weeks (halfway NAC, which is the same 
time-point as in HER2-negative patients).

FDG PET/CT is based on increased glucose uptake of tumors and shows the rate of metabolism, 
whereas MRI shows vascularization in response to injection with gadolinium. Based on these 
different mechanisms of visualization and the fact that the accuracy of these imaging devices 
differs according to the breast cancer subtype, there might be a complementary value of PET/
CT and MRI. This may be particularly important for the ER-positive/HER2-negative tumors, 
for which response monitoring with MRI was shown to be less reliable, [14] whereas our 
PET/CT results are quite encouraging.

In conclusion, this study shows that response monitoring of breast cancer patients with PET/
CT during NAC is dependent on the clinical subtype: response prediction may be accurate in 
ER-positive/HER2-negative and triple negative tumors, but seems less adequate in HER2-
positive tumors. Robust cut-off points and the optimal time-point for FDG PET/CT for the 
prediction of responders and, probably most important, non-responders will be calculated 
after inclusion of additional patients.
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ABSTRACT

Purpose
To investigate the value of response monitoring in both the primary tumour and axillary 
nodes on sequential PET/CT scans during neoadjuvant chemotherapy (NAC) for predicting 
complete pathological response (pCR), taking the breast cancer subtype into account.

Methods
In 107 consecutive patients 290 PET/CT scans were performed at baseline (PET/CT1, 107 
patients), after 2 – 3 weeks of chemotherapy (PET/CT2, 85 patients), and after 6 – 8 weeks 
(PET/CT3, 98 patients). The relative changes in SUVmax (from baseline) of the tumour 
and the lymph nodes and in both combined (after logistic regression), and the changes in 
the highest SUVmax between scans (either tumour or lymph node) were determined and 
their associations with pCR of the tumour and lymph nodes after completion of NAC were 
assessed using receiver operating characteristic (ROC) analysis.

Results
A pCR was seen in 17 HER2-positive tumours (65 %), 1 ER-positive/HER2-negative tumour 
(2 %), and 16 triple-negative tumours (52 %). The areas under the ROC curves (ROC-AUC) 
for the prediction of pCR in HER2-positive tumours after 3 weeks were 0.61 for the relative 
change in tumours, 0.67 for the combined change in tumour and nodes, and 0.72 for the 
changes in the highest SUVmax between scans. After 8 weeks equivalent values were 0.59, 
0.42 and 0.64, respectively. In triple-negative tumours the ROC-AUCs were 0.76, 0.84 and 
0.76 after 2 weeks, and 0.87, 0.93 and 0.88 after 6 weeks, respectively.

Conclusion
In triple-negative tumours a PET/CT scan after 6 weeks (three cycles) appears to be optimally 
predictive of pCR. In HER2-positive tumours neither a PET/CT scan after 3 weeks nor after 
8 weeks seems to be useful. The changes in SUVmax of both the tumour and axillary nodes 
combined correlates best with pCR.

Keywords
Breast cancer, PET/CT, Early response, Response monitoring, Neoadjuvant chemotherapy, 
Subtype 
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INTRODUCTION

Primary systemic therapy or neoadjuvant chemotherapy (NAC) is increasingly employed 
in the treatment of breast cancer [1]. Survival following NAC is similar to that following 
adjuvant chemotherapy [2]. A major advantage of NAC is a reduction in tumour size. As 
a result, more patients can be offered breast-conserving surgery and initially unresectable 
tumours may become operable [3, 4]. Another advantage of NAC is the possibility to monitor 
response to chemotherapy. Complete absence of tumour cells in the surgical specimen 
(complete pathological response, pCR) from the breast and axillary nodes is associated with 
a favourable prognosis and is regarded as a highly desirable outcome of NAC, particularly 
in triple-negative tumours and tumours positive for human epidermal growth factor receptor 
2 (HER2) [5]. Response monitoring during NAC provides an opportunity to switch the 
chemotherapeutic regimen in an attempt to increase likelihood of achieving a pCR in patients 
with an unfavourable response [6]. MRI for response monitoring has been shown to be 
valuable, but is dependent on the breast cancer subtype [7]. As MRI visualizes anatomical 
change that requires time to occur, it is not particularly effective after only one cycle of 
chemotherapy.

The use of 18F-FDG PET/CT in breast cancer is valuable for regional and distant staging 
[8-10]. Further, several studies have shown promising results for the prediction of pCR to 
NAC using PET/CT [11-17]. We and others have demonstrated that the accuracy of PET/
CT response monitoring during NAC depends on the breast cancer subtype [18, 19]. Since 
sequential PET/CT scans visualize the change in glucose metabolism of the tumour, it is 
hypothesized that response prediction with PET/CT could be performed early. This has been 
demonstrated previously, in some trials as early as after the first cycle of NAC [13, 14, 16, 
18]. Accurate prediction of response to NAC at an early time-point is highly desirable, since 
administration of ineffective treatment can be limited and unnecessary drug toxicity may be 
decreased [20]. Furthermore, more cycles of effective chemotherapy can be administered 
before surgery, increasing the likelihood of achieving a pCR and possibly avoiding the 
necessity of adjuvant chemotherapy. As patient series reported in the literature have been 
relatively small and/or heterogeneous, no robust cut-off point for the selection of responders 
or nonresponders has been established yet [17]. In addition, the optimal time-point for 
response monitoring with PET/CT remains unknown, since in most recent studies only a 
single PET/CT has been performed during NAC for response prediction [15, 16, 18].

PET/CT visualizes both the breast and the axillary nodes, enabling response monitoring of 
the primary tumour as well as lymph node metastases. Since a pCR of the tumour and axillary 
nodes combined is the preferred outcome, we hypothesized that response monitoring of both 
areas combined would result in an optimal prediction model. Response monitoring of the 
primary tumour or axillary nodes with PET/CT has been studied separately, but the use of 
PET/CT for monitoring both the breast and axillary nodes combined and its association with 
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pCR of both the breast and axillary nodes has not been described [11-18, 21].

The aim of this analysis was to assess the accuracy of sequential PET/CT scans early during 
NAC to detect response in relation to breast cancer subtype. We investigated in particular the 
value of response monitoring in both the breast and axillary nodes combined for prediction 
of pCR of the breast and axillary nodes.

PATIENTS AND METHODS

Patients
Patients with invasive breast cancer >3 cm and/or at least one tumour-positive axillary node 
(stage II–III breast cancer) received NAC in our institution within one of several prospective 
trials studying different chemotherapeutic regimens [7]. From September 2008 patients 
were recruited for an additional imaging study assessing the value of PET/CT for response 
monitoring during NAC. Patients with at least two PET/CT examinations (one at baseline 
and one during NAC), quantifiable tumour FDG uptake at baseline and undergoing surgery 
after NAC were included in this analysis. The institutional review board approved this study 
and informed consent was obtained from all patients.

Histopathological analysis
Core biopsies from the primary tumour were used for determination of the histological type 
and grade and for immunohistochemical staining. Oestrogen receptor (ER) and progesterone 
receptor were considered positive when at least 10 % of tumour cells showed staining. 
Samples were scored as HER2-positive when either a strong (3+) membrane staining was 
observed or if chromogenic in situ hybridization revealed amplification in samples with 
moderate (2+) membrane staining. Tumours were classified into three groups according to 
their receptor status: HER2-positive, ER-positive/HER2-negative, and triple negative. Grade 
was determined using modified Bloom-Richardson criteria.

Treatment
NAC was administered as previously described (Fig. 1) [7, 19]. Briefly, HER2-positive 
tumours were treated with paclitaxel, trastuzumab and carboplatin (PTC) administered weekly 
in three cycles of eight administrations [22]. In weeks 7 and 8 of each cycle only trastuzumab 
was given. HER2-negative tumours were treated with six cycles of cyclophosphamide and 
doxorubicin (AC) in a dose-dense schedule (every 2 weeks). In conformance with institutional 
guidelines, based on consensus in a multidisciplinary meeting, chemotherapy could be 
switched to a (hypothetically) non-cross-resistant regimen (2-weekly capecitabine and 
docetaxel; CD). Switching was based on patient preference, drug toxicity or MRI response 
monitoring [23]. Further, inclusion of triple-negative tumours in chemotherapeutic trials 
could lead to treatment modification (cyclophosphamide, thiotepa and carboplatin; CTC).
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PET/CT scans were performed at baseline in all patients, after three and eight administrations 
in HER2-positive tumours (after 3 and 8 weeks) and after one and three cycles in HER2-
negative tumours (after 2 and 6 weeks). The three PET/CT scans are referred to as PET/CT1, 
PET/CT2 and PET/CT3. After NAC, all patients underwent breast-conserving or ablative 
surgery and lymph node dissection in those with initial node-positivity.

18F-FDG PET/CT
After a 6-h fast and with a blood glucose level <10 mmol/l, patients received an intravenous 
dose of 180 – 240 MBq 18F-FDG depending on their body mass index. Using a whole-body 
scanner (Gemini TF; Philips, Cleveland, OH), a PET/CT scan was performed after a resting 
period of 60 ± 10 min. A PET scan (3.00 min per bed position) of the thorax was performed 
with the patient in the prone position, with hanging breasts and the arms above the head, with 
image reconstruction to 2 × 2 × 2 mm voxels [24]. The PET acquisition was preceded by a 
low-dose CT scan (2-mm slices). Subsequently, as a staging procedure, a standard supine 
whole-body PET/CT scan was performed [8]. During NAC only the hanging breast PET/CT 
scan was repeated for response monitoring using similar time periods after FDG injection, 
patient positioning and acquisitions to those at baseline.

Image reading
A panel of three experienced reviewers (B.K., W.V., R.V.O.) evaluated the images. FDG 
uptake was measured in terms of maximum standardized uptake values (SUVmax) obtained 
by generating a 3-D region of interest (ROI) based on region-growing procedures [25]. If the 
image showed a low tumour-to-background ratio, rendering an automated ROI generation 
unreliable, the SUV was derived from a manually drawn 3-D volume of interest. If the 
tumour showed a complete metabolic response on the second or third PET/CT scan, the same 
ROI location as at baseline was used for calculation of SUVmax (i.e. background value in the 
breast at the site of the tumour).
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Response assessment of the primary tumour
One consultant breast pathologist (J.W.) reviewed all surgery specimens with regard to 
pathological response. Tumour responses were assessed dichotomously. A pCR was defined 
as complete absence of residual tumour cells in the breast and axillary nodes, irrespective of 
the presence of in situ carcinoma. All specimens involving residual vital tumour cells (either 
in the breast or the axillary nodes), including patients with only a few scattered cells (i.e. 
“near complete response”), were defined as incomplete remission (non-pCR).

Statistical methods
The accuracy of the final assessment of pathological response by PET/CT2 and PET/CT3 
was assessed using four receiver operating characteristic (ROC) analyses. The first analysis 
assessed the value of the change in SUVmax of the primary tumour. The second assessed the 
association between changes in SUVmax of the axillary lymph nodes and response on final 
pathology in patients with FDG-avid tumour-positive nodes on PET/CT1. Patients without 
baseline axillary SUVmax data (based on tumour-negative nodes or false-negative axillary 
nodes on PET/CT) were excluded from this analysis. The third analysis combined SUVmax 
changes in the primary tumour and axillary nodes using logistic regression, the linear model 
of which was entered into the ROC analysis. Finally, the highest SUVmax per scan (either 
in the tumour or in the lymph node) and its relative change during NAC were calculated as 
proposed in the PERCIST algorithm [26]. The area under the ROC curve (ROC-AUC) was 
calculated for the different cohorts. Confidence intervals (CI) were determined using the 
method of DeLong et al. [27] and are presented as 95 % confidence intervals.

RESULTS

A total of 290 PET/CT scans were performed in 107 stage II–III breast cancer patients. All 
patients underwent the baseline PET/CT scan (PET/CT1), 85 patients underwent the PET/
CT scan after 2 to 3 weeks (PET/CT2) and 98 patients underwent the PET/CT scan after 6 to 
8 weeks (PET/CT3). The baseline characteristics of the 107 included patients are presented 
in Table 1.

NAC neoadjuvant chemotherapy, MRI magnetic resonance imaging, FNA fine needle 
aspiration, SLNB sentinel lymph node biopsy, HER2 human epidermal growth factor 
receptor 2, ER oestrogen receptor

A pCR was found in 34 of 107 patients (32 %): 17 of 26 HER2-positive tumours (65 %), 
1 of 50 ER-positive/HER2-negative tumours (2 %) and 16 of 31 triple-negative tumours 
(52 %) (Table 2). Because only a single patient with an ER-positive/HER2-negative tumour 
achieved pCR, this group could not be analysed in detail. The PET/CT findings in relation 
to tumour subtype, including SUVmax values and relative changes, are presented in Table 2.
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Table 1 Baseline characteristics of the 107 included patients
Characteristic Value
Age (years)
  Median 47
  Range 25 – 68
T-stage prior to NAC (on MRI), n (%)
  cT1 9 (8 %)
  cT2 66 (62 %)
  cT3 24 (22 %)
  cT4 8 (7 %)
N-stage prior to NAC (FNA/SLNB), n (%)
  cN0 18 (17 %)
  cN1 61 (57 %)
  cN2 2 (2 %)
  cN3 26 (24 %)
Multifocal or multicentric (on MRI), n (%) 34 (32 %)
Subtype, n (%)
  HER2-positive 26 (24 %)
  ER-positive/HER2-negative 50 (47 %)
  Triple-negative 31 (29 %)

NAC neoadjuvant chemotherapy, MRI magnetic resonance imaging, FNA fine 
needle aspiration, SLNB sentinel lymph node biopsy, HER2 human epidermal 
growth factor receptor 2, ER oestrogen receptor

 

HER2-positive disease
ROC analysis for the change in SUVmax in the primary tumours at 3 weeks (after three 
administrations) indicated a poor association with pCR, yielding an ROC-AUC of 0.61 
(95 % CI 0.33 – 0.89). This was 0.67 (0.43 – 0.92) for SUVmax changes in both the primary 
tumour and axillary nodes combined (using a logistic model) and 0.72 (0.50 – 0.96) for the 
changes in the highest SUVmax values. The ROC-AUC for SUVmax changes in the axillary 
nodes in patients with FDG-avid tumour-positive nodes was 0.74 (0.51 – 0.97).

In general, ROC analyses of the week-8 scans (after eight administrations) generated 
relatively weaker associations. The ROC-AUC was for primary tumour SUVmax change 
0.59 (0.34 – 0.85) and 0.42 (0.18 – 0.66) for the logistic model of SUVmax changes in the 
primary tumour and axillary nodes. The ROC-AUC was 0.63 (0.36 – 0.89) for the SUVmax 
changes in the axillary nodes and 0.64 (0.38 – 0.90) for the changes in the highest SUVmax 
values. ROC curves are presented in Fig. 1.
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Table 2 ER status, number of patients undergoing PET/CT2 and PET/CT3, and final pathological 
responses of primary tumour, axillary nodes, and primary tumour and axillary nodes combined, 
in relation to subtype

 HER2-positive 
(n = 26)

ER-positive/
HER2-negative 
(n = 50)

Triple-negative 
(n = 31) Total (n = 107)

ER
  Negative 16 (62 %) 0 31 (100 %) 47 (44 %)
  Positive 10 (38 %) 50 (100 %) 0 60 (56 %)
PET/CT2 performed
  No 5 (19 %) 11 (22 %) 6 (19 %) 22 (21 %)
  Yes 21 (81 %) 39 (78 %) 25 (81 %) 85 (79 %)
PET/CT3 performed
  No 1 (4 %) 5 (10 %) 3 (10 %) 9 (8 %)
  Yes 25 (96 %) 45 (90 %) 28 (90 %) 98 (92 %)
Chemotherapy
  AC 0 31 (62 %) 22 (71 %) 53 (50 %)
  CD 0 1 (2 %) 0 1 (1 %)
  AC-CD 0 18 (36 %) 5 (16 %) 23 (21 %)
  AC-CTC 0 0 4 (13 %) 4 (4 %)
  PTC 26 (100 %) 0 0 26 (24 %)
Primary tumour
  No complete pathological response 9 (35 %) 45 (90 %) 12 (39 %) 66 (62 %)
  Complete pathological response 17 (65 %) 5 (10 %) 19 (61 %) 41 (38 %)
Axillary nodes
  No complete pathological response 3 (12 %) 38 (76 %) 13 (42 %) 54 (50 %)
  Complete pathological response 23 (88 %) 2 (4 %) 10 (32 %) 35 (33 %)
 cN0 before NAC 0 10 (20 %) 8 (26 %) 18 (17 %)
Primary tumour and nodes combined
  No complete pathological response 9 (35 %) 49 (98 %) 15 (48 %) 73 (68 %)
  Complete pathological response 17 (65 %) 1 (2 %) 16 (52 %) 34 (32 %)
HER2 human epidermal growth factor receptor 2, ER oestrogen receptor, NOS not otherwise specified, AC cyclophosphamide and 
doxorubicin, CD capecitabine and docetaxel, CTC cyclophosphamide, thiotepa, and carboplatin), PTC paclitaxel, trastuzumab, 
carboplatin

Fig. 1 Chemotherapy regimens as used in this study. HER2-positive tumours were treated with PTC in three cycles 
of eight weekly administrations. Interim PET/CT scans were performed after three and eight administrations (3 and 
8 weeks). HER2-negative tumours were treated with six cycles of AC in a dose-dense schedule (every 2 weeks). 
Interim PET/CT scans were performed after one and three cycles (2 and 6 weeks). In HER2-negative patients, a 
switch in chemotherapy regimen was done after the third PET/CT scan. HER2 human epidermal growth factor 
receptor 2, PTC paclitaxel, trastuzumab and carboplatin, T trastuzumab, AC cyclophosphamide and doxorubicin.
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Fig. 2 PET/CT ROC analyses of SUVmax changes in the breast (Breast) and axillary nodes (Axilla) for detecting 
pCR, the linear predictor of these two variables combined in a logistic regression (Logistic), and finally the changes 
in the highest SUVmax (tumour or axillary nodes) between each scan (Max) in HER2-positive tumours. The red 
lines indicate the accuracy after three weekly administrations in 21 patients (pCR in 14 patients), and the blue dashed 
lines indicate the accuracy after eight weekly administrations in 25 patients (pCR in 17 patients). On PET/CT2, the 
AUCs are as follows: for changes in the breast 0.61 (95 % CI 0.33 – 0.89), for changes in the axillary nodes 0.74 
(0.51 – 0.97; two patients without PET/CT1 axillary data excluded), by logistic regression 0.67 (0.43 – 0.92), and 
for changes in the highest SUVmax 0.72 (0.50 – 0.96). Equivalent values for PET/CT3 are, respectively: 0.59 (95 % 
CI 0.34 – 0.85), 0.63 (0.36 – 0.89; two patients without PET/CT1 axillary data excluded), 0.42 (0.18 – 0.66), and 
0.64 (0.38 – 0.90)
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Triple-negative disease
A more obvious discrimination of response by PET/CT during NAC was found in triple-
negative tumours. The relative change in SUVmax of the primary tumour and axillary nodes 

Fig. 3 PET/CT ROC analyses of SUVmax changes in the breast (Breast) and axillary nodes (Axilla) for detecting 
pCR, the linear predictor of these two variables combined in a logistic regression (Logistic), and finally the changes 
in the highest SUVmax (tumour or axillary nodes) between each scan (Max) in triple-negative tumours. The red lines 
indicate the accuracy after one cycle (2 weeks) in 25 patients (pCR in 13 patients), and the blue dashed lines indicate 
the accuracy after three cycles (6 weeks) in 28 patients (pCR in 14 patients). On PET/CT2, the AUCs are as follows: 
for changes in the breast 0.76 (95 % CI 0.55 – 0.96), for changes in the axillary nodes 0.74 (0.47 – 1.00; eight 
patients without PET/CT1 axillary data excluded), by logistic regression 0.84 (0.65 – 1.00), and for changes in the 
highest SUVmax 0.76 (0.56 – 0.97). Equivalent values for PET/CT3 are, respectively: 0.87 (95 % CI 0.73 – 1.00), 
0.86 (0.73 – 1.00; seven patients without PET/CT1 axillary data excluded), 0.93 (0.82 – 1.00), and 0.88 (0.74 – 1.00)
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on PET/CT after 2 weeks (after one cycle) gave ROC-AUCs of 0.76 (0.55 – 0.96) and 0.74 
(0.47 – 1.00), respectively, whereas the SUVmax changes in both the primary tumour and 
axillary nodes combined gave an ROC-AUC of 0.84 (0.65 – 1.00). The ROC-AUC for the 
changes in the highest SUVmax was 0.76 (0.56 – 0.97).

Even more obvious associations between changes on PET/CT and pCR were found in 
triple-negative tumours after 6 weeks (after three cycles). The ROC-AUC for SUVmax 
changes in the primary tumour and axillary nodes combined were 0.87 (0.73 – 1.00) and 
0.86 (0.73 – 1.00), respectively. The changes in the highest SUVmax values gave an ROC-
AUC of 0.88 (0.74 – 1.00), and 0.93 (0.82 – 1.00) for the primary tumour and axillary nodes 
combined in a logistic model (see Fig. 3).

ER-positive/HER2-negative disease
Since only a single patient achieved pCR in the breast and axillary nodes combined, we 
performed a limited sensitivity analysis to compare PET/CT2 and PET/CT3 in this subgroup 
with (near)pCR of the breast as a reference standard; this was achieved in 7 of 50 patients. 
Looking at the relative decrease in SUVmax of the primary tumour only, the ROC-AUC was 

Fig. 4 Scatter plots showing the relative change in highest SUVmax (tumours or nodes) and primary tumour size in 
HER2-positive tumours (left column), ER-positive/HER2-negative tumours (middle column), and triple negative 
tumours (right column) on PET/CT2 (upper row) and PET/CT3 (lower row). Nonresponders (non-pCR) are 
indicated by red triangles, responders (pCR) by green triangles
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0.61 (0.37 – 0.86) for PET/CT2 and 0.87 (0.69 – 1.00) for PET/CT3 in predicting (near)pCR.

DISCUSSION

This study demonstrates that PET/CT response monitoring during NAC appears to be 
informative, depending on the breast cancer subtype. In HER2-positive tumours, an association 
between PET/CT2 and pCR and between PET/CT3 and pCR could not be demonstrated, but 
results were slightly better for PET/CT2 than for PET/CT3. In triple-negative tumours pCR 
was more accurately predicted by PET/CT, with PET/CT3 showing the largest discriminative 
power between tumours that would show a pCR and those that would not. From this study 
no robust conclusions could be drawn regarding the accuracy of PET/CT in predicting pCR 
of ER-positive/HER2-negative breast tumours and axillary nodes, but PET/CT3 seemed 
superior to PET/CT2 in predicting (near)pCR. Further, this study suggests that a combined 
analysis of changes in SUVmax in the primary tumour and the axillary nodes improves the 
ability to discriminate early between tumours that will and will not achieve a pCR on final 
pathology.

Several studies have shown the potential of PET/CT response monitoring during NAC [11-
17]. Until now, the studied series of patients have been heterogeneous; only two studies have 
made a distinction between clinical subtypes [18, 19]. Whereas Humbert et al. have reported 
accurate response prediction in HER2-positive tumours and poor distinction in triple-negative 
tumours [18], we found the exact opposite: accuracy was high in triple-negative tumours, 
but suboptimal in HER2-positive tumours [19]. Several explanations may exist for these 
conflicting results: the differences in patient numbers, timing of the scan, chemotherapeutic 
regimens, patient preparation or scan acquisition protocols may all have contributed. In the 
present study, using pCR in the breast and axillary nodes as outcome instead of (near)pCR 
of the breast only, did not change our previous findings that PET/CT response monitoring 
appears accurate in triple-negative tumours but less accurate in HER2-positive tumours. Our 
findings partially corroborate those of Groheux et al. who demonstrated accurate identification 
of complete responders with triple-negative tumours after two cycles of NAC [15].

The optimal time-point for PET/CT response monitoring during NAC has not yet been 
established. Many studies have used one fixed time-point for response monitoring with PET/
CT [11, 15, 16, 18]; in only a few recent studies has sequential PET/CT scanning has been 
performed [14, 28]. In a recent meta-analysis Wang et al found that early response monitoring 
(after one or two cycles) was more accurate than late monitoring (after three or more cycles) 
[17], although the latter consisted of end-of-treatment scans as well, which were generally 
less accurate. An important remark is that most studies used a chemotherapeutic regimen 
with four cycles every 3 weeks [11-13, 15, 16, 18, 28]. In our study, HER2-negative tumours 
were treated with a dose-dense schedule (every 2 weeks) and PET/CT scans were performed 
after three cycles (6 weeks), which is the same relative time-point as after the second cycle in 
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a 3-week schedule. In HER2-positive tumours a relatively new schedule was used, consisting 
of weekly administrations of PTC [22].

Some authors have stated that response monitoring could be performed after the first cycle [13, 
14, 16, 18]. Our results suggest that the efficacy of PET/CT in monitoring response in triple-
negative tumours after one cycle may be suboptimal in comparison with its performance after 
three cycles (6 weeks). In HER2-positive tumours the early PET/CT scan seemed superior, 
although both PET/CT2 and PET/CT3 yielded poor to moderate associations.

Although detection of responders could be important for prognostication, it would also 
be valuable for detecting nonresponders at an early time-point. Our study shows that this 
is particularly useful with PET/CT3 in triple negative tumours (Fig. 3). Changing the 
chemotherapy regimen at this point, based on the PET/CT response, could possibly lead to 
increased pCR rates (and improved survival).

A recently published large study by von Minckwitz et al. showed that a pCR in both the breast 
and lymph nodes is a better discriminator between patients with favourable and unfavourable 
outcomes than a pCR or (near)pCR in the breast only [5]. When using pCR in the breast only 
as the outcome measure, further postsurgery adjuvant chemotherapy could still be considered 
in patients with (extensive) nodal involvement after NAC. Based on the ability of PET/CT to 
visualize both regions in one scan and our promising results regarding response monitoring 
of the breast and axillary nodes separately [19, 29], we hypothesized that assessment of FDG 
uptake in both the breast and axillary nodes would yield stronger associations with pCR in 
the breast and axillary nodes. Although the subgroups of breast cancer subtypes available 
for evaluation in this study were relatively small, we have shown the potential benefit of this 
combined approach. This might be a valuable addition to MRI response monitoring, in which 
axillary nodes are not adequately visualized.

It should be acknowledged that our results are preliminary findings from an early analysis. 
Even the relatively large patient group was insufficient to reveal some important aspects of 
response monitoring with PET/CT. This is mainly caused by the fact that PET/CT response 
monitoring in breast cancer is dependent on the breast cancer subtype, thereby prohibiting the 
determination of final cut-off points and preferred time-points in this study.

The group of patients with ER-positive/HER2-negative tumours undergoing PET/
CT evaluation and achieving a favourable pathological response was too small for more 
advanced statistical analysis. Nevertheless, the response evaluated by PET/CT in this group 
was variable (Fig. 3 and Table 2), enabling differentiation based on PET/CT information, 
perhaps with other reference standards (for instance, survival). Further, PET/CT appeared 
useful for predicting (near)pCR, particularly PET/CT3.

In this study we found higher pCR rates than in other studies, especially in triple-negative 
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and HER2-positive patients [7, 15, 30, 31]. This might possibly hinder extrapolation of our 
PET/CT response monitoring values to patient cohorts in other hospitals experiencing lower 
pCR rates. The relatively small number of patients in these subgroups could partially explain 
this finding. Second, patients with insufficient baseline FDG uptake were not included in 
this analysis, possibly excluding those with slowly proliferating, unresponsive tumours [32]. 
Further, we used a 2-week instead of a 3-week schedule in patients with triple-negative 
tumours, and a relatively new schedule including trastuzumab in HER2-positive patients 
[22]. Finally, we used different chemotherapeutic regimens in this study (1-week versus 
2-week administrations), which might have resulted in high pCR rates, but could also be a 
limitation, hampering comparison between the three subtypes.

Our results support the incorporation of PET/CT into neoadjuvant treatment regimens in 
breast cancer patients. It contributes to the increasing use of individualized treatment and 
may prevent both over- and undertreatment. In patients with an unfavourable metabolic 
response after three cycles, the chemotherapeutic regimen could be switched, possibly 
generating a higher pCR rate, thereby improving prognosis and increasing breast-conserving 
treatment. Conversely, the recognition of complete responders at an early stage may allow 
their selection for less invasive treatment after NAC.

In conclusion, PET/CT response monitoring during NAC is informative, but its performance 
is heavily dependent on the breast cancer subtype. In triple-negative tumours, a PET/CT scan 
after one cycle (2 weeks) seems relatively accurate, but a PET/CT scan after three cycles 
(6 weeks) appears optimal for response assessment. In HER2-positive tumours, a PET/CT 
scan either after three or after eight weekly administrations was not found to be accurately 
associated with pathological response. The change in FDG uptake of both the primary breast 
tumour and the axillary nodes had the strongest association with pCR.
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ABSTRACT

Purpose
To explore the potential complementary value of PET/CT and dynamic contrast-enhanced 
MRI in predicting pathological response to neoadjuvant chemotherapy (NAC) of breast 
cancer and the dependency on breast cancer subtype.

Methods
We performed 18F-FDG PET/CT and MRI examinations before and during NAC. The 
imaging features evaluated on both examinations included baseline and changes in 18F-FDG 
maximum standardized uptake value (SUVmax) on PET/CT, and tumour morphology and 
contrast uptake kinetics on MRI. The outcome measure was a (near) pathological complete 
response ((near-)pCR) after surgery. Receiver operating characteristic curves with area 
under the curve (AUC) were used to evaluate the relationships between patient, tumour and 
imaging characteristics and tumour responses.

Results
Of 93 patients, 43 achieved a (near-)pCR. The responses varied among the different breast 
cancer subtypes. On univariate analysis the following variables were significantly associated 
with (near-)pCR: age (p = 0.033), breast cancer subtype (p < 0.001), relative change in 
SUVmax on PET/CT (p < 0.001) and relative change in largest tumour diameter on MRI 
(p < 0.001). The AUC for the relative reduction in SUVmax on PET/CT was 0.78 (95 % CI 
0.68–0.88), and for the relative reduction in tumour diameter at late enhancement on MRI 
was 0.79 (95 % CI 0.70–0.89). The AUC increased to 0.90 (95 % CI 0.83–0.96) in the final 
multivariate model with PET/CT, MRI and breast cancer subtype combined (p = 0.012).

Conclusion
PET/CT and MRI showed comparable value for monitoring response during NAC. Combined 
use of PET/CT and MRI had complementary potential. Research with more patients is 
required to further elucidate the dependency on breast cancer subtype.

Keywords
Breast cancer, Neoadjuvant chemotherapy, Positron emission tomography, Magnetic 
resonance imaging, Response monitoring 
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INTRODUCTION

Neoadjuvant chemotherapy (NAC), also referred to as ‘preoperative’ or ‘primary systemic’ 
therapy, is the standard treatment for locally advanced breast cancer. NAC has several 
advantages. First, by reducing the size of the tumour, it may allow breast-conserving surgery 
instead of mastectomy in about 16 % [1] up to 37 % [2] of all patients. Second, monitoring the 
effects treatment during NAC enables adaptation of the treatment in case of an unfavourable 
tumour response. Third, NAC offers an excellent platform for translational research, since 
the molecular characteristics of breast cancer can be directly related to chemosensitivity.

Results from several studies have demonstrated superior disease-free survival in patients 
who achieve a pathological complete response (pCR) [3, 4]. Hence, achieving pCR is an 
important treatment objective, particularly in triple-negative tumours and tumours positive for 
human epidermal growth factor receptor 2 (HER2) [3]. In theory, response monitoring during 
treatment may help to predict which patients will achieve the desired pCR at a time when a 
change of chemotherapy regimen would still be practical. With this strategy administration 
of ineffective treatment can be limited, unnecessary drug toxicity may be decreased, and 
more cycles of effective chemotherapy can be administered before surgery. Moreover, some 
studies have suggested an improvement in outcome after treatment modification during NAC 
[5–7]. Dynamic contrast-enhanced MRI is frequently used to evaluate the effects of treatment, 
but its predictive value is not perfect and it performs relatively poorly in oestrogen receptor 
(ER)-positive/HER2-negative disease [8–10]. This limitation has led to the investigation of 
other imaging strategies. In this context, the role of 18F-FDG PET/CT is under investigation. 
Promising but varying results have been reported [11–13], but the patient populations studied 
have been relatively small and/or heterogeneous.

PET/CT visualizes changes in glucose metabolism, whereas contrast-enhanced MRI depicts 
changes in morphology and perfusion. The rationale behind the possible complementary 
value of PET/CT and MRI for monitoring tumour response is based on this difference in 
visualization of underlying tumour characteristics. If this complementary value could 
be exploited effectively, new strategies might be developed to improve the accuracy of 
evaluating response during NAC.

The value of breast cancer response monitoring using either PET/CT or MRI alone has 
been previously reported. The performance of each of these techniques was shown to differ 
markedly among breast cancer subtypes [10, 14, 15]. Moreover, several investigators have 
reported higher baseline FDG uptakes in triple-negative tumours than in tumours of other 
breast cancer subtypes [14, 16].

The aim of the present study was to investigate the complementary value of the combined use 
of PET/CT and MRI for monitoring response during NAC. In this context, the differences 
among breast cancer subtypes were also considered.
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PATIENTS AND METHODS

Patient selection
From September 2008 we included patients who were scheduled to receive NAC in a 
prospective single-institution study of response monitoring. All patients had primary invasive 
breast cancer of at least 3 cm in diameter and/or at least one tumour-positive axillary lymph 
node. The institutional review board approved this study and written informed consent was 
obtained from all patients.

Pretreatment pathology
Three core biopsies from the primary tumour were taken before NAC to determine the 
histological type and for immunohistochemical staining. All biopsies were reviewed 
by an experienced breast pathologist (J.W.). Samples were scored as positive for ER and 
progesterone receptor (PR) on immunohistochemistry when at least 10 % of the tumour 
cells showed staining. Samples were scored as HER2-positive when either strong membrane 
staining (3+) was observed on immunohistochemistry or if chromogenic in situ hybridization 
revealed amplification of the HER2 gene. We categorized breast cancer subtypes as HER2-
positive (ER and PR either positive or negative), ER-positive/HER2-negative, and triple-
negative (ER-negative, PR-negative and HER2-negative). Grade was determined using the 
criteria of Bloom and Richardson with modification [17].

Treatment
Patients with HER2-positive tumours were treated with a trastuzumab-based regimen 
consisting of paclitaxel (70 mg/m2/week), trastuzumab (2 mg/kg/week) and carboplatin 
(AUC 3 mg.h/ml/week; PTC) in three cycles of 8 weeks. In week 7 and 8 of each course 
only trastuzumab was given [18]. Patients with HER2-negative tumours began NAC with 
three courses of ddAC (doxorubicin 60 mg/m2 and cyclophosphamide 600 mg/m2 on 
day 1, every 14 days, with PEG-filgrastim on day 2). In the context of a larger study, three 
courses of docetaxel and capecitabine (docetaxel 75 mg/m2 on day 1, every 21 days, and 
capecitabine 2 × 1,000 mg/m2 on days 1–14; DC) were administered when an ‘unfavourable 
response’ was detected by MRI evaluation after the three initial courses. When a ‘favourable 
response’ was achieved, three further courses of ddAC were administered. The findings from 
this neoadjuvant programme have been reported previously [19]. Criteria for favourable and 
unfavourable MRI responses have been published elsewhere [20]. According to institutional 
guidelines, based on consensus in a multidisciplinary meeting, the chemotherapy regimen 
was changed to a theoretically noncross-resistant regimen in patients with an unfavourable 
response [20] after three courses. The second-line regimen consisted of capecitabine 
(850 mg/m2 twice daily orally on days 1–14) and docetaxel (75 mg/m2 intravenously on day 
1; CD). Three courses were given, every 3 weeks. After NAC, all patients underwent breast-
conserving surgery or a mastectomy
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PET/CT and MRI
Tumour response was monitored with both PET/CT and MRI. PET/CT and MRI examinations 
were performed before the start of chemotherapy (baseline examinations), and repeated at 
the end of the first of three 8-week courses of chemotherapy for HER2-positive tumours and 
after three of six cycles of chemotherapy for HER2-negative tumours (interim examinations). 
For the PET/CT scans, patients were prepared with a 6-h fasting period. Blood glucose levels 
were required to be <10 mmol/l. An FDG dose of 180–240 MBq was given intravenously, 
depending on body mass index. The PET/CT scan was performed after a resting period of 
60 ± 10 min using a whole-body PET/CT scanner (Gemini TF; Philips, Cleveland, OH). With 
the patient in prone position (“hanging breast” configuration identical to positioning for MRI), 
a PET scan (3 min per bed position) of the chest was performed with image reconstruction to 
2 × 2 × 2 mm voxels. PET acquisition was preceded by a low-dose CT scan (40 mAs, 2-mm 
slices). Subsequently, as a baseline staging procedure, a standard supine whole-body PET/
CT scan (1.30 min per bed position, 5.0-mm CT slices) was performed from the base of the 
skull to the upper half of the femora. During NAC, only the breast PET/CT was repeated 
for response monitoring using a similar acquisition, time after FDG injection and patient 
positioning as those used in baseline imaging. All PET/CT examinations in the current study 
were performed using the same scanner. A panel of experienced readers (B.K., W.V. and 
R.V.O.) evaluated the images. We have described this procedure previously in more detail 
[14].

MRI was performed with a 3.0-T scanner (Achieva, Philips, Best, The Netherlands) using 
a dedicated seven-element SENSE breast coil. Both breasts were simultaneously imaged in 
prone orientation. An unenhanced coronal 3-D THRIVE SENSE T1-weighted sequence was 
acquired. A bolus (15 mL) of gadolinium-containing contrast agent (Dotarem 0.5 mmol/ml; 
Guerbet; Aulnay-sous-Bois, France) was administered intravenously at 3 mL/s using a power 
injector followed by a bolus of 30 mL of saline solution. Subsequently, five consecutive series 
were acquired with a voxel size of 1.1 × 1.1 × 1.1 mm. The following scanning parameters 
were used: acquisition time 90 s, TR/TE 4.4/2.3 ms, flip angle10°, FOV 360 mm.

All images were assessed according to a previously described procedure [20, 21] by a 
radiologist (C.L.) experienced in breast MRI. In brief: a viewing station that permitted 
simultaneous viewing of two series reformatted and linked in three orthogonal directions 
was used for the interpretation of the breast MR images. The viewing station displayed all 
image series (unenhanced and contrast-enhanced), comprising subtraction images at initial 
enhancement (90 s after contrast agent injection), at late enhancement (450 s after contrast 
agent injection) and maximum intensity projections of both breasts. The subtraction images 
were also colour-coded, representing different rates and shapes of enhancement curves. 
These colour codes were categorized from red (initial enhancement ≥100 % with washout 
late enhancement) to green (initial enhancement <100 % with persisting late enhancement). 
In accordance with Kuhl et al. [22], we categorized the enhancement curves as type 1, 2 
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and 3, where type 1 represented a persisting shape, type 2 a plateau and type 3 a wash-out 
enhancing shape. The largest tumour diameter was assessed in the three reformatted planes 
(sagittal, axial and coronal) at initial and late enhancement.

Postsurgery pathology
The surgical resection specimens were assessed according to EUSOMA (European Society 
of Breast Cancer Specialists) guidelines [23, 24] by an experienced breast pathologist (J.W.). 
Complete absence of residual invasive tumour cells irrespective of carcinoma in situ was 
defined as pCR. A small number of scattered tumour cells left on microscopy was considered 
near pCR. A combination of both near pCR and pCR was classified as (near-)pCR. The 
presence of viable residual disease in the resection specimen due to tumour progression, 
stable disease or partial response to NAC, was classified as non-pCR. Pathological response 
was assessed dichotomously: (near-)pCR versus non-pCR. Radiographs of the specimens 
were obtained and the pathologist had access to the presurgery breast images. Axillary 
response was not evaluated in the current study.

Statistics
The relative change in maximum standardized uptake value (SUVmax) was calculated using 
an equation comparable to that used by Hatt et al. [25]:

The relative change in tumour size on MRI was calculated using the equation:

Largest diameter interim MRI - Largest diameter baseline MRI
Largest diameter baseline MRI

⎛

⎝
⎜

⎞

⎠
⎟×100%

With these equations, a negative value indicates a reduction, a value of zero no change, and a 
positive value tumour progression on imaging. For example, the relative change of a tumour 
with an SUVmax of 12 at the start of treatment and a value of 3 during treatment would be 

−75 % (i.e. 75 % reduction).

SPSS (version 20.0; SPSS Chicago, Illinois) was used for all analyses. Univariate analyses 
were done using Student t test for normally distributed continuous variables and the Mann 
Whitney U test for nonnormally distributed variables. Multivariate binary logistic regression 
was performed using backwards step-wise feature selection with a probability for entry 0.05 
and a probability for removal 0.10. Features that were significant in the univariate analysis 
(p ≤ 0.05) were entered in the multivariate analysis.

Receiver operating characteristics (ROC) curve analysis with area under the curve (AUC) 
measurement were used to investigate relationships between patient, tumour characteristics 

SUVmax interim PET/CT - SUVmax baseline PET/CT
SUVmax baseline PET/CT

⎛

⎝
⎜

⎞

⎠
⎟×100%
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and imaging characteristics and the tumour response on pathology after surgery. In addition, 
these relationships were studied separately for the different breast cancer subtypes (HER2-
positive, ER-positive/HER2-negative and triple-negative).

RESULTS

Included in the study were 93 women with breast cancer of stage 2 or higher. Their mean 
age was 47.8 years (25.8–68.1 years). The vast majority of the tumours (91 %) were invasive 
ductal cancers. The baseline characteristics of the cohort are presented in Table 1. Of the 93 
patients, 43 (46.2 %) achieved a (near-)pCR and 50 (53.8 %) had residual disease (non-pCR) 
as shown in Table 2.

Table 1 Characteristics of the 93 patients. 

Characteristic HER2-positive 
(n = 25)

ER-positive/
HER2-negative 
(n = 40)

Triple-negative 
(n = 28) p value

Age (years), median (range) 47 (29–61) 48 (29–64) 45 (26–68) 0.409
Tumour stage prior to NAC, n (%)
 T1 3 (12) 2 (5) 2 (7)

0.462
 T2 12 (48) 25 (63) 21 (75)
 T3 9 (36) 10 (25) 4 (14)
 T4 1 (4) 3 (8) 1 (4)
Node-stage prior to NAC, n (%)
 N0 0 6 (15) 7 (25)

0.054
 N1 16 (64) 23 (58) 13 (46)
 N2 0 0 2 (7)
 N3 9 (36) 11 (28) 6 (21)
Stage, n (%)
 2 10 (40) 22 (55) 17 (61)

0.464 3 14 (56) 16 (40) 11 (39)
 4a 1 (4) 2 (5) 0
Histology, n (%)
 Invasive ductal cancer 21 (84) 37 (93) 27 (96)

0.133 Invasive lobular cancer 4 (16) 3 (8) 0
 Other type 0 0 1 (4)
Baseline SUVmax on PET/CT, 
median (range) 6 (2–11) 6 (2–19) 12 (5–48) <0.001

Largest (range) diameter on MRI (mm), median
 Initial enhancement 46 (12–123) 40 (16–115) 39 (16–88) 0.380
 Late enhancement 41 (9–123) 36 (14–87) 34 (16–64) 0.386
Type of lesion on MRI, n (%)
 Mass 7 (28) 16 (40) 19 (68)

0.018 Multifocal 8 (32) 16 (40) 4 (14)
 Non-mass 10 (40) 8 (20) 5 (18)
aIn the patients with stage 4 disease a solitary metastasis was detected on the baseline PET/CT scan. These patients 
were treated with curative intention
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Age
Age was significantly associated with (near-)pCR (p = 0.033) as shown in Table 2. Of the 43 
patients with (near-)pCR and of the 50 patients with non-pCR, 28 (65.1 %) and 27 (54 %), 
respectively, were younger than 50 years (p = 0.28). This distribution, however, varied among 
the different breast cancer subtypes: of the patients with a HER2-positive, ER-positive and 
triple–negative tumour who achieved (near-)pCR 8 of 19 (59.7 %, p = 0.55), 2 of 5 (40 %, 
p = 0.63) and 17 of 19 (89.5 %, p = 0.001), respectively, were younger than 50 years.

Table 2 Results univariate analysis of patient and imaging characteristics in relation to pCR

Characteristic
Non-pCR (n = 50) (Near-)pCR (n = 43)

p value
Mean SD Mean SD

Age (years) 48.8 10.1 44.2 10.3 0.033
SUVmax baseline PET/CT 8.3 5.3 10.5 8.6 0.29
Largest diameter on MRI (mm)
 Initial enhancement 49.2 27.8 47.2 23.8 0.696
 Late enhancement 42.2 23.5 40.0 19.7 0.629
Relative reduction in SUVmax on PET/CT (%) 41.4 23 5 64.4 18.6 <0.001
Relative reduction in largest diameter on MRI (%)
 Initial enhancement 26.4 27.3 67.1 34.0 <0.001
 Late enhancement 36.5 34.2 79.1 32.8 <0.001

PET/CT
SUVmax on interim PET/CT and relative change in SUVmax on PET/CT were significantly 
associated with (near-)pCR (p = 0.007 and <0.001, respectively; Table 2). Residual disease 
was found on pathology in 21 of 58 tumours (36.2 %) with ≥50 % reduction in SUVmax and 
in 5 of 19 tumours (26.3 %) with ≥80 % reduction in SUVmax.

MRI
The largest tumour diameters at initial as well as late enhancement were significantly associated 
with (near-)pCR (p < 0.001 for both). Accordingly, there was a significant association between 
relative change in largest tumour diameter at both initial and late enhancement and (near-)
pCR (p < 0.001 for both; Table 2). Of 93 tumours, 23 (24.7 %) showed a reduction of 75 % or 
more in largest tumour diameter at initial enhancement on interim MRI. Of these 23 tumours, 
20 (87.0 %) achieved a (near-)pCR on pathology.

Of the 43 tumours with a (near-)pCR, 18 (42 %) had no residual enhancement on the interim 
MRI, 9 (21 %) had a type 1 curve, 14 (33 %) a type 2 curve, and 2 (5 %) a type 3 curve. Of 
the 50 tumours with a non-pCR, 3 (6 %) had no more enhancement on the interim MRI, 5 
(10 %) a type 1 curve, 29 (58 %) a type 2 curve, and 13 (26 %) a type 3 curve.

Breast cancer subtypes
There was a higher rate of (near-)pCR in HER2-positive and triple-negative tumours than in 
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Fig. 1 Typical examples of images obtained in patients with tumours of various breast cancer subtypes. a: A 39-year-
old woman with a HER2-positive tumour showing a good response on MRI and PET/CT and complete response on 
final pathology. b: A 36-year-old woman with an ER-positive/HER2-negative tumour showing a moderate response 
on MRI and PET/CT and Residual disease on final pathology. c: A 32-year-old woman with a triple-negative tumour 
showing a good response on MRI and PET/CT and complete response on final pathology. Maximum intensity 
projection MR images (left), MR subtraction images colour-coded for time-vs.-intensity curve type (centre), and 
SUV on PET/CT (right). The images in the upper rows were obtained prior to treatment and the images in the lower 
rows during treatment. The colour codes on the subtraction images reflect contrast uptake kinetics: red to green 
initial enhancement ≥100 % with washout late enhancement to initial enhancement <100 % with persisting late 
enhancement
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ER-positive tumours: 76.0 %, 67.9 % and 12.5 %, respectively (p < 0.001). Typical responses 
to NAC for various breast cancer subtypes are shown in Fig. 1.

Figure 2 shows the relationship between relative changes on PET/CT and MRI in relation 
to pathological response in various breast cancer subtypes. For HER2-positive tumours, a 
100 % reduction in largest tumour diameter on MRI was associated with a wide range of 
relative changes in SUVmax on PET/CT (−85 to −15 %). For ER-positive/HER2-negative 
tumours (near-)pCR was never achieved at relative reductions in SUVmax on PET/CT less 
than 40 %, independent of the reduction in largest tumour diameter on MRI. For triple-
negative tumours, (near-)pCR was related to a relative reduction in SUVmax on PET/CT as 
well as a relative reduction in largest tumour diameter at initial and late enhancement on MRI 
(Table 3 and Fig. 2).

Multivariate analysis
In the multivariate analysis, relative change in SUVmax on PET/CT, relative change in largest 
tumour diameter at late enhancement on MRI and breast cancer subtype retained significant 
associations with (near-)pCR. The results of the multivariate analysis are presented in Table 4.

ROC-curve
The AUC was 0.78 (95 % confidence interval, CI, 0.68–0.88) for the relative reduction in 
SUVmax on PET/CT and 0.79 (CI 0.70–0.89) for the relative reduction in tumour diameter at 
late enhancement on MRI. The AUC increased to 0.90 (CI 0.83–0.96) in the final multivariate 
model with PET/CT, MRI and breast cancer subtype combined (p = 0.012).

Fig. 2 Relationship between relative changes on PET/CT and MRI in relation to pathological response in various 
breast cancer subtypes (red triangles non-pCR, green triangles (near)pCR). A negative value indicates a reduction, 
zero no change and a positive value tumour progression on imaging
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Table 3 Results univariate analysis reduction in SUVmax on PET/CT and largest diameter 
of tumour enhancement on MRI in relation to pathological response in various breast cancer 
subtypes

Breast cancer subtype
Non-pCR (%) (Near)pCR (%)

p value
Mean SD Mean SD

Reduction in SUVmax on PET/CT
 HER2-positive 69 16 59 21 0.29
 ER-positive/HER2-negative 37 24 62 15 0.013
 Triple-negative 40 11 70 15 <0.001
Reduction in largest diameter at initial enhancement on MRI
 HER2-positive 74 30 84 22 0.45

 ER-positive/HER2-negative 21 21 30 43 0.44
 Triple-negative 17 17 60 32 <0.001
Reduction in largest diameter at late enhancement on MRI
 HER2-positive 77 26 92 19 0.22
 ER-positive/HER2-negative 35 33 51 45 0.47
 Triple-negative 16 22 74 36 <0.001

Table 4 Results multivariate analysis of patient and imaging characteristics in relation to (near) 
pathological complete response
Characteristic Odds ratio 95 % confidence interval p value
Age (years) 0.959 0.902–1.020 0.188
Relative reduction in SUVmax on PET/CT (%) 0.970 0.941–1.000 0.047
Relative reduction in largest diameter on MRI (%)
 Initial enhancement 0.992 0.958–1.026 0.623
 Late enhancement 0.974 0.956–0.993 0.006
Breast cancer subtype
 HER2-positive 1.0 (Reference)  
 ER-positive/HER2-negative 2.166 0.420–11.173 0.356
 Triple-negative 0.163 0.037–0.716 0.016

DISCUSSION

We explored the potential complementary value of PET/CT and contrast-enhanced MRI for 
monitoring the response of breast cancer to NAC. We identified changes in imaging features 
during NAC that were associated with the pathological response after NAC in relation to 
breast cancer subtype. In the multivariate analysis a large relative reduction in SUVmax 
on PET/CT, a large relative reduction in the largest tumour diameter at late enhancement 
on MRI, and breast cancer subtype were independent markers for a (near-)pCR (Table 4). 
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A combination of these features in 93 patients led to an increased AUC, suggesting an 
improved ability to differentiate between responders and nonresponders to NAC by applying 
both modalities in combination with knowledge of the breast cancer subtype.

Several studies have investigated PET/CT and MRI in the setting of NAC. These studies 
focused on comparison between the two techniques rather than on the assessment of their 
complementary value [26–29]. Moreover, all studies were performed in relatively small 
patient groups, with the exception of the study by Tateishi et al. [30]. These authors compared 
MRI and PET/CT in 142 patients and observed a superior accuracy of the latter for predicting 
pCR to NAC. The potential impact of breast cancer subtype was, however, not reported. To 
our knowledge no studies have been reported with a design comparable to the current study.

Controversies in NAC imaging studies
Some key issues in NAC imaging studies are currently under investigation. Lack of 
standardization across studies hampers generalization and comparison of study results. First, 
there is no consensus with regard to the optimal time-point for performing the examination(s) 
during NAC. Usually, examinations are done at baseline, but the time-points for the subsequent 
examination(s) vary: after the first cycle of NAC, after completion of half the NAC course 
and sometimes after completion of NAC shortly before surgery. The interim examinations 
in this study were done half way through the treatment. A previous study demonstrated 
that PET/CT is able to monitor therapy response after one cycle of chemotherapy, but it 
is less accurate than after completion of half the treatment [31]. Second, it is still under 
investigation which PET parameter correlates best with response to chemotherapy. The 
values of parameters such as SUVmean, SUVpeak and total lesion glycolysis are not yet 
properly validated [25, 32]. In the current study we decided to focus on SUVmax as the most 
straightforward and reproducible parameter, particular in patients with a good metabolic 
response. Another consideration was that most other studies have also used SUVmax. This 
enables generalization and comparison of results among studies.

Third, there is no consensus as to which threshold values should be employed for PET/CT or 
MRI to assess breast cancer response during NAC. The response criteria for solid tumours 
(RECIST) are widely applied and recently PERCIST was proposed for PET/CT monitoring 
[33, 34]. Criteria for response monitoring in breast cancer are not yet standardized, mainly due 
to varied chemotherapeutic regimens and differences in time-points for response monitoring 
across studies. In the current study, we employed ROC analysis based on continuous values 
rather than choosing a specific threshold value on the ROC curve. An important reason for 
this choice was the relatively large CIs associated with a specific choice of threshold given 
the current number of our included patients. The AUC indicated, however, that PET/CT and 
MRI overall provide complementary information. Fourth, different endpoints were used, and 
different definitions of pCR were applied in NAC studies [9, 35]. An international panel 
of representatives of breast cancer clinical research groups recommended that pCR should 
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be based on histopathological assessment, including absence of invasive cancer in both 
breast and lymph nodes [36]. In the current exploratory research, we primarily focused on 
the ability of interim PET/CT and MRI scans of the breast to detect changes in the primary 
tumour associated with response on pathology after surgery.

Current limitations and research prospects
There is emerging evidence that breast cancer subtype plays an important role in response 
monitoring during NAC. Loo et al. reported the relevance of breast cancer subtype in the 
accuracy of MRI in monitoring response during NAC [10]. In recent studies, Humbert et al. 
[16] and Koolen et al. [14] reported differences in SUV decrease on PET when stratifying 
according to breast cancer subtype. In the current study, for some breast cancer subtypes, 
response on final pathology was primarily associated with response on PET/CT, for others 
with response on MRI, and for still others with response according to both modalities. These 
effects can be considered a reflection of differences in the underlying tumour functions 
(changes in glucose uptake, morphology and perfusion) and to be related to the breast cancer 
subtypes that are affected by the treatment.

Although the number of patients in the current exploratory study was relatively large, 
stratification into subgroups of breast cancer subtypes did not provide sufficient statistical 
power to address the impact of breast cancer subtype on response prediction with PET/CT 
and MRI. Particularly in the ER-positive/HER2-negative subgroup (the largest subgroup), 
the number of responders on final pathology was relatively small (5 of the 40, 12.5 %). 
Nevertheless, our exploratory analyses may generate hypotheses for further research.

In view of these findings, further research in a larger group of patients may enable us to 
address several subjects that emerged in this exploratory analysis. The relevance of breast 
cancer subtype will be studied more thoroughly in the context of the combined use of PET/
CT and MRI. In particular, if the observed dependency of response on imaging on breast 
cancer subtype remains consistent in a larger group of patients, we will be able to establish 
cost-effective imaging strategies based on breast cancer subtype. These cost-effectiveness 
studies are currently ongoing. In addition, the observed relationship between a good response 
on interim MRI and (near-)pCR will be integrated in future studies. More precise cut-off 
values need to be established for SUVmax reduction on PET/CT, in both the breast and the 
lymph nodes, combined with cut-off values for size reduction on MRI.

There are indications that other MRI techniques such as diffusion-weighted imaging may 
be of additional value for monitoring response to therapy [37]. We plan to incorporate these 
analyses in our further research as well. All the above-mentioned efforts may eventually lead 
to improved patient-tailored treatment.
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CONCLUSION

In this exploratory analysis, the combined use of interim PET/CT and MRI showed potential 
for improving the ability to predict final tumour response on pathology during NAC. 
Additional research in a larger group of patients is needed to further elucidate the dependency 
on breast cancer subtype.
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DISCUSSION

In this thesis we present our findings with respect to the use of MRI and PET/CT in comparison 
with more conventional breast imaging modalities for treatment selection and monitoring of 
breast cancer aiming to contribute to improved personalized treatment. 

In part 1 we address the use of MRI in patients with known breast cancer and eligible for 
BCT. 

In chapter 2 we describe our non-randomized cohort study with 349 patients in whom we 
assessed whether the use of a preoperative MRI had an impact on the rate of incomplete tumor 
excision. In this study patients who underwent conventional imaging and clinical breast 
examination only (N=176), were compared to those who received an additional preoperative 
breast MRI (N=173). Although preoperative breast MRI did not significantly impact the 
overall incomplete excision rate, we observed a significantly lower rate of incompletely 
excised IDC. MRI detected more extensive disease in 11% of all patients, leading to changes 
in treatment (wider excisions or mastectomies). Mastectomies solely based on MRI findings 
were not done.

MRI is increasingly used in several areas of breast cancer care. The value of MRI in screening 
women at high-risk of developing breast cancer (e.g., gene mutation carriers) has been 
demonstrated in many studies [1-4]. The high sensitivity of MRI for invasive breast cancer 
leads to improved definition of tumor extent [5, 6] and as a result, MRI has been expected to 
increase complete resection rates, breast cancer control and cosmetic outcome. These effects 
have, however, not been demonstrated consistently. Therefore controversy has arisen among 
breast cancer specialists about the value of the routine use of preoperative MRI in patients 
with known breast cancer and eligible for BCT. One reason is that MRI is considered to be 
a technique with a high sensitivity but a relatively low specificity [7]. Moreover the pivotal 
question whether a preoperative MRI is related to an improved disease-free survival (DFS) 
is currently unanswered. Improvements in breast cancer treatment have further decreased the 
risk of relapse after BCT. These improvements include both local- (surgery and radiotherapy) 
and systematic treatments. Currently, local recurrence rates of 0.5% per year are reported [8-
10]. Given these low rates a trial with DFS after BCT as endpoint will require many subjects, 
will last for many years and will be very costly. 

Because of these challenges surrogate endpoints are used to investigate if and how patients 
can benefit from the high sensitivity of MRI. One of these endpoints is surgical precision as 
studied in chapter 2. 

Other reports, similar to our study, have been published that investigated the impact of MRI on 
surgical outcome. The MONET study [11] was a randomized controlled trial (RCT) in patients 
with non-palpable breast lesions that compared the rate of surgical procedures in patients 
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with an additional MRI (n=207) and a control group without MRI (n=211). In contrast to 
our findings, the authors reported an unexpected increased re-excision rate in the MRI group. 
Critics of the MONET study point out that it was underpowered for their endpoint because 
only 149 of the lesions were cancers [12, 13]. There are some other important differences 
between the MONET and our study which may explain the previously-mentioned conflicting 
results between the studies. We performed our research in a larger group of patients (n=349). 
Moreover this group only consisted of patients with proven invasive breast cancer, whereas 
82 (55%) of the malignancies in the MONET study were DCIS. Variable sensitivity of MRI 
to visualize pure DCIS has been reported in other studies before [14-16].

Another RCT that investigated the impact of MRI on surgical precision is the COMICE 
trial [17]. In this multi-centre trial 1623 patients with proven breast cancer were randomly 
assigned to receive either an additional preoperative breast MRI (n=816) or no further 
preoperative imaging (n=807). The authors concluded that addition of MRI did not result 
in a reduction in reoperation rates (19% in both groups), and that the use of MRI would not 
provide any benefit in terms of cost-effectiveness or Health-Related Quality of Life. This 
trial has been widely criticized because of the participation of 45 hospitals, some of which 
only treated a very small number of patients and the fact that there was no systematic use of 
(MRI-guided) needle biopsy and localization[18-20]. The lack of MRI-guided needle biopsy 
led to treatment changes, including conversion to mastectomy in some centres. On pathology 
afterwards some of these treatment changes turned out to be caused by false-positive MRI 
findings. Also in our study we performed MRI-guided biopsies sparingly. But alternatively 
we applied directives to manage additional findings detected on MRI, in order to minimize 
treatment changes due to benign findings. These directives, which we describe in chapter 2, 
include the following: if additional findings were sufficiently close (=< 3 cm) to the index 
lesion a larger wide-local excision was done to include the additional finding. For additional 
MRI findings further away from the index lesion, attempts were made to obtain proof of 
malignancy by second-look targeted ultrasonography and fine-needle aspiration or biopsy. 
Conversion to mastectomy was only advised in case of pathology confirmed additional 
disease over a region too large to perform cosmetically acceptable BCT. If this confirmation 
could not be obtained, BCT was pursued and follow-up by MRI was advised. Elshof et.al. 
evaluated these directives and reported that 77.5 % of the lesions close to the index lesion 
were malignant and that none of the additional lesions proved to be malignant after a mean 
follow-up period of 57 months [21]. The authors concluded that with these directives there 
was little room for MRI-guided breast biopsies. Due to technical innovations current MRI-
guided systems are more patient-friendly and less labour-intensive than before. MRI-guided 
biopsies are currently commonly applied at our radiology department.

The findings of chapter 2 prompted us to investigate whether the superior capability of 
MRI to visualize the disease extent is accurate enough to identify “breast cancer of limited 
extent” (BCLE). Faverly et al. [22] defined BCLE as invasive breast cancer having no focus 
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of invasive carcinoma, DCIS or lymphatic emboli foci beyond 1 cm from the edge of the 
dominant mass. Our findings are presented in chapter 3. 

Identifying BCLE is of importance to be able to select patients for less invasive treatment 
procedures such as partial breast irradiation. We investigated pathological and imaging 
characteristics available pre-treatment of 77 breasts with invasive breast cancer to determine 
associations with BCLE. In our research, positive ER status was the most indicative 
characteristic for BCLE, followed by a mass on mammography low quantity of DCIS in 
the index tumor and absence of tumor washout at MRI. Due to the relatively small number 
of patients this finding should be considered hypotheses-generating for further research in 
larger patient groups.

Current guidelines for the use of preoperative MRI are generally based on consensus rather 
than on high-level evidence such as from randomized controlled trials (RCTs). Hence, there 
may be an important role for observational studies in this setting. 

In chapter 4 of this thesis we present our research in a cohort of 685 consecutive patients 
aiming to identify a subgroup of patients in whom preoperative breast MRI will not add 
information to breast imaging already available. For this purpose we investigated clinical, 
pathological and imaging characteristics available prior to MRI. Based on our findings, 
the existing knowledge on preoperative breast MRI and the opinion of our breast cancer 
specialists we proposed guidelines for a more selective use of the preoperative breast MRI. 
We proposed to omit preoperative MRI if the following conditions are concurrently present: 
patients older than 60 years, ACR 1 or 2 breast density at mammography, preoperative lymph 
node negativity, no substantial discrepancy in tumor diameter between mammography and 
ultrasound, including visibility of the tumor at mammography, and no ILC at histology. These 
guidelines proposals (in case of breast conserving surgery) may, however, need confirmation 
and validation in other studies. 

In part 2 we present our research on the use of PET/CT and MRI to monitor treatment 
response during neoadjuvant chemotherapy (NAC). This response monitoring is an essential 
part of NAC and is frequently done with MRI, but its predictive value of residual disease is 
suboptimal and it performs relatively poor in ER-positive/HER2-negative disease [23-25]. 
These limitations have led to the investigation of other imaging strategies. In that context, the 
role of PET/CT is under investigation. 

In chapter 5 we present our research on the efficacy of response monitoring with PET/CT in 
relation to breast cancer subtype in 98 women with stage 2 or 3 breast cancer. We assessed 
changes in FDG uptake during the treatment and compared this with pathological determined 
response after surgery. PET/CT appeared to be less accurate in monitoring response of 
HER2-positive tumors.
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The aim of the research in chapter 6 was to investigate the value of response monitoring in 
both the primary tumor and axillary nodes on sequential PET/CT scans during neoadjuvant 
chemotherapy (NAC) for predicting complete pathological response (pCR), taking the breast 
cancer subtype into account. We investigated 107 consecutive patients and demonstrated that 
in triple-negative tumors a PET/CT scan after 6 weeks (three cycles) appears to be optimally 
predictive of pCR. In HER2-positive tumors neither a PET/CT scan after 3 weeks nor after 
8 weeks appeared to be useful. The changes in FDG-uptake in both the tumor and axillary 
nodes combined correlated best with pCR.

In chapter 7 we present our findings with regard to the complementary value of PET/CT and 
MRI in predicting response to NAC and the dependency on breast cancer subtype. We studied 
93 patients who underwent PET/CT and MRI examinations before and during the treatment 
and compared changes in imaging with response at pathology after surgery. We observed an 
increase in area under the receiver operating curve when combining PET/CT, MRI and breast 
cancer subtype in a multivariable model. More research is needed to further clarify this role 
of breast cancer subtype in the context of a combined use of PET/CT and MRI.

FUTURE PERSPECTIVES

Breast cancer research is a dynamic and on-going process. In this section we will address 
some recent developments and our current work with regard to the research we described in 
this thesis. 

As stated before, the question of whether the application of a preoperative breast MRI impacts 
the long-term patient’s outcome is still unanswered. There are continuous developments 
in both the diagnostic and the therapeutic field of breast cancer. Hence, it may simply be 
too complex to demonstrate a potential “MRI-effect” on DFS. Moreover, differences in 
clinical management of MRI-detected findings may also cause differences in DFS, further 
complicating isolation of potential MRI-specific impact on DFS. 

In recent, yet unpublished, work from the cohort described in chapter 2 we are investigating 
whether the use of a preoperative MRI ultimately impacts the long-term outcome (local 
recurrence, loco-regional recurrence and distance metastasis) after a median follow-up 
time of approximately 9 years. We recently presented our preliminary findings at the ninth 
European breast cancer congress (EBCC-9) [26]. Thus far, we observed a trend towards 
longer DFS in the MRI group (p=0.05). In addition, a significant lower rate of contralateral 
disease was found in the MRI group (3% versus 7% in the non-MRI group, p=0.04). The size 
of the cohort and the typically low rate of relapses after BCT must be taken into consideration 
when interpreting these results. 

Recently, Housami et al. reported the results from a meta-analysis of 4 studies with 3,169 
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subjects. They found similar local recurrence-free survival rates after 8 years between 
patients who underwent an additional preoperative MRI and those who did not (97% and 
95%, respectively) [27]. Despite these excellent survival rates, the question may arise 
whether some of these patients with early-stage disease were over-treated. MRI may play a 
role in studies to identify patients for limited treatment, e.g. less or no radiotherapy. 

It is expected that the discussion on preoperative MRI will continue without being solved the 
coming years and that cost-conscious health care will increasingly play a decisive role in that 
debate. Therefore well-conducted health-economic studies may be required.

There are several areas being explored with regard to treatment response monitoring during 
NAC. Typically, these efforts aim to optimize the effect of NAC by switching the treatment 
regimen in case of an unfavourable response, thus avoiding exposure to ineffective drugs.

One of these areas is the registration of images from different modalities, aiming to improve 
the characterization of breast lesions. Recently, for example, Dmitriev et al, presented a 
fully automatic multistage approach to register MRI and PET/CT images [28]. The authors 
reported that this method performed accurately in the majority of cases, and that it may be 
beneficial to obtain representative biopsy samples possibly leading to improvements in the 
preoperative assessment and tailoring of the treatment. 

Another development is the introduction of hybrid PET/MRI scanners. Although the number 
of studies regarding these scanners is steadily increasing [29-33], their value for treatment 
response monitoring in breast cancer is yet to be established. This value is particularly of 
interest with regard to patient friendliness, cost-effectiveness and improved image quality.

Furthermore, several specific PET tracers are under investigation in breast cancer imaging. 
These tracers are based on distinct tumor characteristics such as cell proliferation [34], 
hormone receptor status [35, 36] and HER-2 overexpression [37, 38], etcetera. 

Finally, other MRI techniques are under investigation in the context of response monitoring 
during breast cancer treatment. Diffusion weighted imaging (DWI) and pharmacokinetic 
modelling (PKM) are examples of these techniques [39-41]. These advanced and detailed 
analyses of functional tumor characteristics obtained prior and during the treatment, may 
serve as adjuncts to current breast imaging in the process of response monitoring. 

In the context of the CTMM Breast Care study, explorative studies were performed to assess 
the complementary value of DWI to DCE MRI. In 32 NAC patients we studied changes 
in the diffusion, expressed by the apparent diffusion coefficient (ADC), in relation to final 
pathological response. Nine of these patients had a complete response on MRI and were 
therefore not suitable to measure the ADC. For the remaining patients we did not observe 
an additional value of DWI because the changes in the ADC were associated with the 
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findings from the DCE MRI. The interim DWI scans were performed together with the MRI 
examinations, halfway through the treatment. There are, however, more recent indications 
that DWI performed after the first treatment course may provide more valuable information 
on treatment response, than DWI performed later on during treatment [42]. In addition to 
DWI, our research on PKM is also still on-going. So far, studies that focussed on PKM to 
evaluate tumor response during NAC have been performed in small groups of patients [[43]. 
Thus far, our experiences with PKM are comparable to those with DWI: PKM may be more 
useful after the first course of NAC than halfway through NAC. At the design-stage of the 
study, a choice needed to be made between fast but potentially less accurate assessment of 
tumor response (after 1 course), or potentially more reliable but less fast assessment (after 3 
courses). Performing both PET and MRI before, after one course, after 3 courses and after 
completion of NAC was deemed too demanding on our patients. 

CONCLUSIONS

Our findings showed the impact of preoperative breast MRI on surgical management and 
precision. MRI detected more disease than conventional diagnosis alone, did not affect the 
overall rate of incomplete tumor excision, but yielded a lower rate of incompletely excised 
IDC. We used imaging- (including MRI), patients and tumor characteristics to identify 
BCLE. Moreover we proposed practical guidelines for a more selective use of preoperative 
breast MRI in our clinic. With regard to response monitoring we demonstrated the strong 
dependency of the accuracy of imaging on breast cancer subtype. PET/CT was accurate 
for triple-negative and ER+/HER2- but not for HER2+ tumors. PET/CT and MRI showed 
potential to complement each other in response monitoring during NAC, but this potential 
depends on breast cancer subtype as well. In our opinion our findings cover many issues 
that may be of importance in comparable studies. Therefore we consider our work part of 
on-going research.
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SUMMARY

Despite major improvements in breast cancer diagnosis and treatment, this disease is still 
a substantial cause of cancer death in Western women. Therefore, continuing breast cancer 
research is still of great importance. Moreover, in common with many other types of cancer, 
research from the past decades has demonstrated that breast cancer is a heterogeneous 
disease that can be subdivided according to several characteristics. This heterogeneity has 
major implications and challenges for breast cancer research and breast cancer care.

Breast cancer care consists of several steps. The first step in is an accurate diagnosis to 
determine the stage of the disease. Breast cancer diagnosis includes: clinical breast examination 
(palpation and inspection of the breast and the adjacent lymph node regions), breast imaging 
and pre-treatment pathology (cytology and/or histology). The latter is considered as the golden 
standard. Histologically there is a distinction between non-invasive and invasive disease. 
Non-invasive disease includes ductal carcinoma in situ (DCIS), a precursor for invasive 
breast cancer. Infiltrating ductal carcinoma (IDC) is the most common histological type of 
invasive breast cancer (70-85 %), followed by infiltrating lobular carcinoma (ILC) (10-20 %). 
A commonly used method to further classify breast cancer is based on immunohistochemical 
(IHC) analysis. IHC determines the estrogen receptor (ER), the progesterone receptor (PR) 
status and overexpression of the human epidermal growth factor receptor 2 (HER2). Based 
on IHC, breast tumors can be subdivided into three breast cancer subtypes: HER2-positive 
(regardless of ER status), ER-positive/HER2-negative (regardless of PR status) and triple 
negative (ER, PR and HER2-negative). These classifications are essential in the management 
of the disease. For example: in contrast to ER-positive/HER2-negative tumors, triple-negative 
tumors are usually very proliferative and therefore associated with a poorer prognosis. This 
may justify a more advanced treatment approach in patients with those tumors. Hence the 
heterogeneity of breast cancer accentuates the need for a personalized treatment approach, 
aiming to achieve an optimal treatment for an individual patient with minimized side effects 
and good disease-free survival (DFS) rates. This approach, also known as ‘patient-tailored 
treatment’, may help to minimize both under- and overtreatment.

Accurate breast imaging is essential when applying personalized treatment. Conventional 
breast imaging, consisting of X-ray mammography (XM) and ultrasound (US), are well-
established and indispensable modalities in the diagnosis and staging process of breast cancer. 
In clinical practice, however, these techniques have some inherent diagnostic limitations 
which hamper their accuracy. Therefore in this context, the merits of other imaging 
modalities, such as magnetic resonance imaging (MRI) and positron emission tomography 
in combination with computed tomography (PET/CT), is subject of research. PET is a 
technique in which radiotracer compounds are injected intravenously. The most frequently 
used tracer in oncology, is 18-fluoro-deoxy-glucose (FDG). In general tumors have increased 
metabolism and a thus higher glucose uptake (FDG). This uptake can be visualized by PET. 
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The CT scan is needed to provide anatomical information.

After the diagnosis a treatment plan will be proposed. This treatment plan is generally based 
on national guidelines and depends on the stage of the disease, specific tumor characteristics 
(e.g. grade, type and subtype), patient’s characteristics (e.g. age and physical condition) 
and patient’s preferences. The treatment of breast cancer consists of: loco-regional and 
systematic treatment. Loco-regional treatment affects the site of the primary tumor and its 
surrounding and is done with surgery and radiotherapy. Surgery depends on the stage of 
the disease and varies from removal of the tumor only, to removal of the entire breast with 
adjacent lymph nodes. Aim of the surgery is to excise the tumor completely. This is essential 
to minimize the chance of disease recurrence and/or metastasis. After surgery, radiotherapy 
is typically applied to the whole breast or thoracic wall, and, when indicated, to the adjacent 
lymph node regions. The procedure of limited surgery to excise the tumor and postoperative 
radiotherapy is termed ‘breast-conserving therapy’ (BCT). Extensive research demonstrated 
equal survival rates between BCT and mastectomy (removal of the entire breast) in patients 
with early stage (<3 cm) breast cancer. 

Systemic treatment is given in particular patient groups and includes chemotherapy, endocrine 
therapy or targeted-therapy. Several chemotherapy regimens are applied clinically or are 
being tested in large trials. Endocrine therapy is applied in patients with ER-positive tumors 
but not with a negative hormonal receptor status, e.g., triple-negative tumors. Targeted-
therapy is treatment that targets specific properties of the tumor that are not overexpressed 
in normal cells. For example, HER2-positive tumors are treated with targeted HER2-therapy 
(e.g., trastuzumab and pertuzumab). Systematic treatment can be given after surgery and 
radiotherapy or as first treatment. We will further elaborate on this subject in part 2 of this 
thesis.

As stated before breast imaging plays an important role in the process of personalized 
treatment in breast cancer. The overall aim of this thesis is to investigate if, and how, the 
application of the previously-mentioned imaging modalities contributes to improved 
personalized treatment strategies for the selection (part 1) and the monitoring (part 2) of 
treatment of breast cancer.

Part 1: 
This part concerns the diagnosis in patients who are eligible for primary BCT. Eligibility 
for BCT strongly depends on the stage of the disease. Compared to conventional imaging 
MRI has a superior sensitivity to detect and visualize breast lesions. Theoretically this may 
lead to improved surgical outcome and consequently a better prognosis. Due to the fact 
that these possible benefits have not been proven consistently, disagreement among breast 
cancer specialists has been arisen about the routinely use of preoperative MRI. Opponents 
point at increase in cost, postponement of treatment due to MRI findings that require further 
workup, the risk of overdiagnosis and overtreatment (e.g. unnecessary mastectomies based 
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on MRI findings). Indeed mastectomies have been reported that afterwards, on postoperative 
pathology, turned out to be caused by false-positive MRI findings. Despite world-wide 
research there is still a lack on high-level evidence such as from randomized controlled 
trials (RCTs) for the use of preoperative MRI. Hence, there may be an important role for 
observational studies in this setting. In this part of the thesis we present our findings regarding 
this subject. 

In chapter 2 we describe our non-randomized cohort study with 349 patients in whom we 
assessed whether the use of a preoperative MRI had an impact on the rate of incomplete tumor 
excision. In this study patients who underwent conventional imaging and clinical breast 
examination only (N=176), were compared to those who received an additional preoperative 
breast MRI (N=173). We furthermore describe our directives to manage additional findings 
detected on MRI, in order to minimize treatment changes due to benign findings. These 
directives include the following: if additional findings are sufficiently close (≤ 3 cm) to 
the index lesion a larger wide-local excision is done to include the additional finding. For 
additional MRI findings further away from the index lesion, attempts are made to obtain 
proof of malignancy by second-look targeted ultrasonography and fine-needle aspiration or 
biopsy. Conversion to mastectomy is only advised in case of pathology confirmed additional 
disease over a region too large to perform cosmetically acceptable BCT. If this confirmation 
can not be obtained, BCT is pursued and follow-up by MRI is advised. In our study we found 
that preoperative breast MRI did not significantly impact the overall incomplete excision rate, 
but we observed a significantly lower rate of incompletely excised IDC. MRI detected more 
extensive disease in 11% of all patients, leading to changes in treatment (wider excisions or 
mastectomies). Mastectomies solely based on MRI findings were not done.

Chapter 3. The findings of chapter 2 prompted us to investigate whether the superior 
capability of MRI to visualize the disease extent is accurate enough to identify breast cancer 
of limited extent (BCLE). BCLE is defined as invasive breast cancer having no focus of 
invasive carcinoma, ductal carcinoma in situ (DCIS) or lymphatic emboli foci beyond 1 
cm from the edge of the dominant mass. Identifying BCLE is of importance to be able to 
select patients for less invasive treatment procedures such as partial breast irradiation. We 
investigated pathological and imaging characteristics available pre-treatment of 75 patients 
with 77 invasive breasts cancers (2 bilateral) to determine associations with BCLE. In our 
research, positive estrogen receptor (ER)-status, a mass on mammography low quantity 
of DCIS in the index tumor and absence of tumor washout at MRI were the indicative 
characteristic for BCLE. Because of the relatively small number of patients this finding 
should be considered hypotheses-generating for further research in larger patient groups.

In chapter 4 we describe our research in a cohort of 685 consecutive patients aiming to 
identify a subgroup of patients in whom preoperative breast MRI will not add information 
to breast imaging already available. For this purpose we investigated clinical, pathological 
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and imaging characteristics available prior to MRI. Based on our findings, the existing 
knowledge on preoperative breast MRI and the opinion of our breast cancer specialists, we 
proposed guidelines for a more selective use of the preoperative breast MRI. We proposed 
to omit preoperative MRI if the following conditions are concurrently present: patients older 
than 60 years, ACR (American College of Radiology) 1 or 2 breast density at mammography, 
preoperative lymph node negativity, no substantial discrepancy in tumor diameter between 
mammography and ultrasound, including visibility of the tumor at mammography, and no 
invasive lobular cancer (ILC) at histology. These guidelines proposals (in case of breast 
conserving surgery) may, however, need confirmation and validation in other studies.

Part 2
Usually, systemic therapy is given after surgery and radiotherapy (adjuvant systemic therapy). 
Over the last 2 decades, however, neoadjuvant chemotherapy (NAC), also referred to as 

‘preoperative’ or ‘primary systemic therapy’, has steadily become an accepted treatment 
strategy. During NAC the systemic therapy is given as first treatment, so before surgery. 

NAC has several advantages. First, by reducing the size of the tumor, it may allow breast-
conserving surgery (BCS) instead of mastectomy. Second, NAC offers an excellent platform 
for translational research, because the molecular characteristics of breast cancer can be 
directly related to chemo-sensitivity. Third, accurate monitoring of the treatment effect with 
imaging during NAC enables adaptations of the treatment in case of an unfavourable tumor 
response. This strategy aims to minimize the exposure to ineffective drugs while increasing 
the chance to achieve a pathological complete response (pCR) after treatment. The latter is 
important because of the emerging evidence that pCR is associated with better disease-free 
survival rates. 

Breast imaging is an essential part of NAC. Previous research, however, suggested a strong 
dependency on breast cancer subtype. Application of both PET/CT and MRI during NAC 
may result in complementary value to monitor tumor response during NAC. The rationale 
behind this potential lies in the fact that PET/CT visualizes the change in glucose uptake, 
whereas contrast-enhanced MRI depicts changes in morphology and perfusion. Others have 
been reported promising results about this subject, but in general the studied patients groups 
were relatively small and/or heterogeneous. Moreover, in most studies the heterogeneity of 
breast cancer was not taken into account.

In this part of the thesis we present our research with regard to the role of PET/CT solely 
and in combination with MRI, in response monitoring during NAC. The influence of breast 
cancer subtype is addressed as well. Our research was performed in the framework of a single 
institutional PET/CT-MRI response monitoring study. In this study patients with primary 
invasive breast cancer >3 cm and/or at least one tumor-positive lymph node received NAC 
according to one of several prospective trial protocols studying chemotherapeutic regimens. 
Patients underwent at least two PET/CT and two MRI examinations, before and during NAC.
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In chapter 5 we present our research on the efficacy of response monitoring with PET/CT in 
relation to breast cancer subtype in 98 women with stage 2 or 3 breast cancer. We assessed 
changes in FDG-uptake during the treatment and compared this with pathological determined 
response after surgery. Response monitoring with PET/CT seems feasible for ER-positive/
HER2-negative and triple-negative tumors, but seems less accurate in HER2-positive tumors.

The aim of the research presented in chapter 6 was to investigate the value of response 
monitoring in both the primary tumor and axillary nodes on sequential PET/CT scans during 
neoadjuvant chemotherapy (NAC) for predicting complete pathological response (pCR), 
taking the breast cancer subtype into account. Three PET/CT scans were performed in107 
consecutive patients: before the start of the treatment, after 2-3 week of chemotherapy and 
after 6-8 weeks of chemotherapy. We demonstrated that in triple-negative tumors a PET/CT 
scan after 6 weeks (three cycles) appears to be optimally predictive of pCR. In HER2-positive 
tumors neither a PET/CT scan after 3 weeks nor after 8 weeks appeared to be useful. The 
changes in FDG-uptake in both the tumor and axillary nodes combined correlated best with 
pCR.

In chapter 7 we present our findings with regard to the complementary value of PET/CT 
and MRI in predicting response to NAC and the dependency on breast cancer subtype. 
Several studies compared these two techniques but their complementary potential was not yet 
determined. We studied 93 patients who underwent PET/CT and MRI examinations before and 
during the treatment and compared changes in imaging features with response at pathology 
after surgery. We observed an increase in area under the receiver operating curve when 
combining PET/CT, MRI and breast cancer subtype in a multivariable model. More research 
is needed to further clarify this role of breast cancer subtype in the context of a combined use 
of PET/CT and MRI.

In chapter 8 we discuss our findings and reflect on recent developments with respect to the 
research that we described in the thesis. We concluded that despite much other research, the 
question whether the use of preoperative MRI will be beneficial for patient is still unanswered. 
The main reason is that there are continuous developments in both the diagnostic and the 
therapeutic field of breast cancer. Hence, it may simply be too complex to demonstrate a 
potential ‘MRI-effect’ on treatment outcome. 

With regard to response monitoring we demonstrated the dependency of the accuracy of 
imaging on breast cancer subtype. PET/CT and MRI combined showed potential to complement 
each other in response monitoring during NAC, but this potential depends on breast cancer 
subtype as well. The role of breast imaging to monitor response during NAC is still a subject 
of intensive research. In our opinion our findings cover many issues that may be of importance 
in comparable studies. Therefore we consider our work part of on-going research.
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SAMENVATTING/SUMMARY IN DUTCH

Ondanks het feit dat in de afgelopen jaren veel vooruitgang is geboekt op het gebied van de 
borstkankerzorg, is borstkanker nog steeds een belangrijke doodsoorzaak onder westerse 
vrouwen. Daarom is doorlopend borstkankeronderzoek nog steeds van groot belang. 
Bovendien is door onderzoek in de laatste jaren duidelijk geworden dat, net als meer andere 
vormen van kanker, borstkanker een zeer heterogene ziekte is. Het aantal subtypen, op 
basis van moleculair biologische kenmerken, waarvoor relevante klinische interventies 
voor handen komen, neemt gestadig toe. Deze heterogeniteit heeft gevolgen voor zowel de 
complexiteit van het borstkankeronderzoek als die van de borstkankerzorg. 

De huidige borstkankerzorg bestaat uit verschillende stappen. De eerste stap is een accurate 
diagnose om de aard en het stadium van de ziekte te bepalen. De diagnose bestaat uit: 
klinisch onderzoek (palpatie en inspectie van de borst en de aangrenzende lymfeklierregio’s), 
beeldvorming en pathologisch onderzoek (cytologie en/of histologie). Bij cytologie worden 
cellen onderzocht en bij histologie onderzoekt men het weefsel. Pathologisch onderzoek 
wordt als de gouden standaard beschouwd. Histologisch is er een onderscheid tussen 
niet-invasieve en invasieve ziekte. Niet-invasieve ziekte betreft ductaal carcinoma in situ 
(DCIS), een voorstadium van invasief borstkanker. Het invasief ductaal carcinoom (IDC) is 
het meest voorkomend histologisch type borstkanker (70-85%), gevolgd door het invasief 
lobulair carcinoom (ILC) (10-20%). Een andere gangbare classificatie is gebaseerd op 
immunohistochemie (IHC). Met IHC wordt de oestrogeen receptor (ER), de progesteron 
receptor (PR) en de human epidermal growth factor receptor 2 (HER2) bepaald. Hierdoor 
kunnen borsttumoren in de volgende 3 subgroepen worden ingedeeld: HER2-positief 
(ongeacht ER status), ER-positief/HER2-negatief (ongeacht PR status) en triple negatief 
(ER, PR en HER2-negatief). Deze indeling is essentieel voor het therapeutisch beleid. Ter 
illustratie: in tegenstelling tot ER-positieve tumoren hebben triple-negatieve tumoren, door 
hun aard, over het algemeen een slechtere prognose. In dat geval kan een uitgebreidere 
aanpak van de behandeling nodig zijn. De heterogeniteit van borstkanker benadrukt dus de 
behoefte aan een ‘behandeling op maat’. Doel van deze benadering, die in het algemeen 
bekend staat als ‘patient-tailored treatment’ en ‘personalized-treatment’, is om zowel over- 
als onderhandeling te verminderen.

Accurate beeldvorming van de borst is essentieel bij het toepassen van personalized-treatment. 
Conventionele beeldvorming van de borst, bestaande uit mammografie en echografie, is 
onmisbaar in het diagnostisch -en stageringstraject van borstkanker. In de klinische praktijk 
hebben deze technieken, echter, enkele wezenlijke beperkingen die invloed op de accuratesse 
hebben. Daarom wordt in dit verband onderzoek naar de meerwaarde van andere modaliteiten, 
zoals magnetic resonance imaging (MRI) en positron emission tomografie in combinatie met 
computer tomografie (PET/CT), gedaan. Bij de MRI wordt gebruik gemaakt van magnetisme 
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en bij de PET/CT wordt er voor het zichtbaar maken van een afwijking een licht radioactieve 
stof ingespoten. In de oncologie is dit meestal: 18-fluoro-deoxy-glucose (FDG). Over het 
algemeen hebben tumoren een hogere glucose opname dan normaal weefsel. Op de PET 
is daarom een verhoogde opname van FDG te zien. Door de PET scan met een CT scan te 
combineren wordt de anatomie afgebeeld. 

Nadat het diagnostisch traject afgerond is, wordt een behandelplan voorgesteld. Dit 
behandelplan is gebaseerd op landelijke richtlijnen en is afhankelijk van het stadium van 
de ziekte, specifieke tumor kenmerken (bijvoorbeeld graad, type en subtype), kenmerken 
van de patiënt (bijvoorbeeld leeftijd en fysieke conditie) en de voorkeuren van de 
patiënt. Een dergelijk behandelplan wordt vervolgens in een multidisciplinair team van 
borstkankerspecialisten besproken. Een dergelijk team bestaat over het algemeen uit: 
chirurgen, verpleegkundig specialisten en/of nurse practioners, plastisch chirurgen, medisch 
oncologen, radiotherapeuten, radiologen en pathologen. Rekening houdend met de kwaliteit 
van leven van de patiënt dient de behandeling van borstkanker met zo min mogelijk 
complicaties te geschieden. De borstkankerbehandeling berust op 3 belangrijke pijlers. Ten 
eerste moet ervoor gezorgd worden dat de kans dat de tumor plaatselijk terugkomt zo klein 
mogelijk is. Dit kan bereikt worden m.b.v.de borstsparende therapie (ruime verwijdering 
van de tumor gevolgd door bestraling), of een borstamputatie (met de mogelijkheid van 
een directe borstreconstructie). Na een borstamputatie is er in sommige gevallen ook nog 
bestraling van de borstwand nodig. De tweede pijler betreft de vraag of er uitzaaiingen naar 
de lymfeklieren zijn. Indien dit het geval is moeten die ook behandeld worden. Ten derde 
schatten de behandelaars het risico in dat er ooit uitzaaiingen van de tumor kunnen ontstaan. 
Een groot risico kan door de toepassing van verschillende systemische behandelingen 
verkleind worden.

De systemische behandeling betreft de behandeling met medicijnen. Het gaat hier bijvoorbeeld 
om chemotherapie en hormoontherapie. Afhankelijk van het stadium van de ziekte komen 
bepaalde patiënten hiervoor in aanmerking. Verschillende chemotherapeutische middelen 
worden in de kliniek gebruikt of in grote studies getest. Hormoontherapie wordt gegeven 
bij hormoongevoelige tumoren en is dus niet zinvol indien het een hormoonongevoelige 
tumor, bijvoorbeeld een triple-negatieve tumor, betreft. Voor HER2-positieve tumoren 
zijn er speciale HER-2-remmers, bijvoorbeeld: Trastuzumab (Herceptin®) en Pertuzumab, 
ontwikkelend. De systemische therapie kan direct na de operatie en de radiotherapie gegeven 
worden of als eerste behandeling, dus vóór de operatie. Op de laatste strategie gaan we in 
deel 2 van dit proefschrift uitgebreider in.

Zoals eerder aangegeven speelt de beeldvorming een belangrijke rol bij de toepassing van 
personalized treatment. Algemeen doel van dit proefschrift is te onderzoeken of, en hoe, de 
toepassing van de eerder genoemde beeldvormingstechnieken strategieën voor personalized 
treatment kunnen verbeteren. In deel 1 gaat het hierbij om de selectie voor een bepaalde 
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behandeling en in deel 2 om de monitoring van het behandelingseffect.

DEEL 1

Dit gedeelte betreft patiënten die in aanmerking komen voor een borstsparende behandeling. 
De lokale uitbreiding van de ziekte in de borst bepaalt in sterke mate of patiënten borstsparend 
behandeld kunnen worden. In vergelijking met de conventionele beeldvorming van de borst 
heeft de MRI een superieure gevoeligheid om borstafwijkingen af te beelden. In theorie 
kan dit leiden tot een verbeterd operatief resultaat en vervolgens een betere prognose voor 
borstkanker patiënten. Doordat deze voordelen nog niet consistent bewezen zijn, is er al 
jaren discussie onder borstkankerspecialisten over de indicatie van de preoperatieve borst 
MRI. Tegenstanders wijzen op toenemende kosten, uitstel van de behandeling vanwege MRI 
bevindingen die verder onderzoek vergen en het risico op overdiagnostiek en overbehandeling 
(bijvoorbeeld onnodige borstamputaties ten gevolge van MRI bevindingen). Inderdaad zijn er 
in de literatuur borstamputaties beschreven, waarbij op pathologisch onderzoek na de operatie 
bleek dat die berustten op vals-positieve MRI bevindingen. Ondanks uitgebreid, wereldwijd 
onderzoek is er geen doorslaggevend bewijsmateriaal, bijvoorbeeld uit gerandomiseerde 
studies over het exacte nut van het gebruik van de preoperatieve borst MRI. Vandaar dat 
observationele studies een belangrijke rol in dit verband kunnen spelen.

In hoofdstuk 2 beschrijven we onze niet-gerandomiseerde cohortstudie met 349 patiënten 
bij wie we beoordeeld hebben of het gebruik van een preoperatieve MRI invloed had op het 
percentage irradicale tumor excisies. In deze studie werden de patiënten die geopereerd zijn 
na alleen conventionele beeldvorming en klinisch borstonderzoek (N = 176), vergeleken met 
degenen die een extra preoperatieve borst MRI (N = 173) kregen. Bovendien beschrijven 
we onze richtlijnen voor het omgaan met extra bevindingen op MRI. Dit is nodig om de 
kans te minimaliseren dat behandelingen op grond van goedaardige bevindingen aangepast 
worden. Deze richtlijnen houden het volgende in: als de extra bevindingen voldoende 
dichtbij de oorspronkelijke tumor zijn (≤ 3 cm) wordt er een ruimere excisie gedaan om de 
extra bevinding mee te nemen. Voor extra MRI bevindingen verder van de oorspronkelijke 
tumor af, worden pogingen ondernomen om te bewijzen of uit te sluiten dat die afwijking 
ook kwaadaardig is. Dit wordt met behulp van een gericht echografisch onderzoek 
gedaan. Als de extra bevindingen ook kwaadaardig zijn, is een cosmetisch aanvaardbare 
borstsparende behandeling veelal niet meer mogelijk en wordt er een beleidsverandering 
geadviseerd. Dit kan een borstamputatie of de start met systemische therapie om de tumor 
te verkleinen betreffen. Als er geen bewijs voor kwaadaardigheid verkregen kan worden, 
wordt de borstsparende behandeling voortgezet en wordt follow-up met behulp van een 
MRI geadviseerd. Er worden dus geen borstamputaties uitgevoerd die uitsluitend op MRI- 
bevindingen gebaseerd zijn. Voor de volledigheid: tegenwoordig wordt in bovengenoemde 
situaties steeds vaker een MRI-geleide biopsie uitgevoerd.
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Hoofdstuk 3. Mede door de resultaten genoemd in hoofdstuk 2 hebben wij onderzocht of 
de superieure sensitiviteit van de MRI, in combinatie met andere beeldvorming en tumor 
kenmerken, nauwkeurig genoeg is om borstkanker met een beperkte uitbreiding (breast 
cancer of limited extent, BCLE) te detecteren. BCLE wordt gedefinieerd als invasieve 
borstkanker zonder tekenen van nog meer ziektehaarden binnen 10 mm van de rand van de 
dominante tumor. Het identificeren van BCLE is van belang bij het selecteren van patiënten 
voor minder invasieve behandelingen, zoals gedeeltelijke borstbestraling i.p.v. de standaard 
gehele borstbestraling. Van 75 patiënten met 77 invasieve borstkankers (bij 2 patiënten 
waren beide borsten aangedaan), onderzochten we welke kenmerken van de beeldvorming 
en de pathologie geassocieerd waren met BCLE. Na analyse bleken een positieve oestrogeen 
receptor (ER)-status, een massa op de mammografie, geen of weinig DCIS in de dominante 
tumor en afwezigheid van uitwas in de tumor op de MRI voorspellend te zijn voor BCLE. 
Uitwas heeft betrekking op de aankleurings-kinetiek van het toegediend contrast op de MRI. 
Vanwege het relatief klein aantal patiënten moeten onze bevinding worden beschouwd als 
hypothese-genererend voor verder onderzoek met meer patiënten.

In hoofdstuk 4 beschrijven we ons onderzoek naar de identificatie van die patiënten bij 
wie een preoperatieve borst MRI geen informatie zal toevoegen aan de al beschikbare 
beeldvorming. Voor dit doel onderzochten we in een cohort van 685 patiënten klinische, 
pathologische en radiologische kenmerken die beschikbaar waren vóór de MRI. Op basis 
van onze bevindingen, de bestaande kennis uit de literatuur over de preoperatieve borst MRI 
en het advies van onze borstkankerspecialisten hebben we richtlijnen voorgesteld voor een 
selectiever gebruik van de preoperatieve borst MRI in ons instituut. Wij hebben voorgesteld 
om de preoperatieve MRI achterwege te laten als de volgende voorwaarden gelijktijdig 
aanwezig zijn: patiënten ouder dan 60 jaar, beperkte discrepantie tussen de afmeting van 
de tumor gemeten op de mammografie en de echografie, preoperatief geen aangedane 
lymfeklieren, geen lobulair carcinoom en ACR (American College of Radiology)-code 1 of 2. 
De ACR-code is een weergave van het percentage klierweefsel op de mammografie en loopt 
van 1 tot 4; hoe hoger hoe meer klierweefsel. Voor patiënten die niet aan deze kenmerken 
voldoen is in onze ervaring de MRI van waarde voor een optimale lokale behandeling van 
de borst. We willen graag onze richtlijnen in andere studies bevestigd en gevalideerd zien 
worden.

DEEL 2

Adjuvante systemische therapie wordt gebruikelijk na de operatie toegediend, met name 
omdat dan de prognostische kenmerken van het tumorproces door het pathologisch onderzoek 
bekend zijn. De afgelopen decennia, echter, is de toediening van de systemische therapie 
als eerste behandeling, dus vóór de operatie, geleidelijk aan een geaccepteerde strategie 
geworden. Deze aanpak wordt primaire systemische therapie of neoadjuvante chemotherapie 
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(NAC) genoemd. Na de systemische therapie wordt de patiënt geopereerd en wordt het 
tumorgebied door de patholoog beoordeeld. Nagegaan wordt of de tumor door de therapie 
verdwenen is. In dat geval is er sprake van een pathologisch complete response (pCR). NAC 
heeft diverse voordelen. Ten eerste kan bij een behoorlijk deel van de patiënten met een 
grote tumor die voor een borstamputatie in aanmerking kwam, door het verkleinen van de 
tumor een borstsparende operatie worden uitgevoerd. Ten tweede kan door NAC uitstekend 
translationeel onderzoek worden uitgevoerd, omdat de werking van de medicatie met de 
tumor nog in de borst direct bestudeerd kan worden. Ten derde kan door het nauwkeurig 
monitoren van het effect van de behandeling met de beeldvorming, de behandeling bij een 
ongunstige response hierop aangepast worden. Deze aanpassing kan de wijziging naar een 
ander middel of een vervroegde operatie inhouden. Door deze strategie kan de blootstelling 
aan niet-effectieve middelen verminderd worden en bij het overgaan op een ander middel 
kan de kans op het krijgen van een pCR vergroot worden. Dit is van belang omdat er sterke 
aanwijzingen zijn dat een pCR na de behandeling prognostisch gunstig is. 

Uit het bovenstaande blijkt dus dat de beeldvorming een belangrijk onderdeel van NAC 
is. Uit eerder onderzoek is echter gebleken dat de effectiviteit van de beeldvorming mede 
afhankelijk is van het borstkanker subtype.

PET/CT en MRI kunnen elkaar aanvullen bij het gebruik om de response tijdens NAC te 
monitoren. De rationale hierachter ligt in het feit dat PET/CT de verandering in glucose 
opname visualiseert en de MRI veranderingen in de morfologie en perfusie laat zien. Andere 
onderzoekers hebben veelbelovende resultaten over dit onderwerp beschreven. Over het 
algemeen werden deze onderzoeken in relatief kleine en/of heterogene patiëntengroepen 
uitgevoerd. Bovendien, werd in de meeste studies geen rekening met de heterogeniteit van 
borstkanker gehouden.

In dit deel van dit proefschrift presenteren wij ons onderzoek met betrekking tot de rol van 
PET/CT, afzonderlijk en in combinatie met MRI, bij de response monitoring tijdens NAC. 
De invloed van het borstkanker subtype wordt hier ook bij betrokken. Ons onderzoek werd 
uitgevoerd in het kader van een PET/CT-MRI response monitoringsstudie in het Nederlands 
Kanker Instituut. In deze studie werden patiënten met primaire invasieve borstkanker > 3 
cm en/of tenminste één tumor-positieve lymfeklier geïncludeerd. Deze patiënten werden 
conform lopende studieprotocollen, waarbij diverse chemotherapeutische middelen 
bestudeerd worden, behandeld. De patiënten kregen tenminste twee PET/CT en twee MRI 
onderzoeken, aan het begin en tijdens de NAC behandeling.

In hoofdstuk 5 presenteren wij ons onderzoek naar de nauwkeurigheid van de response 
monitoring met PET/CT in relatie tot borstkanker subtype bij 98 vrouwen met borstkanker 
die de NAC behandeling hebben ondergaan. We beoordeelden de veranderingen in FDG-
opname tijdens de behandeling en vergeleken dit met de pathologische response na de 
operatie. Response monitoring met PET/CT bleek het best mogelijk voor ER-positieve/
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HER2-negatieve en triple-negatieve tumoren, maar bleek minder nauwkeurig voor HER2-
positieve tumoren.

Ons onderzoek in hoofdstuk 6 betreft ook het gebruik van PET/CT bij de response 
monitoring tijdens NAC. In dit onderzoek, echter, hebben we veranderingen ten gevolge van 
de therapie in zowel de primaire tumor als de oksellymfeklieren beoordeeld. Er werden drie 
achtereenvolgende PET/CT-scans gemaakt: de eerste aan het begin van de behandeling, de 
tweede na 2-3 weken chemotherapie en de derde na 6-8 weken chemotherapie. We hebben 
onderzocht in welke mate met behulp van deze drie PET/CT-scans een pCR voorspeld kon 
worden. Hierbij werd ook het borstkanker subtype in aanmerking genomen. Wij onderzochten 
dit bij 107 opeenvolgend behandelde patiënten. We toonden aan dat bij triple-negatieve 
tumoren een PET/CT scan na 6 weken (drie chemotherapeutische cycli) de kans op een pCR 
optimaal voorspeld kon worden. Bij HER2-positieve tumoren bleek een PET/CT na 3 weken 
noch na 8 weken nuttig te zijn. De veranderingen in FDG-opname in zowel de tumor en 
lymfeklieren bleek het beste geassocieerd te zijn met een pCR.

In hoofdstuk 7 beschrijven we onze bevindingen met betrekking tot de waarde van PET/
CT gecombineerd met de MRI bij het voorspellen van de response op NAC. Ook hierbij 
onderzochten we de relatie met het borstkanker subtype. Er zijn al verscheidene studies op 
dit gebied gedaan, maar onderzoek naar een mogelijk aanvullende waarde van de PET/CT en 
de MRI was nog niet beschreven. Voor dit onderzoek bestudeerden we 93 patiënten bij wie 
een PET/CT en een MRI voor en tijdens de NAC behandeling werd gemaakt. We evalueerden 
veranderingen op de PET/CT en de MRI, ten gevolge van de NAC behandeling. Vervolgens 
gingen we na in hoeverre deze veranderingen voorspellend waren voor de pathologische 
response die na de operatie bepaald was. Uit statistische analyses hebben we kunnen 
vaststellen dat het combineren van de PET/CT met de MRI in potentie een aanvullend effect 
heeft. Dit effect wordt versterkt wanneer het borstkanker subtype in de analyse betrokken 
wordt. Er is echter meer onderzoek in een grotere patiëntenpopulatie nodig om dit verder te 
verduidelijken. 

In hoofstuk 8 beschouwen we onze bevindingen en relateren die aan recente ontwikkelingen 
op het gebied van de onderwerpen die we in dit proefschrift hebben beschreven. We 
onderzochten het effect van de MRI op het chirurgisch beleid en de chirurgische precisie. 
Ondanks veel onderzoek, is de vraag naar het nut van de preoperatieve MRI nog steeds 
onbeantwoord. De belangrijkste reden hiervoor is dat er permanente ontwikkelingen op 
zowel het diagnostisch -als het therapeutisch gebied van borstkanker gaande zijn, waardoor 
het aantonen van een ‘MRI-effect’ op het behandelingsresultaat gewoonweg te complex zou 
kunnen zijn.

Met betrekking tot het monitoren van de response tijdens NAC toonden we aan dat de 
nauwkeurigheid van de beeldvorming ook van het borstkanker subtype afhangt. Er wordt 
intensief onderzoek naar de rol van de beeldvorming bij de response monitoring tijdens NAC 
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gedaan. Omdat onze bevindingen daarbij van belang kunnen zijn, beschouwen we ons werk 
als onderdeel van voortdurend borstkanker onderzoek.
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