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Introduction

Magnetic Resonance Imaging for Therapy Selection  
in Breast Cancer
Breast cancer

One in seven Dutch women will be diagnosed with breast cancer (1), which makes it 
the cancer with the highest incidence in Dutch women. National screening programs  
have led to the detection of breast cancers at earlier stages (2). The Dutch national 
screening program started in 1989 and currently invites all women between the age 
of 50 and 75 years for biannual mammography screening. Although the detection 
of breast cancer at early-stage is associated with a relatively good prognosis (3), the 
detection of these cancers has also led to concerns about overtreatment in subgroups 
of patients (4).

Although large difference exists between breast cancers and their associated prognosis, 
tumors are still treated uniformly depending on their stage. Thus, patients with 
more indolent types of cancer will suffer from the same treatment side effects and 
psychosocial aspects, although they are less likely to succumb from the disease. 
Hence, continuing need exists to tailor therapy down to the individual patient. This 
has, throughout the years, led to breast cancer treatment becoming less invasive, for 
example from mastectomy to breast conserving therapy. 

Breast conserving therapy (BCT) consists of different steps. It starts with the diagnosis 
of breast cancer based on clinical examination, conventional imaging (mammography 
and ultrasound imaging), and subsequent core needle biopsy of the suspected lesion. 
When invasive breast cancer is histologically proven, limited surgery is performed 
with the purpose of removing the bulk of the tumor. Subsequently, radiotherapy 
is performed to eradicate small amounts of surrounding microscopic disease, and 
systemic therapy is given in selected patients to reduce the risk of cancer relapse. 

Long-term survival after breast-conserving therapy is comparable with that after 
mastectomy (5;6), but breast-conserving therapy leads to higher patient satisfaction 
regarding cosmetic outcome and psychosocial aspects (7). Either way, after completion 
of therapy, patients are still at risk of cancer relapse, which can either be local relapse 
in the breast with the primary tumor, relapse of disease in the contralateral non-
treated breast, distant metastatic relapse, or a combination of these. Cancer relapse 
increases the risk of dying from breast cancer (8). Therefore, selection and planning 
of therapy is typically based on risk factors for relapse, most of them derived from the 
resection specimen, making the resection specimen the golden standard for tumor 
characterization. 

Currently, further progression is seen towards less invasive and more individualized 
therapy. Examples include switching the order of therapy, e.g. preoperative – 
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neoadjuvant – chemotherapy (NAC) (9) or preoperative radiotherapy (10;11), 
which has the advantage to allow tumor response to be visualized in-vivo. Also, 
efforts are made for minimally-invasive treatment of breast cancers in-vivo, such as 
radio-frequency ablation, cryoablation, and high-intensity focused ultrasound (12-
14). Although these techniques are promising, clinical implementation is hampered 
because the indication for treatment and subsequent systemic therapy must be made 
in the absence of the resection specimen. This specimen is absent either because the 
decision needs to be made prior to surgery, or because the cancer is ablated in-vivo, 
without the resection specimen becoming available afterwards. As a result, without 
the golden standard of tumor characterization using the resection specimen, it is 
unknown which patients are at low risk of cancer relapse.

Biopsy and conventional imaging

Well known risk factors for cancer relapse are tumor grade, tumor size, and whether 
cancers have spread to the lymph nodes. In addition, association is seen between 
cancer relapse and breast cancer subtype, based on the hormone receptor status (15). 
In the absence of a resection specimen, tumor characteristics may be assessed on small 
tumor samples from ultrasound-guided needle biopsy, which is performed during 
the diagnostic workup of suspected breast lesions. However, tumor characteristics 
from biopsy have shown to be discordant with those derived from the surgical 
resection specimen (16-19). This discordance may be a result of tumor heterogeneity, 
i.e., characteristics may vary throughout the tumor, and this variation may not 
be accurately represented by the finite number of biopsy samples (16;17). Tumor 
heterogeneity exists especially for cell proliferation (20;21); samples that do not 
include the growing edge of the tumor may insufficiently represent tumor tissue for 
a formal mitotic count. This will potentially also lead to a discordant assessment of 
tumor grade, because proliferation makes up a large part of the modified Bloom and 
Richardson tumor grading system. Prior study on tumor grade and mitotic count at 
histopathologic examination of the biopsy and the resection specimen, have shown 
discordant results in up to 40% of patients. Surprisingly, the number of biopsies and 
amount of material viewed by the pathologists appears to have little or no influence 
on the agreement between sampled tissue and resected tissue (16). 

In everyday clinical practice, differences between biomarkers from biopsied tissue 
and surgically removed tissue are of little importance, because risk factors for cancer 
relapse are derived from the resection specimen anyway.  Biopsies are, however, 
important when NAC is considered, although the limitations may then still be partly 
compensated for because response of the tumor can be assessed in the resection 
specimen after chemotherapy.  With non-invasive therapy, however, no resection 
specimen will be available at any time during treatment.
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According to the Dutch national guidelines (www.oncoline.nl), an indication for 
systemic therapy is given when the predicted risk of 10-year mortality is equal or 
higher than 15%, or when the predicted risk of 10-year relapse is equal or higher 
than 25%. Estimates of the risk of breast cancer-related relapse and mortality can be 
made using Adjuvant! Online (AOL), which is a web-based tool (22). These estimates 
are based on information from individual patients and their tumors from a large 
cohort of breast-cancer patients in the United States, documented in the SEER tumor 
registry data base. Information from individual patients and their tumors include 
tumor size, tumor grade, number of positive lymph nodes, patient age, and estrogen 
receptor status). More recently, AOL was successfully validated, also in 5380 Dutch 
breast cancer patients (23;24). Although disagreement in tumor characteristics 
between biopsied and resected tissue is recognized, it is unknown which impact such 
disagreement may have on subsequent indication for systemic therapy when only 
biopsied tissue is available. This is particularly relevant because breast cancer clinics 
in the Netherlands often use a simplified set of guidelines that are an approximation 
of the AOL scores.

MRI of early breast cancer

In addition to mammography and ultrasound imaging for the detection and diagnosis 
of breast cancer, magnetic resonance imaging (MRI) is an acceptable clinical modality 
in the management of breast cancer. Currently, breast MRI is typically indicated to 
visualize tumor extent. However, breast MRI is a versatile technique with the ability to 
visualize different aspects of tumor biology, e.g., perfusion, diffusion and metabolism, 
in one session. Potentially, such information may complement discordant information 
between biopsies and resection specimen.  

The perfusion of breast cancers can be visualized using dynamic-contrast enhanced 
(DCE)-MRI. Imaging is performed prior, during, and after the injection of contrast 
agent, making it possible to analyze blood perfusion as well as vessel permeability in 
the tumor over time. Typically, aggressive cancers are more perfused and have more 
permeable vessel walls than less aggressive cancers. In addition, perfused regions tend 
to be more irregular of shape, exhibit increased early enhancement and late washout 
kinetics of contrast agent. 

A decade ago, the American College of Radiology introduced the Breast Imaging 
Reporting and Data System (ACR BI-RADS)-MRI lexicon, describing how tumor 
enhancement characteristics should be systematically reported (25). Whether these 
reported characteristics also differentiate between tumor aggressiveness and patient 
prognosis has only been assessed in a small number of retrospective studies with varying 
results. Some consensus exists that morphology of contrast uptake, rim enhancement 
in particular, is associated with tumor grade (26-28). However, the clinical relevance 
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of this finding is yet unclear and no guidelines are formulated from which patients 
may benefit. It is unknown if this observation may be used to differentiate between 
patients at large risk of dying from breast cancer after treatment and those at 
significantly lower risk. Potentially, additional prognostic information may be gained 
from breast MRI, beyond what is already obtained from pathologic evaluation of the 
primary tumor. This may ultimately allow for more candid discussions with patients 
and may help to drive treatment decisions.

MRI and PET/CT of locally advanced breast cancer

Imaging of breast cancer using DCE-MRI also has an important role in patients with 
locally advanced breast cancer, which includes cancers with a large size (of at least 3 
cm) and/or at least one tumor-positive axillary lymph node. In these patients, breast 
conserving surgery may not be an upfront option; however, NAC is an accepted 
approach (29). This approach has the potential to reduce tumor size, making breast-
conserving surgery possible, and may potentially clear lymph node metastases, giving 
options to less invasive treatment of the axillary lymph nodes (30). The response of 
breast cancer to NAC is monitored to allow switching to an alternative drug regimen 
when treatment appears to be insufficiently effective, or even ceasing a potentially 
harmful treatment that is ineffective.

Monitoring of treatment response during NAC is typically performed using 
ultrasound imaging or DCE-MRI, with the latter having the potential to discriminate 
between viable tumor cells and NAC-induced fibrotic tissue (31). The accuracy of 
DCE-MRI response monitoring is, however, affected by breast cancer subtype (32). 
Hence, in addition to DCE-MRI, other imaging is currently under investigation. For 
example positron emission tomography with fluorodeoxyglucose and integrated with 
computed tomography (¹⁸F-FDG PET/CT). Nonetheless, prior studies have shown 
that the accuracy of PET/CT to monitor tumor response is also affected by breast 
cancer subtype (32-34). Because imaging with MRI visualizes on the vascularization 
of tumors, while PET/CT focuses on the glucose uptake of tumors, a potential 
complementary value has been suggested to exist between the two imaging modalities.

7T MRI of early breast cancer

The development of cancer follows a specific set of biological hallmarks (35). One of 
these hallmarks is angiogenesis, which is the forming of new blood vessels, which is 
indirectly visualized using DCE-MRI (36). In addition to DCE-MRI, other biological 
tumor characteristics may be imaged using different MR imaging techniques. For 
example, imaging of tumor cell differentiation, which is assessed as tumor grade 
at histopathology, may be performed using diffusion-weighted MRI (DWI). This 
technique visualizes the ability of water to move freely (i.e., to diffuse) throughout 
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tissue. High cellularity typically results in restricted water diffusion, expressed as 
apparent diffusion coefficient (ADC). A relationship between cellularity of tumors 
and DWI has been reported before, but results varied (37;38). Current advances in 
7T field strength MRI have shown significantly higher signal-to-noise ratio compared 
to clinical 1.5 and 3T MRI. 7T Imaging has already been shown to yield higher 
specificity and high sensitivity to discriminate between benign and malignant lesions 
(39;40). However, whether 7T field strength also allows more accurate assessment of 
prognostic factors in cancers is unknown.

A different approach focusses on the imaging of tumor metabolism. Potential of this 
approach has been shown using PET imaging and proton MR spectroscopy (¹H 
MRS), which have the ability to visualize the total amount of Choline in tumors. 
Because the formation of new cells and new cell membranes – which make up 
the outside of cells – require the metabolite Choline, imaging of Choline may be 
representative of the rate of metabolism in cells. However, although Choline imaging 
has potential to broadly differentiate between benign and malignant disease (41;42), 
it lacks the sensitivity to distinguish in depth between the different phospholipids 
which form the makeup of the choline metabolism. An improved sensitivity to detect 
the individual phospholipid components would help to assess the proliferative activity 
of breast cancer. This approach was shown to be feasible using 31-phosphorus MR 
spectroscopy (31P-MRS). 

The potential of 31P-MRS to detect breast cancer was already described in the 1980’s, 
and some associations were seen with breast-cancer proliferation (43;44). However, as 
phosphorus is not abundant in the human body, 31P-MRS remained challenging with 
clinical 1.5T and 3T MRI scanners which lack the sensitivity to obtain phosphorus 
signals within clinically feasible scanning times. Also, direct associations with clinical 
histopathology were not attempted. Recently, high-field  7T MRI was successfully used 
to detect the phospholipid membrane metabolism within clinically feasible scanning 
time (45). The technique directly visualizes the energy metabolism through levels of 
adenosine triphosphate (ATP) and inorganic phosphate (Pi) (45). Also, a modulation 
of this metabolism was demonstrated during NAC (45-47). Correlations between 
31P-MRS at 7T MRI with proliferative tumor characteristics on histopathology are, 
however, still missing. Also, it is yet unknown whether a multiparametric approach 
that combines DCE-MRI, DWI, and 31P-MRS at 7T, is clinically feasible. If so, does 
it have additional value in predicting an indication for systemic therapy?   
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Outline of this thesis

The aim of this thesis was to assess whether imaging has the potential to tailor therapy 
to individual patients with invasive breast cancer. The thesis is divided into 4 parts.

Part 1 – Biopsy and conventional imaging

The first step was to assess whether conventional imaging and tumor biopsy are 
adequate to assess the risk of cancer relapse and mortality prior to surgery, and whether 
based on these risk assessments a correct indication for systemic therapy can be given. 
If not, which patients are at risk of discordant indication for systemic therapy? This is 
described in Chapter 2.

Part 2 – MRI of early breast cancer

If risk assessment using conventional imaging and tumor biopsy does not yield 
sufficiently accurate results at all times, does conventional MRI have complementary 
value? The association between rim enhancement of tumors on DCE-MRI and 
patient outcome during follow-up is described in Chapter 3.

Part 3 – MRI and PET/CT of locally advanced breast cancer

DCE-MRI is an accepted approach to monitor response of breast cancer to NAC, 
although its accuracy differs per subtype. Hence, other imaging techniques are 
suggested in addition to DCE-MRI. The complementary value of MRI and PET/CT 
has previously been suggested, but it is yet unknown how to exploit such information 
in clinical workflow, taking breast cancer subtype into account. This is described in 
Chapter 4.

Part 4 – 7T MRI of early breast cancer

Because of its ability to display small cancers in more detail than conventional MRI 
scanners, 7T MRI was used to estimate presence of hallmarks of early breast cancer 
in-vivo, thus aiming to close the gap between preoperative and postoperative tumor 
characteristics. Multiparametric 7T breast MRI was, however, not yet performed 
under clinical conditions. Also, it was unknown whether associations exist between 
multiparametric 7T breast MRI and prognostic tumor characteristics. In this thesis 
the results are presented of the Patient Risk based On Functional MRI (PROFILE) 
study. The first explorative results of this study are described in Chapter 5. 

The ability of multiparametric 7T breast MRI to provide preoperative indication for 
systemic therapy is described in Chapter 6. 

Finally, results of this thesis are summarized and discussed in Chapter 7.
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Part I

Abstract
Purpose

In breast cancer therapy, the indication for systemic therapy is typically based on 
prognostic markers from the surgical excision specimen. If such is unavailable, for 
instance prior to tumor ablation therapy, the indication for adjuvant systemic therapy 
may be assessed from pretreatment biopsies. The effect of differences in tumor 
characteristics between biopsy and excision specimen on agreement in indication 
for systemic therapy is, however, largely unknown. The aim of this study is to 
determine the agreement in eligibility for systemic therapy between preoperative and 
postoperative assessment. Secondly, to identify which patient-, tumor- or lymph node 
characteristics may influence this agreement.

Materials and Methods

In this retrospective study, 300 consecutive female patients with primary invasive breast 
carcinoma on biopsy were included. Indication for systemic therapy was determined 
separately from biopsied tissue and from excision specimens using national guidelines 
based on adjuvant! online. Agreement was assessed, and patient-, tumor- and lymph 
node characteristics affecting agreement analyzed.

Results

Agreement in tumor characteristics between biopsy and excision specimen varied from 
high (ER-status: 99%), to lower (tumor grade: 62%, tumor size: 59%, and lymph 
node status: 67%). Without preoperative sentinel node biopsy (SNB), agreement 
on systemic therapy exists in 77% of patients (kappa=0,547). Positive pretreatment 
indication for systemic therapy was highly indicative of the postoperative indication 
(PPV=94%). Negative indication was, however, only indicative in 67% of patients. 
Conversely, with preoperative SNB, agreement on negative indication was raised to 
89%. Agreement was especially high for ER-negative status, tumor grade 3, tumor 
size >2cm, lymph node positivity at biopsy and a negative preoperative SNB.

Conclusions

A positive indication for systemic therapy from biopsy is highly indicative for a positive 
indication from the excision specimen. When the indication is negative, additional 
stratification using preoperative SNB raises the agreement. Still, discordance occurs 
in 1 out of 10 patients.
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Introduction

Breast cancer therapy is a combination therapy aiming to balance local control with 
therapy side effects. Planning of the optimal treatment is based on prognostic patient- 
and tumor characteristics. Pretreatment imaging and biopsy are performed to confirm 
the diagnosis of breast cancer, followed by surgery, radiotherapy, and systemic therapy 
in selected patients based on prognostic markers in the excision specimen. For this 
purpose, a well-established model such as adjuvant! online (AOL) can be used.

In the past decades, developments have led to less invasive breast cancer therapy in 
appropriately selected patients while maintaining survival rates: from mastectomy to 
breast-conserving surgery, from axillary lymph node dissection (ALND) to sentinel 
node biopsy (SNB) (1-6). Progression towards more individualized therapy, using 
minimally-invasive techniques that destroy the tumor in-situ such as high-intensity 
focused ultrasound, cryoablation, radio-frequency ablation and preoperative 
radiotherapy (7-13) has shown to be feasible. However, progress is impeded by 
uncertainty about patients’ eligibility for adjuvant therapy, caused by the absence of 
a representative surgical specimen. To avoid under- or overtreatment, it is essential 
that the clinical introduction of primary minimally-invasive therapies is accompanied 
with accurate means to establish indication for systemic therapy in the absence of an 
excision specimen.

Disagreement between tumor characteristics derived from preoperative large core 
needle biopsy (LCNB) and excision specimen is often seen (14-20). For tumor grade, 
an important prognostic marker, disagreement between LCNB and the excision 
specimen has been observed in around 40% of the patients (14,15). Other preoperative 
tumor characteristics, such as tumor size from imaging, show disagreement with the 
excision specimen in 30-50% of patients, dependent on the method of detection (21-
23). Preoperative assessment of lymph node status, based on axillary ultrasonography 
with guided fine-needle aspiration (FNA), has high specificity, but relatively low 
sensitivity (24,25). Therefore, indication for systemic therapy is typically still based 
on excision specimens.

With disagreements in tumor characteristics being widely recognized, to the best 
of our knowledge, it is yet unknown which impact these disagreements have on 
assessment of indication for systemic therapy. Possibly, patient subgroups exist where 
pretreatment assessment of indication for systemic therapy is more accurate than in 
other subgroups. Such knowledge would greatly contribute to further dissemination 
of individualized cancer treatment.
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The aim of this study is to establish the agreement in patient eligibility for systemic 
therapy between preoperative assessment based on biopsy and postoperative 
assessment based on the excision specimen. Secondly, to identify which patient-, 
tumor- or lymph node characteristics may influence this agreement. 

Materials and Methods

Patients 

Ethics statement: In the Netherlands, retrospective scientific medical research on 
medical records analyzed anonymously is waived from formal medical ethics review 
and informed consent is not needed. This is set forward by the Medical Research 
Involving Human Subjects Act (WMO), confirmed by the central committee on 
research involving human subjects (CCMO), and can be read at www.ccmo-online.
nl.

In this retrospective study, consecutive female patients with histologically proven 
invasive adenocarcinoma of the breast, who underwent ablation, amputation or 
lumpectomy (Table 1), were included between May 2009 and January 2013 in 
the Diakonessen Hospital in Utrecht. Exclusion criteria were residual, bilateral or 
multicentric disease, patients with T4-features, or patients treated with neo-adjuvant 
chemotherapy.

Tissue and pathology

Ultrasound-guided LCNBs were taken from the tumor during routine diagnostic 
workup. The preoperative lymph node status was assessed using axillary 
ultrasonography. FNA or biopsy was performed in radiological suspicious lesions 
(26). Harvested tissue was fixed in neutral buffered formaldehyde and processed to 
paraffin blocks. Microscopic sections were taken and stained using hematoxylin and 
eosin (H&E).

Surgery was combined with SNB if no lymph node metastases were found 
preoperatively. If lymph node metastases were found preoperatively surgery was 
combined with ALND. Up until 2010 a positive SNB at surgery was followed by 
ALND, after 2010 this was only performed on indication (Table 1).

At pathology, the largest diameter of the tumor was assessed macro- and microscopically 
after sectioning the excision specimen in 4 mm thick slabs. Microscopic sections of 
the invasive tumor and lymph nodes were taken and stained using H&E.

Patient and tumor characteristics

Tumor characteristics were collected from preoperatively available information 
(denoted “biopsy-stage”) and from postoperative information (denoted “excision-
stage”). This information included estrogen receptor (ER)-status, tumor size, tumor 
grade, and lymph node status. 
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Age was derived from the date of surgery. ER-status was taken from the pathology 
records. A threshold of 10% staining was used to discriminate between ER-negative 
status (<10% staining) and ER-positive status (≥10% staining). Tumor grade from core 
biopsy was revised by a breast pathologist (JO). For the excision-stage, tumor grade 
was derived from pathology records. Carcinomas were graded 1, 2, or 3, according 

Table 1. Baseline characteristics. Patient-, tumor- and treatment characteristics of all 300 consecutive 
female patients with histologically proven invasive adenocarcinoma of the breast who were included in 
this study.

Characteristics N %

Patients
Total 300 100%

Age (years)

≤54 91 30%

55-69 111 37%

≥70 98 33%

Origin of tumor size biopsy-stage

MRI 49 16%

Ultrasound 231 77%

Mammography 12 4%

Physical Examination 8 3%

Tumor type excision-stage

IDC 237 79%

ILC 47 16%

Other 16 5%

Type of surgery

Ablatio 86 29%

Amputation 22 7%

Lumpectomy 192 64%

Axillary procedure biopsy-stage (positive)

Fine-needle aspiration 49 (28)

Biopsy 4 (4)

Axillary procedure excision-stage (positive)1

Sentinel node biopsy 258 (99)

Axillary lymph node dissection 80 (50)

None 9

Nodal status excision-stage

N0 168 56%
≥N1 132 44%

¹More than 300 cases due to overlap between sentinel node biopsy and axillary lymph node dissection



Chapter
2

30

Part I

to the modified Bloom and Richardson guidelines (27). These guidelines consider 
morphologic characteristics of tubule and gland formation, nuclear pleomorphism 
and mitotic count. The latter was based on 7 high-power fields (HPFs), corresponding 
to a field of view of 2mm². When the amount of core tissue was less than 7 HPFs, the 
mitotic count was extrapolated to 7 HPFs. Tumor size at the biopsy-stage was derived 
from the best available imaging examination. Largest tumor diameter measured at 
MRI was considered first, followed by that from ultrasound and mammography. 
If tumor size was not available from imaging, the size estimated from physical 
examination was used. At the excision-stage, the largest tumor diameter was taken 
from the excision specimen. Lymph node positivity was preoperatively examined 
using axillary ultrasound with or without FNA or biopsy. At the excision-stage, the 
best available evidence was used with preference for the results from ALND. Sentinel 
lymph nodes were defined positive if any isolated, micro- or macrometastases were 
visible on H&E-stained slides. The SNB status was unknown prior to surgery, but a 
preoperative SNB status was simulated by combining lymph node status from the 
biopsy-stage with SNB status from the excision-stage. 

Indication for systemic therapy

For every patient, indication for systemic therapy was assessed separately at the 
biopsy-stage and at the excision-stage, based on AOL.

The web-based tool AOL (version 8.0) estimates risk-percentages of mortality and 
relapse based on the SEER tumor registry database, and has been validated on 
Canadian and Dutch populations (28-30). The risk of mortality and relapse was based 
on the characteristics: age, ER-status, tumor grade, tumor size, and number of positive 
lymph nodes. Co-morbidity was set to default ‘minor problems’. At the biopsy- and 
excision-stage, the 10-year risk of breast cancer specific mortality and relapse was 
established. The indication for systemic therapy was based on the Dutch national 
guidelines, advising adjuvant systemic therapy when it reduces the 10-year risk of 
breast cancer specific mortality by at least 5%. In clinical practice, these guidelines 
roughly translate to risk of 10-year-mortality equal to or exceeding 15% or risk of 10-
year relapse equal to or exceeding 25% (www.oncoline.nl). 

In both stages, patients were divided into subgroups with and without indication 
for systemic therapy. The indication for systemic therapy at the excision-stage was 
considered to be the clinical standard.

Analyses

Analyses were performed using SPSS (version 19.0). ER-status, tumor grade, tumor 
size and lymph node status known at the biopsy-stage were compared with those 
known at the excision-stage. Overall agreement between these characteristics was 
expressed as a percentage on the Kappa test. Agreement on indication for systemic 
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therapy between the stages was established using Cohen’s kappa. In addition, the 
positive predictive value was calculated (PPV: the fraction of tumors that is correctly 
assumed to be indicated for systemic therapy at the biopsy stage), as well as the 
negative predictive value (NPV: the fraction of tumors that is correctly assumed not 
to be indicated for systemic therapy at the biopsy stage). Subgroups were stratified, 
and McNemar tests were used to assess agreement. In addition, a multivariate 
decision tree was constructed in order to help decide when the preoperatively known 
characteristics are likely to result in similar indication for systemic therapy as the 
postoperatively known characteristics. For this purpose, the dichotomous outcome 
variable “indication for systemic therapy” at the excision-stage was taken as the 
dependent variable. Independent variables were eligibility for systemic therapy at 
the biopsy-stage (forced first variable), age, ER-status, tumor grade, tumor size, and 
preoperative SNB status. The CHAID growing method was used. Backward covariate 
selection (p-to-remove=0,05) was employed to determine under which conditions the 
indication for systemic therapy from core biopsy agrees with that from the excision 
specimen.

Results
Patients

Three hundred and sixty six patients were enrolled in our study; 53 patients were 
excluded and 13 patients had missing data (Figure 1). A total of 300 patients were 
finally included. The mean patient age at surgery was 62 years (range 34 – 89 years) 
(Table 1).

Figure 1. Patients enrolled, excluded, or removed from the study due to incomplete data.
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Tumor characteristics

The ER-status showed very high agreement between the biopsy-stage and the 
excision-stage (99%; K=0,955) (Table 2). Tumor grade resulted in a lower agreement 
(62%; K=0,345), with a comparable ratio of under- and overestimation (22%; 
N=65 and 16%; N=49, respectively). More agreement was seen in grade 1 and 2 
tumors compared to grade 3 tumors (Table 3). Tumor size at biopsy-stage was most 
frequently derived from ultrasound examination followed by MRI, mammography 
and physical examination (Table 1). Agreement was found in 176 patients (59%; 
K=0,406), although underestimation of size at the biopsy-stage occurred twice as often 
as overestimation (N=84; 28%, and N=40; 13%, respectively) (Table 4). Concerning 
lymph node status, a positive result at FNA or biopsy was always indicative of a 
positive result at the excision-stage (100%; N=32). However, a negative result was 
less indicative (63%; N=168), resulting in relatively poor overall agreement (67%; 
K=0,264) (Table 5). 

Table 2. Agreement between the biopsy-stage and excision-stage for estrogen receptor-status.

Excision-stage

Biopsy-stage

Estrogen receptor-status Positive Negative

Positive 259 (99%) 1

Negative 2 38 (97%)

Total 261 39

Table 3. Agreement between the biopsy-stage and excision-stage for tumor grade.

Excision-stage

Biopsy-stage

Tumor grade Grade 1 Grade 2 Grade 3

Grade 1 69 (62%) 39 2

Grade 2 43 101 (69%) 24

Grade 3 0 6 16 (38%)

Total 112 146 42
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Table 4. Agreement between the biopsy-stage and excision-stage for tumor size.

Excision-stage

Biopsy-stage

Tumor size (cm) 0,1 – 1,0 1,1 – 2,0 2,1 – 3,0 3,1 – 5,0 >5,0

0,1 – 1,0 37 (71%) 35 3 0 0

1,1 – 2,0 13 87 (63%) 25 2 1

2,1 – 3,0 2 15 35 (50%) 17 1

3,1 – 5,0 0 2 6 15 (43%) 0

>5,0 0 0 1 1 2 (50%)

Total 52 139 70 35 4

Table 6. Agreement between indication for systemic therapy at the biopsy-stage and excision-stage. 
Agreement in indication using adjuvant! online without preoperative sentinel node biopsy. 

Adjuvant! online Excision-stage

Biopsy-stage Systemic 
Therapy

No Systemic 
Therapy

Agreement: N (%); significance; kappa  
(95% CI)

Systemic Therapy 104 7 N=230 (77%); p<0,001; K=0,547  
(0,461-0,633)

No Systemic Therapy 63 126

Table 5. Agreement between the biopsy-stage and excision-stage for lymph node status on fine-needle 
aspiration or biopsy.

Excision-stage

Biopsy-stage

Lymph node status Positive Negative

Positive 32 (24%) 0

Negative 100 168 (100%)

Total 132 168

Indication for systemic therapy

Indication for systemic therapy was derived from AOL. Postoperatively, 55,7% of 
patients were indicated for systemic therapy. The indication derived from the biopsy-
stage (without SNB) agreed with that from the excision-stage in 230 patients (77%; 
K=0,547). A positive indication at the biopsy-stage nearly always corresponded 
with a positive indication at the excision-stage (PPV=94%). Conversely, a negative 
indication was only negative at the excision-stage in approximately two thirds of the 
number of patients (NPV=67%) (Table 6).
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Agreement in subgroups

Table 7 stratifies the agreement on indication for systemic therapy in subgroups. Age 
did not affect the agreement, but ER-status did. ER-negative tumors led to more 
agreement than ER-positive tumors, despite the observation that ER-status was not 
significantly different between the biopsy-stage and excision-stage. Also, high-grade 
tumors led to stronger agreement, up to 100% in grade 3. Considering tumor size, 
the agreement was smallest in tumors ≤2,0cm. Stronger agreement was found in 
patients with a positive lymph node status at the biopsy-stage. Conversely, a negative 
preoperative SNB status led to stronger agreement on indication for systemic therapy 
than a positive preoperative SNB. 

Table 7. Agreement within subgroups of biopsy-stage tumor characteristics. Agreement in subgroups of 
tumor characteristics: age, estrogen receptor-status, tumor grade, tumor size, lymph node status on fine-
needle aspiration or biopsy and preoperative sentinel node biopsy status.

Tumor characteristics in biopsy-stage Number of patients Agreement with AOL2

N N %

Age (years)

≤54 91 68 75%

55-69 111 81 73%

≥70 98 81 83%

ER-status

Negative 39 35 90%3

Positive 261 195 75%

Tumor grade

Grade 1 110 77 70%

Grade 2 168 131 78%

Grade 3 22 22 100%3

Tumor size (cm)

0,1 – 1,0 75 55 73%

1,1 – 2,0 128 89 70%

2,1 – 3,0 70 61 87%3

3,1 – 5,0 23 21 91%3

>5,0 4 4 100%4

Lymph node status

Negative 268 200 75%

Positive 32 30 94%3

Preoperative SNB1 status

Negative 169 150 89%3

Positive 131 80 61%
1Sentinel node biopsy; 2Adjuvant! online; 3Significant at McNemar test; 4All patients were indicated for 
systemic therapy at the biopsy-stage.
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Multivariate analyses

Using multivariate analysis, a preoperative decision tree was created. Using biopsy-
stage tumor characteristics in AOL, a subgroup containing 37% of patients was 
indicated for systemic therapy with high positive predictive value (PPV=93,7%; 
N=104). Combined with a preoperative SNB, 58,3% of the patients were indicated 
(PPV=88,6%; N=155). The remaining group of patients (41,7%) was selected 
without indication for systemic therapy (NPV=90,4%, N=113) (Figure 2). 

Figure 2. Decision tree based on AOL (N=300) to establish confidence in preoperative indication for 
systemic therapy. Patients are divided into a positive and negative indication group. For patients with a 
negative indication, a preoperative sentinel node biopsy raises the agreement.

Discussion

In this study, agreement on indication for systemic therapy established from 
pretreatment biopsy and the surgical excision specimen was established and compared 
in subgroups of patients. Without preoperative SNB, agreement on systemic therapy 
exists in approximately 75% of the patients. A positive indication for systemic therapy, 
based on AOL guidelines using preoperative biopsies alone, was found to be highly 
indicative of a positive indication based on the surgical excision specimens. A negative 
preoperative indication was, however, only indicative in roughly two thirds of selected 
patients. With a preoperative SNB, this agreement was raised to approximately 90%. 

Still, in approximately 1 of 10 patients disagreement in preoperative indication for 
systemic therapy exists. In the current study, using AOL, a subgroup of 64 patients 
with a positive preoperative SNB contained 13 patients who had no indication for 
systemic therapy postoperatively. The expected reduction in breast cancer mortality 
risk by systemic therapy ranged between 0,6% and 3,0% in these 13 patients. 

AOL based on biopsied tissue and  
preoperative imaging

Indication for systemic therapy
(PPV=93,7%; N=104)

Indication for systemic therapy
(PPV=79,7%; N=51)

No indication for systemic 
therapy (NPV=90,4%; N=113)

Preoperative sentinel
node biopsy positive?

Indication for
systemic therapy?*

YES

YES

NO

NO

(N=111)

(N=64) (N=125)

*according to the Dutch guidelines based on adjuvant online (AOL)
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The agreement on indication for systemic therapy was highest for characteristics 
associated with a poor tumor prognosis: ER-negative tumors, grade 3 tumors, tumors 
size >2cm and lymph node positivity at biopsy. Conversely, high agreement was also 
found for a negative preoperative SNB status, associated with a favorable prognosis in 
patients with a negative indication. Age was not of influence on agreement.

The observed disagreement on indication for systemic therapy results from differences 
in tumor characteristics between core biopsy and the surgical excision specimen, 
amplified or dampened by the biological process that underlies the prognostic model 
AOL. In AOL, the number of positive nodes, together with tumor size, are the major 
factors used to estimate patient prognosis (28). 

ER-status derived from core biopsy agrees well with ER-status derived from the 
excision specimen (99%), which is also observed in the literature (19). Agreement on 
tumor grade was, however, lower, comparable with the 60% agreement reported in 
the literature (14,15), with lowest agreement on grade 3 tumors. This disagreement 
is probably caused by the heterogeneity of breast cancers, and the fact that LCNB 
samples only a small part of the tumor. The size and number of cores may be an 
influencing factor, but a previous study showed that the amount of tissue obtained 
from biopsy did not affect the agreement between core biopsy and excision specimen 
(14). Agreement on tumor size of around 60% was seen, which is comparable with 
results from previous studies (21-23). The lowest agreement on tumor size was seen in 
larger tumors (>2cm). As expected from prior studies (24,25), a positive preoperative 
lymph node status derived from ultrasound-guided FNA or biopsy was highly 
correlated with a positive postoperative lymph node status, but a negative preoperative 
status was poorly associated. 

Typically, the indication for systemic therapy is determined postoperatively from the 
excision specimens using AOL. We investigated whether postoperative tools such as 
AOL can be used to establish the indication for systemic therapy preoperatively. The 
decision tree illustrates the optimal strategy to accomplish this based on statistical 
considerations. The findings in this study will not impact the standard procedures for 
indication of systemic therapy but may have impact when experimental treatments 
such as high-intensity focused ultrasound, cryoablation, radio-frequency ablation or 
preoperative radiotherapy are used.  

A limitation of our study is the number of patients. Although this number is relatively 
large compared to other reproducibility studies, results should be verified in studies 
with larger patient numbers. In addition, the decision tree devised in this study 
should undergo validation in an independent patient group. It should also be noted 
that AOL applies only after conventional breast cancer therapy, i.e., surgery, followed 
by radiotherapy. It is currently unknown whether minimally invasive techniques will 
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lead to similar outcomes even if the patient selections are optimal. In the absence of 
any evidence on this point, it seems, however, a reasonable assumption to make at this 
time to advance further studies in this field, provided that these minimally invasive 
techniques are still followed up by radiotherapy.

In this study all characteristics were retrieved from the regular clinical setting, with the 
exception of tumor grade from LCNB, and are thus subject to inter-observer variation 
both at radiology and at pathology. Previous studies have already demonstrated the 
impact of inter-observer variation on patient selection for systemic therapy (31,32). 
Although these variations possibly also influenced the agreement in our study, the 
advantage of using data derived under clinical conditions is that it provides realistic 
estimations of the pretreatment performance of AOL in clinical setting.

For the indication of systemic therapy, AOL was used. This prognostic model is based 
on patient and tumor characteristics derived from excision specimens. More recently, 
other features and models are assessed for their role to indicate systemic therapy. For 
example, plans exist to add the human epidermal growth factor receptor 2 (HER2/
neu) marker in the AOL model, and recent developments have given reason to believe 
that the antigen Ki-67 enhances confidence in prediction of the indication for systemic 
therapy in breast tumors (33). A more recent model that considers HER2/neu, Ki-
67 and the mode of detection is PREDICT (34). In our study, HER2/neu, Ki-67 
and the mode of detection were not available. Future studies may provide evidence 
whether models like PREDICT could raise agreement in preoperative prognosis. On 
the other hand, agreement of HER2/neu status between LCNB and the excision 
specimen is reported to be as low as 60% (20). Conversely, it may be beneficial to add 
a pretreatment feature as an adjunct to prediction models like AOL.

Possibly, in vivo functional imaging characteristics of the tumor could be employed 
to improve the agreement on indication for systemic therapy. MR imaging, for 
example, provides an overview of the entire tumor in vivo with potential to visualize 
its biological behavior, provide functional tumor characteristics, as well as accurate 
information on tumor extent (21-23,35,36).

Conclusions

Using biopsied tissue and preoperative imaging as surrogates for the surgical excision 
specimen, a positive indication for systemic therapy based on preoperative use of 
AOL is likely to correspond with a positive indication postoperatively. This agreement 
is, however, relatively poor when preoperative AOL suggests a negative indication. 
In this subgroup (63% of patients), additional stratification by preoperative SNB 
raises the agreement. Nevertheless, preoperative assessment may lead to discordance 
in approximately 1 out of 10 patients compared with conventional assessment of 
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excision specimens. Agreement in indication was especially high in the presence of 
ER-negative status, tumor grade 3, tumor size >2,0 cm, lymph node positivity at core 
biopsy and a negative preoperative SNB.
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Abstract
Purpose

The heterogeneous nature of breast cancer is represented by three breast cancer 
subtypes associated with different patient outcome. However, within subtypes, 
variations still exist. Additional stratification is necessary for more individualized 
therapy. Functional tumor characteristics on dynamic contrast-enhanced (DCE)-
MRI may play a role. Rim enhancement of breast cancers has been associated with 
unfavorable pathology characteristics in context of outcome. However, existence of a 
direct link is unknown. The purpose was to retrospectively determine the association 
between rim enhancement on DCE-MRI and long-term patient outcome, and 
whether it has complementary value to subtype.

Methods

Preoperative DCE-MRI was performed in 556 consecutive female patients who were 
eligible for breast-conserving therapy. Presence of rim enhancement was assessed. 
Tumor characteristics were derived from resection specimens. Patients were stratified 
according to subtype. Association was assessed between rim enhancement and patient, 
pathology and treatment characteristics, recurrence-free interval and invasive disease-
free survival. 

Results

Median follow-up was 84 months. Patients were stratified into ER-positive/HER2-
negative (N=416), HER2-positive (N=75) or triple-negative (N=65) subtypes. Rim 
enhancement was seen in 29,0% (N=161/556) of tumors and was associated with 
higher histologic grade, negative ER-status and triple-negative subtype. Only within 
triple-negative tumors association was seen with outcome. Recurrence was lower in 
non-rim enhancing tumors (N=1/36; 2,8%) compared to rim enhancing tumors 
(N=9/28; 32,1%)(p=0,001). Survival was higher in non-rim enhancing tumors 
(N=34/36; 94,4%) compared to rim enhancing tumors (N=18/28; 64,3%)(p=0,001).

Conclusions

Rim enhancement on DCE-MRI is associated with long-term outcome of patients 
with triple-negative breast cancer, and may potentially serve as prognostic biomarker 
in these patients.
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Introduction

The heterogeneity of breast cancer has been widely recognized, resulting in 
identification of three distinct breast cancer subtypes (1). Based on amplification 
of the estrogen receptor (ER), the progesterone receptor (PR) and the human 
epidermal growth factor receptor 2 (HER2), cancers are stratified into ER-positive/
HER2-negative (ER-positive), HER2-positive and triple-negative subtypes. Between 
these subtypes, differences exist in patient outcome as well as treatment options (2). 
Nonetheless, variation in outcome continues to exist also within subtypes. Hence, 
more individualized patient-tailored therapy demands additional stratification of 
breast-cancer outcome.

Breast imaging may provide useful information of the cancer while it is still in-
vivo. Dynamic contrast enhanced (DCE) magnetic resonance imaging (MRI) 
is typically used for local tumor staging, a prominent prognostic marker. Because 
DCE-MRI visualizes functional properties of the neovascular network of tumors in-
vivo, additional DCE-MRI characteristics may, however, be of additional value in 
stratification of breast cancer outcome.

Prior studies have shown relationships between DCE-MRI characteristics of breast 
cancer and prognostic markers at postoperative histopathology. Rim enhancement in 
particular, i.e., more pronounced contrast enhancement at the periphery of a tumor 
compared to that at the center, was shown to be associated with a higher histologic 
tumor grade (3-6), increased vascular endothelial growth factor (VEGF) expression 
(7), negative hormone receptor expression (6;8), presence of axillary lymph node 
metastasis (4;6) as well as larger tumor size (4;8). These pathology characteristics are 
each associated with less favorable patient prognosis. The rim enhancement is not 
caused by an elevated microvessel density in the tumor periphery but rather by a lower 
microvessel density in the tumor, correlated with rapid tumor growth, decreased 
tumor differentiation, fibrosis and necrosis (5;6;9;10). However, whether rim 
enhancement on DCE-MRI is directly associated with patient outcome after therapy 
is largely unknown, as well as whether such characteristic has any complementary 
value to breast cancer subtype.

The aim of this study is to determine whether presence of rim enhancement on DCE-
MRI of breast cancer is associated with long-term patient outcome. Secondly, if such 
association exists, whether it has complementary value to breast cancer subtype.

Material & Methods
Patient Cohort

In the MARGINS study (Multi-modality Analysis and Radiological Guidance IN 
breast conServing therapy), patients were consecutively included (2000-2008) at 
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the Netherlands Cancer Institute (11). Women with pathology-proven breast cancer 
on preoperative assessment and who were eligible for breast-conserving therapy 
(BCT) based on conventional imaging were recruited for an additional preoperative 
MRI scan. Approval was obtained from the institutional review board and written 
informed consent was obtained from all patients. In the current study, all patients 
from the MARGINS study with an invasive breast cancer on preoperative assessment 
were included.

Magnetic resonance imaging

Magnetic resonance imaging was performed using a 1.5-tesla scanner (Magnetom, 
Siemens Medical Systems, Erlangen, Germany) (11). Bilateral breast imaging 
was performed in prone patient orientation including DCE-MR imaging in 
five consecutive series, one prior to and four series after the administration of a 
gadolinium containing contrast agent. Series were acquired at 120s intervals and voxel 
resolution of 1.35 x 1.35 x 1.35 mm³. A T1-weighted sequence was used. Subtraction 
images were available to examine initial and late enhancement. In the context of the 
MARGINS-study, standardized BI-RADS (12) scoring forms were used to describe the 
phenotype of the tumors on MRI. Reading was performed by experienced breast-MR 
radiologists or under their supervision during regular clinical reading, hence blinded 
from postoperative pathology and patient outcome. The largest tumor diameter was 
measured on MRI as the largest value observed in three orthogonal directions. For 
multi-focal and multi-centric disease the total tumor-invested area was considered. 
The index tumor was scored as a mass or non-mass enhancing lesion. Mass-enhancing 
lesions were scored for presence of rim enhancement.

Breast cancer treatment

Wide-local excisions (WLE) were performed according to accepted standards and 
carried out or directly supervised by specialized breast-cancer surgeons. In the 
MARGINS study, patients with additional lesions detected at MRI, confirmed to 
be malignant by biopsy, and extending over a region too large to allow cosmetically 
acceptable BCT were advised neoadjuvant chemotherapy or conversion to mastectomy 
(11).

Preoperative lymph node status was assessed using fine-needle aspiration (FNA) 
of radiological suspicious lymph nodes (LNs) (13). A positive LN status on FNA 
was followed by axillary LN dissection (ALND) at surgery. In case of a negative 
preoperative LN status, a sentinel node biopsy (SNB) was performed during surgery. 
Typically, a positive SNB was subsequently followed by ALND.

Surgery was followed by radiotherapy and systemic therapy in selected patients 
according to the Dutch national guidelines (www.oncoline.nl).
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Patient and tumor characteristics

Patient age was derived from the time of cancer diagnosis. Pathology characteristics 
were assessed postoperatively from the excision specimen which was handled according 
to a protocol adapted from Egan et al. (14). On microscopic assessment, tumor type 
was recorded as invasive ductal carcinoma (IDC), invasive lobular carcinoma (ILC), 
mixed invasive carcinoma or ‘other’ tumor type. Histological tumor grade was assessed 
according to the modified Bloom-Richardson guidelines considering morphologic 
characteristics of tubule and gland formation, nuclear pleomorphism and mitotic 
count (15). ER and PR-status were determined on immunohistochemistry (IHC) 
using hematoxylin and eosin stained microscopic sections, with a threshold of 10% to 
discriminate between a negative (<10% staining) and positive (≥10% staining) status. 
HER2 amplification was scored as 0, 1+, 2+ or 3+ to differentiate between a negative 
(<2+) and a positive (>2+) status. At a 2+ status, fluorescent in-situ hybridization was 
used to differentiate between a negative and positive status. According to receptor 
status on IHC, tumors were stratified into ER-positive and HER2-negative (ER-
positive), HER2-positive, and triple-negative subgroups. The total number of positive 
LNs was grouped into none (0), one or two (1-2), or more than two (>2) based on 
SNB, and combined with the information from ALND if available. 

Follow-up

After breast cancer therapy, follow-up was done according to the Dutch national 
guidelines advising follow-up once a year for at least the first five years after diagnosis 
or the last mammography prior to surgery (www.oncoline.nl). Local, regional and 
distant recurrence of invasive breast cancer, mortality and cause of mortality were 
recorded.

Events during follow-up were defined according to the criteria by Hudis et al. (16). 
In short, recurrence was measured as an event in the recurrence-free interval (RFI), 
which is defined by local, regional and distant recurrence of breast cancer, as well 
as death from breast cancer. Survival was measured according to invasive disease-
free survival (IDFS), which consisted of the same events as RFI, complemented by 
invasive contralateral breast cancer, second primary (non-breast) invasive cancer, 
death from non-breast cancer as well as death from unknown cause.

Statistics

Analyses were performed using SPSS (version 20.0). Patients were stratified 
according to breast cancer subtype. Association of patient-, pathology- and treatment 
characteristics with presence or absence of rim enhancement on DCE-MRI was 
assessed using two-sided Pearson’s chi squared or Fisher’s exact tests. At univariate 
analyses, associations between recurrence, survival and patient-, pathology- and 
imaging characteristics were analyzed using Kaplan-Meier survival functions and 
log-rank tests. A p-value ≤0,05 was considered a significant finding. Characteristics 
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showing an association p≤0,20 at univariate analysis were entered into multivariate 
analyses using Cox regression with backward logistic regression (p-to-enter: 0,01; 
p-to-remove: 0,05). In addition, hazard ratios with 95% confidence interval were 
calculated.

Results
Patient Cohort

Five hundred and fifty six patients were included in this study. The mean patient age 
was 56,9 years and standard deviation 10,4 years. On DCE-MRI, mass enhancement 
was seen in 534/556 tumors (96,0%) and non-mass enhancement in 22/556 (4,0%). 
In the mass-enhancing tumors, rim enhancement was seen in 161/534 tumors 
(30,1%), and non-rim enhancement in 373/534 tumors (69,9%) (Figure 1).

Overall, patients were treated using WLE: 477/556 (80,4%), mastectomy: 70/556 
(12,6%), or other treatment: 8/556 (1,4%). In one patient, treatment information 
was missing. Seventeen patients underwent neoadjuvant chemotherapy prior to WLE 
(N=11), mastectomy (N=3), or other treatment (N=3). The majority of tumors were 
IDC: 434/556 (78,1%), followed by ILC: 80/556 (14,4%) and mixed invasive type: 
42/556 (7,6%).

Figure 1. Tumor-enhancement characteristics on dynamic contrast-enhanced (DCE)-MRI of all 556 
included tumors.

The median follow-up time was 84 months with standard deviation of 27,3 months. 
During follow-up, recurrence (according to the RFI definition) was seen in 53/556 
patients (9,5%). Mortality was seen in 52/556 patients (9,4%), yielding 75/556 
events (13,5%) according to the definition of IDFS.



Rim enhancement on DCE-MRI and patient outcome

51

Chapter
3

Table 1. Association of rim enhancement with patient-, pathology- and imaging-characteristics. 
Characteristic Total Rim No Rim p-value

Surgery Type        
Mastectomy 67 23 (34,3%) 44 (65,7%) 0,403
WLE 460 135 (29,3%) 325 (70,7%)  
Other 6 3  (50,0%) 3  (50,0%)  

Missing 1 0 1  
Age (years)        
<50 126 39  (31,0%) 87 (69,0%) 0,769
50-59 190 60  (31,6%) 130 (68,4%)  
≥60 218 62  (28,4%) 156 (71,6%)  

Largest Diameter (cm)        
<1,0 45 7  (15,6%) 38  (84,4%) 0,072
1,0-1,9 245 75  (30,6%) 170  (69,4%)  
2,0-2,9 149 53  (35,6%) 96  (64,4%)  
≥3,00 95 26  (27,4%) 69  (72,6%)  

Tumor Type        
IDC 427 135  (31,6%) 292  (68,4%) 0,274
ILC 68 18  (26,5%) 50  (73,5%)  
Mixed invasive 39 8  (20,5%) 31  (79,5%)  

Histologic Grade        
Grade 1 169 54  (32,0%) 115  (68,0%) 0,017*
Grade 2 227 54  (23,8%) 173  (76,2%)  
Grade 3 130 49  (37,7%) 81  (62,3%)  

Missing 8 4 4  
Positive Lymph Nodes        
0 350 101  (28,9%) 249  (71,1%) 0,339
1 or 2 131 46  (35,1%) 85  (64,9%)  
>2 53 14  (26,4%) 39  (73,4%)  

Estrogen Receptor Status        
Negative 84 33  (39,3%) 51  (60,7%) 0,033*
Positive 450 128  (28,4%) 322  (71,6%)  

Progesteron Receptor Status        
Negative 209 69  (33,0%) 140  (67,0%) 0,133
Positive 324 91  (28,1%) 233  (71,9%)  

Missing 1 1 0  
HER2 Receptor Status        
Negative 461 140  (30,4%) 321  (69,6%) 0,450
Positive 73 21  (28,7%) 52  (71,3%)  

Breast Cancer Subtype        
ER-positive 397 112  (28,2%) 285  (71,8%) 0,041*
HER2-positive 73 21  (28,8%) 52  (71,2%)  
Triple-negative 64 28  (43,8%) 36  (56,2%)  

*Significant association (p≤0,05)
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The ER-positive subgroup was the largest group with 416/556 patients (74,8%). The 
HER2-positive group consisted of 75/556 patients (13,5%), and the triple-negative 
subgroup of 65/556 patients (11,7%). 

Rim enhancement in breast cancer subtypes

Within the group of mass-enhancing tumors (n=534), significant association was seen 
between rim enhancement and histologic grade, ER-status as well as breast cancer 
subtype. The highest percentage of rim-enhancing lesions was seen in grade-3 tumors 
(49/130; 37,7%), ER-negative tumors (33/84; 40,7%), and triple-negative breast 
cancer (28/64; 43,8%) (Table 1). 

Follow-up in the ER-positive subgroup

In the ER-positive subgroup, recurrence was seen in 38/416 patients (9,1%) (Table 
2). Significant association was seen between recurrence and mass enhancement. 
Although a non-mass enhancing lesion was only seen in 19/416 patients (4,6%), 
recurrence was recorded in 4/19 patients (21,1%) with non-mass enhancing lesions 
compared to 34/397 patients (8,6%) with a mass enhancing lesion (p=0,045). In 
multivariate analysis, mass enhancement (HR: 3,419; CI95%: 1,198 – 9,758) and 
histologic grade (HR: 1,780; CI95%: 1,109 – 2,856) retained significance. 

With regard to survival, events were seen in 57/416 patients (13,7%). No significant 
associations were found at univariate analyses. At multivariate analysis, the age at 
diagnosis (HR: 1,442; CI95%: 1,003 – 2,073) and surgery type (HR: 0,508; CI95%: 
0,267 – 0,969) were significant.

Follow-up in the HER2-positive subgroup

In the HER2-positive subgroup, only a small number of events were observed: 
5/75 events (6,7%) regarding recurrence and 6/75 events (8,0%) regarding survival  
(Table 3). No significant associations were seen for recurrence or survival at univariate 
analysis. However, all events were in patients with a non-rim enhancing tumor. 
Multivariate analysis was not performed due to the small number of events in the 
HER2-positive subgroup. 

Follow-up in the triple-negative subgroup

In the triple-negative subgroup, a relatively large number of events was found: 10/65 
recurrences (15,4%)(Table 4). A significant (p=0,001) association was seen only between 
recurrence and rim enhancement (p=0,001) (Figure 2). In multivariate analysis, rim 
enhancement retained significance (HR: 14,019; CI95%: 1,773 – 110,864). Only 
1/36 recurrences (2,8%) were seen in patients with a non-rim enhancing tumor, 
compared to 9/28 recurrences (32,1%) in patients with a rim enhancing tumor 
(Figure 3).
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Table 2. Baseline characteristics of patients with ER-positive breast cancer. Association of treatment-, 
patient-, tumor- and imaging characteristics with recurrence-free interval (RFI) and invasive disease free 
survival (IDFS). 

  Event RFI   Event IDFS

Characteristic Total  
ER-positive No Yes p-value   No Yes p-value

Surgery Type                
Mastectomy 46 39 (84,8%) 7 (15,2%) 0,199   36 (78,3%) 10 (21,7%) 0,142
WLE 363 332 (91,5%) 31 (8,5%)   316 (87,1%) 47 (12,9%)  
Other 6 6 (100%) 0 (0%)   6 (100%) 0 (0%)  
Missing 1 1 0   1 0  
Age (years)                
<50 87 81 (93,1%) 6 (6,9%) 0,679   80 (92,0%) 7 (8,0%) 0,146
50-59 150 135 (90,0%) 15 (10,0%)   129 (86,0%) 21 (14,0%)  
≥60 179 162 (90,5%) 17 (9,5%)   150 (83,8%) 29 (16,2%)  
Largest Diameter (cm)              
<1,0 40 38 (95,0%) 2 (5,0%) 0,221   35 (87,5%) 5 (12,5%) 0,432
1,0-1,9 203 189 (93,1%) 14 (6,9%)   181 (89,2%) 22 (10,8%)  
2,0-2,9 100 88 (88,0%) 12 (12,0%)   82 (82,0%) 18 (18,0%)  
≥3,00 73 63 (86,3%) 10 (13,7%)   61 (83,6%) 12 (16,4%)  
Tumor Type                
IDC 306 280 (91,5%) 26 (8,5%) 0,714   263 (85,9%) 43 (14,1%) 0,763
ILC 76 67 (88,2%) 9 (11,8%)   65 (85,5%) 11 (14,5%)  
Mixed invasive 34 31 (91,2%) 3 (8,8%)   31 (91,2%) 3 (8,8%)  
Histologic Grade              
Grade 1 169 159 (94,1%) 10 (5,9%) 0,074**   150 (88,8%) 19 (11,2%) 0,469
Grade 2 195 175 (89,7%) 20 (10,3%)   167 (85,6%) 28 (14,4%)  
Grade 3 45 37 (82,2%) 8 (17,8%)   36 (80,0%) 9 (20,0%)  
Missing 7 7 0   6 1  
Positive Lymph Nodes              
0 281 259 (92,2%) 22 (7,8) 0,298   245 (87,2%) 36 (12,8%) 0,426
1 or 2 99 89 (89,9%) 10 (10,1%)   86 (86,9%) 13 (13,1%)  
>2 36 30 (83,3%) 6  (16,7%)   28 (77,8%) 8 (22,2%)  
Hormonal Therapy              
Yes 185 165 (89,2%) 20 (10,8%) 0,491   158 (85,4%) 27 (14,6%) 0,885
No 231 213 (92,2%) 18 (7,8%)   201 (87,0%) 30 (13,0%)  
Chemotherapy              
Yes 101 89 (88,1%) 12 (11,9%) 0,414   85 (84,2%) 16 (15,8%) 0,803
No 315 289 (91,7%) 26 (8,3%)   274 (87,0) 41 (13,0%)  
Mass Enhancement              
Mass  397 363 (91,4%) 34 (8,6%) 0,045*   345 (86,9%) 52 (13,1%) 0,076
Non-Mass 19 15 (78,9%) 4 (11,1%)   14 (73,7%) 5 (26,3%)  
Rim Enhancement              
Yes 112 101 (90,2%) 11 (9,8%) 0,516   96 (85,7%) 15 (14,3%) 0,876
No 285 262 (91,9%) 23 (8,1%)   248 (87,0%) 37 (13,0%)  
*Significant difference (p<0,05) **Entered into multivariate analysis (p<0
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Table 3. Baseline characteristics of patients with HER2-positive breast cancer. Association of treatment-, 
patient-, tumor- and imaging characteristics with recurrence-free interval (RFI) and invasive disease free 
survival (IDFS).

  Event RFI   Event IDFS

Characteristic Total HER2- 
positive

No Yes p-value   No Yes p-value

Surgery Type                
Mastectomy 12 11  (91,7%) 1  (8,3%) 0,958   10  (83,3%) 2  (6,7%) 0,511
WLE 62 58  (93,5%) 4  (6,5%)   58  (93,5%) 4  (6,5%)  
Other 1 1   (100%) 0     (0%)   1   (100%) 0     (0%)  
Age (years)                
<50 24 22  (91,7%) 2  (8,3%) 0,893   22  (91,7%) 2  (8,3%) 0,958
50-59 28 26  (92,9%) 2  (7,1%)   26  (92,9%) 2  (7,1%)  
≥60 23 22  (95,7%) 1  (4,3%)   21  (91,3%) 2  (8,7%)  
Largest Diameter (cm)              
<1,0 2 2   (100%) 0      (0%) 0,548   2   (100%) 0      (0%) 0,573
1,0-1,9 31 29  (93,5%) 2   (6,5%)   28  (90,3%) 3   (9,7%)  
2,0-2,9 28 27  (96,4%) 1   (3,6%)   27  (96,4%) 1   (3,6%)  
≥3,00 14 12  (85,7%) 2 (14,3%)   12  (85,7%) 2 (14,3%)  
Tumor Type                
IDC 71 66  (93,0%) 5  (7,0%) 0,858   65  (91,5%) 6  (8,5%) 0,803
ILC 2 2   (100%) 0     (0%)   2   (100%) 0     (0%)  
Mixed invasive 2 2   (100%) 0     (0%)   2   (100%) 0 (0%)  
Histologic Grade              
Grade 1 3 3   (100%) 0     (0%) 0,851   3   (100%) 0 (0%) 0,908
Grade 2 35 33  (94,3%) 2  (5,7%)   32  (91,4%) 3 (8,6%)  
Grade 3 37 34  (91,9%) 3  (8,1%)   34  (91,9%) 3 (8,1%)  
Positive Lymph Nodes              
0 39 38  (97,4%) 1  (2,6%) 0,264   37  (94,9%) 2  (5,1%) 0,561
1 or 2 24 22  (91,7%) 2  (8,3%)   22  (91,7%) 2  (8,3%)  
>2 12 10  (83,3%) 2  (6,7%)   10  (83,3%) 2  (6,7%)  
Hormonal Therapy              
Yes 38 37  (97,4%) 1   (2,6%) 0,151   37  (97,4%) 1   (2,6%) 0,072**
No 37 33  (89,2%) 4 (10,8%)   32  (86,5%) 5 (13,5%)  
Adjuvant Chemotherapy              
Yes 44 40  (90,1%) 4  (9,9%) 0,346   40  (90,1%) 4  (9,9%) 0,800
No 31 30  (96,8%) 1  (3,2%)   29  (93,5%) 2  (6,5%)  
Mass Enhancement              
Mass  73 68  (93,2%) 5  (6,8%) 0,716   67  (91,8%) 6  (8,2%) 0,716
Non-Mass 2 2  (100%) 0     (0%)   2   (100%) 0 (0%)  
Rim Enhancement              
Yes 21 21   (100%) 0     (0%) 0,157   21   (100%) 0      (0%) 0,125
No 52 47  (90,4%) 5  (9,6%)   46  (88,5%) 6 (11,5%)  
*Significant difference (p<0,05) **Entered into multivariate analysis (p<0,20).
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Table 4. Baseline characteristics of patients with triple-negative breast cancer. Association of treatment-, 
patient-, tumor- and imaging characteristics with recurrence-free interval (RFI) and invasive disease free 
survival (IDFS).  

    Event RFI  Event IDFS

Characteristic Total Triple- 
negative

No Yes p-value   No Yes p-value

Surgery Type                
Mastectomy 12 10  (83,3%) 2  (16,7%) 0,898 10  (83,3%) 2  (16,7%) 0,903
WLE 52 44  (84,6%) 8  (15,4%)   42  (80,8%) 10  (19,2%)  
Other 1 1  (100%) 0        (0%)   1   (100%) 0        (0%)  
Age (years)                
<50 21 16  (76,2%) 5  (23,8%) 0,431 16  (76,2%) 5  (23,8%) 0,736
50-59 21 19  (90,5%) 2    (9,5%)   18  (85,7%) 3  (14,3%)  
≥60 23 20  (87,0%) 3  (13,0%)   19  (82,6%) 4  (17,4%)  
Largest diameter (cm)              
<1,0 4 3     (75%) 1     (25%) 0,722 3     (75%) 1    (25%) 0,926
1,0-1,9 18 16  (88,9%) 2  (11,1%)   15  (83,3%) 3  (16,7%)  
2,0-2,9 25 20  (80,0%) 5     (20%)   20  (80,0%) 5    (20%)  
≥3,00 18 16  (88,9%) 2  (11,1%)   15  (83,3%) 3  (16,7%)  
Tumor Type                
IDC 57 48  (84,2%) 9  (15,8%) 0,829 46  (100%) 11  (19,3%) 0,781
ILC 2 2   (100%) 0        (0%)   2  (100%) 0        (0%)  
Mixed invasive 6 5  (83,3%) 1  (16,7%)   5  (83,3%) 1  (16,7%)  
Histologic Grade              
Grade 1 5 5   (100%) 0       (0%) 0,503 5   (100%) 0       (0%) 0,414
Grade 2 10 9     (90%) 1     (10%)   9     (90%) 1     (10%)  
Grade 3 48 39  (81,3%) 9  (18,7%)   37  (77,1%) 11  (22,9%)  
Missing 2 2 0   2 0  
Positive Lymph Nodes              
0 46 40  (87,0%) 6  (13,0%) 0,529 39  (84,8%) 7  (15,2%) 0,586
1 or 2 13 11  (84,6%) 2  (15,4%)   10  (76,9%) 3  (23,1%)  
>2 6 4  (66,7%) 2  (33,3%)   4   (66,7%) 2  (33,3%)  
Hormonal Therapy              
Yes 2 2   (100%) 0        (0%) 0,573 2 (100%) 0        (0%) 0,552
No 63 53  (84,1%) 10  (15,9%)   51  (81,0%) 12  (19,0%)  
Adjuvant Chemotherapy              
Yes 40 34  (85,0%) 6  (15,0%) 0,926 33  (82,5%) 7  (17,5%) 0,786
No 25 21     (84%) 4  (16,0%)   20     (80%) 5     (20%)  
Mass Enhancement              
Mass  64 54  (84,4%) 10  (15,6%) 0,672 52  (81,3%) 12  (18,7%) 0,658
Non-Mass 1 1  (100%) 0        (0%)   1 (100%) 0       (0%)  
Rim Enhancement              
Yes 28 19  (67,9%) 9  (32,1%) 0,001* 18  (64,3%) 10  (35,7%) 0,001* 
No 36 35  (97,2%) 1    (2,8%)   34  (94,4%) 2    (5,6%)  
*Significant difference (p<0,05) **Entered into multivariate analysis (p<0,20).
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Figure 2. MR subtraction images, in the transverse plane, showing initial enhancement of triple-negative 
rim enhancing tumors without (A) and with (B) recurrence during follow-up. 

Figure 3. Kaplan Meier curve showing 
recurrence according to the recurrence-
free interval (RFI) of patients with 
triple-negative tumors (N=65). The 
blue line represents the recurrence 
of patients without a rim-enhancing 
tumor (N=1/36; 2,8%) and the green 
line the recurrence of patients with a 
rim-enhancing tumor (N=9/28; 32,1%)
(p=0,001).
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Figure 4. Kaplan Meier curve showing 
survival according to invasive disease-
free survival (IDFS) of patients with 
triple-negative tumors (N=65). The 
blue line represents the survival of 
patients without a rim-enhancing tumor 
(N=34/36; 94,4%) and the green line the 
survival of patients with a rim enhancing 
tumor (N=18/28; 64,3%)(p=0,001).

Regarding survival, 12/65 events (18,5%) were found (Table 4). A significant association 
was seen between rim enhancement and survival (p=0,001). At multivariate analysis, 
rim enhancement retained significance (HR: 7,971; CI95%: 1,742 – 36,461). Only 
2/36 events (5,6%) were seen in patients with a non-rim enhancing tumors, compared 
to 10/28 events (35,7%) in patients with a rim enhancing tumor (Figure 4). 

Discussion

In this study, rim enhancement of breast cancer at DCE-MRI was shown to be 
associated with long-term outcome of patients, although this association depends 
greatly on the breast cancer subtype. While no significant relationship was seen in 
the ER-positive subgroup, rim enhancement appeared to be highly associated with 
a relatively poor outcome in patients with triple-negative disease (64,3% survival at 
10 years). Conversely, patients with a non-rim enhancing triple-negative tumor were 
found to have superior outcome (94,4% survival at 10 years). These findings suggest 
that rim enhancement may have potential as a prognostic marker for outcome of 
patients with a triple-negative breast cancer.

An association between rim enhancement on DCE-MRI and tumor characteristics 
on pathology was already shown in earlier studies. In the current study, comparable 
associations were seen in the overall patient group: a significant association between 
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rim enhancement and higher histologic tumor grade, negative ER-status, and a triple-
negative subtype. However, we did not observe an association with the number of 
axillary lymph node metastases. Moreover, prior studies did not take breast cancer 
subtype into consideration, being one of the most powerful prognostic and predictive 
markers used in current clinical practice. We observed that rim enhancement was 
strongly associated with breast cancer subtype.

Despite the association between rim enhancement and breast cancer subtype, their 
combination had complementary association with patient outcome. In the group 
of triple-negative tumors, rim enhancement stratified patient outcome in two 
subgroups. Patients with rim enhancing tumors were more likely to have tumor 
recurrence and eventually succumb to the consequences than patients with non-
rim enhancing tumors. Patients in the latter group had relatively good outcome on 
follow-up. In the ER-positive subgroup an association between rim enhancement 
and events was not found at long term follow-up. However, patients with non-mass 
enhancing tumors were associated with a relatively poor outcome compared to those 
with mass-like enhancing tumors. In the literature a close relationship between non-
mass enhancing lesions and larger tumor size has been described, probably caused by 
late tumor presentation, because non-mass lesions are not easily detected by physical 
examination (17). 

We recognize that the potential role of preoperative MRI as an additional staging 
instrument in the general population of patients with early breast cancer is under 
debate. In a meta-analysis by Houssami et al. (18) it was concluded that preoperative 
MRI had no additional value with respect to breast cancer recurrence. However, the 
goal of the current study was not to assess the impact of presence versus absence of 
preoperative MRI on patient outcome, neither to adapt the surgical treatment based 
on MRI. Our goal was to explore whether prognostic value may be found in the 
characteristics of the primary index cancer on MRI. To the best of our knowledge, 
this information has been lacking thus far, while 85% of the patients who undergo 
preoperative breast MRI show no discordant staging information compared to of 
conventional breast imaging (19). Potentially, preoperative MR characteristics other 
than tumor size could function as biomarkers in selected patient groups to indicate 
prognosis.

A limitation of our study is that we did not address inter-observer variation in the 
assessment of rim enhancement. Rim enhancement was assessed under realistic 
clinical conditions rather than laboratory conditions in order to estimate the potential 
of such biomarker for patient outcome when implemented in routine clinical 
practice. Another limitation was the number of patients. Although 556 patients 
may be considered a relatively large group, stratification into breast cancer subtypes 
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led to smaller subgroups. Particularly in the HER2-positive subgroup, insufficient 
power remained to address the aim of this study in greater detail. The relatively good 
outcome in this patient group is most likely also caused by the response to treatment 
with Trastuzumab (20).

In the subgroup with triple-negative tumors a relatively poor outcome was seen, which 
may be explained by the lack of targeted systemic therapy. The absent expression of 
the three proteins makes it difficult to treat effectively (21). Also, these tumors have 
the tendency to present at more advanced stages (22). In the current study, 43/65 of 
the triple-negative tumors (66,2%) presented with a tumor size ≥2,0 cm, compared 
to 173/416 of ER-positive tumors (41,6%) and 42/75 of HER2-positive tumors 
(56,0%).

The median follow-up of 84 months is considered sufficient to study patient outcome, 
especially in the subgroup with a triple-negative breast cancer. Patients with triple-
negative tumors have an increased likelihood of distant recurrence and death ratio 
within 5 years of diagnosis (23). In addition, the risk of distant recurrence peaks at 
around 3 years and declines rapidly thereafter (24). Possibly, longer patient follow-
up may also reveal significant associations between rim enhancement and patient 
outcome in other breast cancer subtypes, such as ER-positive tumors. However, the 
current study as well as other studies has shown that rim enhancement is associated 
with negative ER-status and higher histologic tumor grade. Particularly triple-negative 
tumors have these characteristics, hence it may be expected that associations between 
rim enhancement and outcome will most prominently be present in triple-negative 
tumors.

The presence of a fibrotic focus in the center of invasive breast cancer has was found 
to be a marker of intratumoral hypoxia (25). Several prior studies have already 
shown that the presence of a fibrotic core, with or without necrosis, is associated 
with tumor metastases and inferior long-term patient survival (26-28). In addition, 
other studies have shown the correlation between rim enhancement and microvessel 
density (5;6). Although we did not yet explicitly investigate the correlation between 
rim enhancement and presence of a fibrotic core or necrosis at pathology, we believe 
that such association will automatically follow from the correlation between rim 
enhancement and microvessel density.

Our observations were primarily linked to the subgroup of triple-negative tumors. 
Although fibrotic foci have been associated with high-grade tumors, nearly all triple-
negative tumors in our study were high grade, while rim-enhancement still resulted 
in further stratification of patient outcome.  Possibly, DCE-MRI provides an earlier 
and more sensitive readout of reduced microvessel density in the center of breast 
cancers, prior to the observation of a discernible fibrotic focus. To fully comprehend 
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the underlying mechanism behind the association between MRI and outcome, we 
believe that the perfusion should not only be studied in the context of presence versus 
absence of fibrotic focus and necrosis, but also in context of more subtle changes in 
microvessel density. This is topic of future study.

Also, future study may focus on association between rim enhancing triple-negative 
breast cancer and the specific molecular makeup of these cancers. Unfortunately, more 
detailed information on molecular makeup was not available in our study. Future 
study may also elucidate whether rim enhancement has potential in the neoadjuvant 
chemotherapy setting to serve as surrogate marker for tumor response and patient 
outcome. 

A therapeutic window may be found in the higher expression of VEGF in tumors that 
exhibit rim-enhancement (7). The expression of VEGF is induced by the exposure of 
a tumor to insufficient oxygen. It has been found that a hypoxic environment may 
impact the efficacy of radiotherapy (29). As VEGF has been mentioned as a potential 
target for anticancer therapy (30), rim enhancement on DCE-MRI may ultimately 
serve as a potential marker for treatment selection for triple-negative breast cancers. 
However, larger prospective study is required to validate our findings.

Conclusion

The presence of rim enhancement on DCE-MRI is strongly associated with inferior 
long-term outcome of patients with triple-negative breast cancer. Hence, rim 
enhancement may have potential to serve as a prognostic MR biomarker for more 
individualized therapy in patients with triple-negative breast cancer. 



Rim enhancement on DCE-MRI and patient outcome

61

Chapter
3

Reference List

1. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al. Molecular portraits of 

human breast tumours. Nature 2000 Aug 17;406(6797):747-52.

2. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene expression patterns of 

breast carcinomas distinguish tumor subclasses with clinical implications. Proc Natl Acad Sci U S A 

2001 Sep 11;98(19):10869-74.

3. Szabo BK, Aspelin P, Kristoffersen WM, Tot T, Bone B. Invasive breast cancer: correlation of dynamic 

MR features with prognostic factors. Eur Radiol 2003 Nov;13(11):2425-35.

4. Chang YW, Kwon KH, Choi DL, Lee DW, Lee MH, Lee HK, et al. Magnetic resonance imaging of 

breast cancer and correlation with prognostic factors. Acta Radiol 2009 Nov;50(9):990-8.

5. Narisada H, Aoki T, Sasaguri T, Hashimoto H, Konishi T, Morita M, et al. Correlation between 

numeric gadolinium-enhanced dynamic MRI ratios and prognostic factors and histologic type of 

breast carcinoma. AJR Am J Roentgenol 2006 Aug;187(2):297-306.

6. Teifke A, Behr O, Schmidt M, Victor A, Vomweg TW, Thelen M, et al. Dynamic MR imaging 

of breast lesions: correlation with microvessel distribution pattern and histologic characteristics of 

prognosis. Radiology 2006 May;239(2):351-60.

7. Matsubayashi R, Matsuo Y, Edakuni G, Satoh T, Tokunaga O, Kudo S. Breast masses with peripheral 

rim enhancement on dynamic contrast-enhanced MR images: correlation of MR findings with 

histologic features and expression of growth factors. Radiology 2000 Dec;217(3):841-8.

8. Lee SH, Cho N, Kim SJ, Cha JH, Cho KS, Ko ES, et al. Correlation between high resolution 

dynamic MR features and prognostic factors in breast cancer. Korean J Radiol 2008 Jan;9(1):10-8.

9. Buadu LD, Murakami J, Murayama S, Hashiguchi N, Sakai S, Masuda K, et al. Breast lesions: 

correlation of contrast medium enhancement patterns on MR images with histopathologic findings 

and tumor angiogenesis. Radiology 1996 Sep;200(3):639-49.

10. Buadu LD, Murakami J, Murayama S, Hashiguchi N, Sakai S, Toyoshima S, et al. Patterns of 

peripheral enhancement in breast masses: correlation of findings on contrast medium enhanced MRI 

with histologic features and tumor angiogenesis. J Comput Assist Tomogr 1997 May;21(3):421-30.

11. Elshof LE, Rutgers EJ, Deurloo EE, Loo CE, Wesseling J, Pengel KE, et al. A practical approach 

to manage additional lesions at preoperative breast MRI in patients eligible for breast conserving 

therapy: results. Breast Cancer Res Treat 2010 Dec;124(3):707-15.

12. American College of Radiology. Breast Imaging Reporting and Data System (BI-RADS). 4th ed. 

Reston, Va: American College of Radiology.  

13. Deurloo EE, Tanis PJ, Gilhuijs KG, Muller SH, Kroger R, Peterse JL, et al. Reduction in the number 

of sentinel lymph node procedures by preoperative ultrasonography of the axilla in breast cancer. Eur 

J Cancer 2003 May;39(8):1068-73.



62

Part II

Chapter
3

14. Egan RL. Multicentric breast carcinomas: clinical-radiographic-pathologic whole organ studies and 

10-year survival. Cancer 1982 Mar 15;49(6):1123-30.

15. Rakha EA, El-Sayed ME, Lee AH, Elston CW, Grainge MJ, Hodi Z, et al. Prognostic significance of 

Nottingham histologic grade in invasive breast carcinoma. J Clin Oncol 2008 Jul 1;26(19):3153-8.

16. Hudis CA, Barlow WE, Costantino JP, Gray RJ, Pritchard KI, Chapman JA, et al. Proposal for 

standardized definitions for efficacy end points in adjuvant breast cancer trials: the STEEP system. J 

Clin Oncol 2007 May 20;25(15):2127-32.

17. Jiang L, Zhou Y, Wang Z, Lu X, Chen M, Zhou C. Is there different correlation with prognostic 

factors between “non-mass” and “mass” type invasive ductal breast cancers? Eur J Radiol 2013 

Sep;82(9):1404-9.

18. Houssami N, Turner R, Macaskill P, Turnbull LW, McCready DR, Tuttle TM, et al. An individual 

person data meta-analysis of preoperative magnetic resonance imaging and breast cancer recurrence. 

J Clin Oncol 2014 Feb 10;32(5):392-401.

19. Pengel KE, Loo CE, Wesseling J, Pijnappel RM, Rutgers EJ, Gilhuijs KG. Avoiding preoperative 

breast MRI when conventional imaging is sufficient to stage patients eligible for breast conserving 

therapy. Eur J Radiol 2014 Feb;83(2):273-8.

20. Hudis CA. Trastuzumab--mechanism of action and use in clinical practice. N Engl J Med 2007 Jul 

5;357(1):39-51.

21. Cleator S, Heller W, Coombes RC. Triple-negative breast cancer: therapeutic options. Lancet Oncol 

2007 Mar;8(3):235-44.

22. Bauer KR, Brown M, Cress RD, Parise CA, Caggiano V. Descriptive analysis of estrogen receptor 

(ER)-negative, progesterone receptor (PR)-negative, and HER2-negative invasive breast cancer, the 

so-called triple-negative phenotype: a population-based study from the California cancer Registry. 

Cancer 2007 May 1;109(9):1721-8.

23. Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA, et al. Triple-negative breast 

cancer: clinical features and patterns of recurrence. Clin Cancer Res 2007 Aug 1;13(15 Pt 1):4429-

34.

24. Liedtke C, Mazouni C, Hess KR, Andre F, Tordai A, Mejia JA, et al. Response to neoadjuvant 

therapy and long-term survival in patients with triple-negative breast cancer. J Clin Oncol 2008 Mar 

10;26(8):1275-81.

25. Colpaert CG, Vermeulen PB, Fox SB, Harris AL, Dirix LY, Van Marck EA. The presence of a fibrotic 

focus in invasive breast carcinoma correlates with the expression of carbonic anhydrase IX and is a 

marker of hypoxia and poor prognosis. Breast Cancer Res Treat 2003 Sep;81(2):137-47.



Rim enhancement on DCE-MRI and patient outcome

63

Chapter
3

26. Hasebe T, Tsuda H, Hirohashi S, Shimosato Y, Tsubono Y, Yamamoto H, et al. Fibrotic focus in 

infiltrating ductal carcinoma of the breast: a significant histopathological prognostic parameter for 

predicting the long-term survival of the patients. Breast Cancer Res Treat 1998 Jun;49(3):195-208.

27. Colpaert C, Vermeulen P, van BP, Goovaerts G, Weyler J, van DP, et al. Intratumoral hypoxia 

resulting in the presence of a fibrotic focus is an independent predictor of early distant relapse in 

lymph node-negative breast cancer patients. Histopathology 2001 Oct;39(4):416-25.

28. Van den Eynden GG, Smid M, Van Laere SJ, Colpaert CG, Van dA, I, Bich TX, et al. Gene 

expression profiles associated with the presence of a fibrotic focus and the growth pattern in lymph 

node-negative breast cancer. Clin Cancer Res 2008 May 15;14(10):2944-52.

29. Carlson DJ, Keall PJ, Loo BW, Jr., Chen ZJ, Brown JM. Hypofractionation results in reduced tumor 

cell kill compared to conventional fractionation for tumors with regions of hypoxia. Int J Radiat 

Oncol Biol Phys 2011 Mar 15;79(4):1188-95.

30. Ferrara N. Vascular endothelial growth factor as a target for anticancer therapy. Oncologist 2004;9 

Suppl 1:2-10.



Part 3



MRI and PET/CT in 

locally advanced breast cancer





Monitoring Tumor Response 
to Neoadjuvant Chemotherapy 
using MRI and ¹⁸F-FDG PET/

CT in Breast Cancer Subtypes

Chapter 4

Submitted

Alexander M.Th. Schmitz
Kenneth E. Pengel

Claudette E. Loo
Wouter V. Vogel

Jelle Wesseling
Suzana C. Teixeira

Emiel J.Th. Rutgers
Renato A. Valdés Olmos

Gabe S. Sonke 
Sjoerd Rodenhuis

Marie Jeanne T.F.D. Vrancken Peeters
Kenneth G.A. Gilhuijs



Chapter
4

68

Part III

Abstract
Purpose

To explore guidelines on the use of MRI and PET/CT to monitor primary tumor 
response to neoadjuvant chemotherapy (NAC), using clinically used imaging 
parameters and taking breast cancer subtype into account.

Material & Methods

In this prospective cohort study, 188 women were included with stages II and III 
breast cancer. MRI and ¹⁸F-FDG-PET/CT were acquired before and during NAC. 
Baseline pathology was assessed from biopsy. Tumors were stratified into HER2-
positive, ER-positive/HER2-negative (ER-positive), and ER-negative/PR-negative/
HER2-negative (triple-negative) subtypes, and treated according to subtype. Primary 
endpoint was pathological complete response (pCRmic) defined as no or only small 
numbers of scattered invasive tumor cells (ypTmic). Multivariate analyses assessed 
the association of patient, tumor and imaging characteristics with pCRmic. Using 
post-hoc analysis, six imaging scenarios were evaluated; MRI only, PET/CT only, 
and combinations thereof. Using receiver operating characteristics analysis, optimal 
imaging scenarios were determined, and high specificity (90%) selected as operating 
point to propose clinical guidelines per subtype.

Results

A pCRmic was found in 35/46 (76.1%) of HER2-positive, 11/87 (12.6%) of ER-
positive, and 31/55 (56.4%) of triple-negative tumors. Before NAC, age (p<0.001) 
and subtype (p<0.001) were the only predictors of response. During NAC, for 
HER2-positive tumors, MRI yielded the strongest predictor (AUC: 0.735; sensitivity 
36.2%), outperforming PET/CT (AUC: 0.543; p=0.04), and with comparable 
results to combined imaging (AUC: 0.708; p=0.213). In ER-positive tumors, MRI 
and PET/CT combined was slightly superior (AUC: 0.818; sensitivity 55.8%) over 
MRI alone (AUC: 0.742; p=0.117) and PET/CT alone (AUC: 0.791), although not 
significant. For triple-negative tumors, MRI (AUC: 0.855; sensitivity 45.4%), PET/
CT (AUC: 0.844; p=0.220), and combined imaging (AUC: 0.868; p=0.213) yielded 
comparable results.

Conclusion

For HER2-positive tumors, MRI shows advantage over PET/CT. For ER-positive 
tumors, combining MRI with PET/CT may result in optimal response monitoring. 
For triple-negative tumors, comparable results were seen for MRI, PET/CT, and 
combined imaging. 
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Introduction

Neoadjuvant chemotherapy (NAC) for breast cancer has the potential benefit to reduce 
tumor size, thus enabling conversion from breast ablation towards breast-conserving 
surgery (1-3), as well as reduction in axillary lymph node dissections (4-6). In addition, the 
response to chemotherapy can be monitored which enables adequate intervention when 
response is lacking, such as switching to alternative non-cross resistant chemotherapy 
or ceasing treatment. Thus, patients may either benefit from a more appropriate NAC 
regimen or they will be protected from undergoing further ineffective toxic treatment 
(7).

Monitoring of treatment response during NAC is typically performed using ultrasound 
or dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI). The latter 
has the potential to discriminate between viable tumor cells and NAC-induced fibrotic 
tissue and has shown a strong predictor for tumor response (8-10). Although MRI shows 
superiority over other imaging techniques, the predictive value of MRI is not perfect and 
it strongly depends on the molecular subtype and morphologic appearances of tumors 
(11). MRI performs well in human epidermal growth factor receptor 2 (HER2)-positive 
tumors, and in estrogen receptor (ER)-negative/progesterone receptor (PR)-negative/
HER2-negative (triple-negative) tumors, but it is less accurate in ER-positive tumors 
(12).

Hence, other imaging techniques are under investigation to monitor tumor response 
(13). Currently, positron emission tomography with fluorodeoxyglucose and integrated 
with computed tomography (¹⁸F-FDG PET/CT) is used for preoperative staging in 
patients scheduled for NAC (14). More recently, it has been investigated to monitor 
response of breast cancer to NAC (15;16). The results also showed dependence on breast 
cancer subtype, indicating good performance in ER-positive and triple negative tumors, 
but relatively poor performance in HER2-positive tumors (17).

MRI visualizes changes in morphology and vascularization of tumors whereas PET/CT 
visualizes changes in the glucose metabolism of tumors. Therefore, a complementary 
value of both imaging techniques has been hypothesized and is subject of current studies. 
This complementary value is important in the light of previously mentioned dependency 
of response monitoring on breast cancer subtype. Recently, an explorative study showed 
a potential complementary value of MRI and PET/CT. However, this study had an 
insufficient number of patients to determine how MRI and PET/CT could be combined 
in the daily clinical workflow to benefit optimally from their complementary value (18).

The aim of the present study is to explore guidelines on the use of MRI and PET/CT in 
the clinical workflow to monitor response of the primary tumor to NAC, taking breast 
cancer subtype into consideration.
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Material and methods
Patient cohort

Patients were included between September 2008 and June 2013 in this prospective 
cohort study. Eligibility criteria included primary invasive breast cancer of at least 3 cm 
and/or at least one tumor-positive axillary lymph node. This study was approved by the 
institutional review board and written informed consent was obtained from all patients. 
Of this current study, 93 patients were reported earlier by Pengel et al. (18).

Pathology prior to NAC

Core-needle biopsies of the primary tumor were taken prior to NAC. Tissue was 
routinely processed and stained using hematoxylin and eosin. Histopathology was 
assessed by an experienced breast pathologist (J.W.). Tumor type was recorded as invasive 
ductal carcinoma (IDC), invasive lobular carcinoma (ILC) or any ‘other’ tumor type. 
The estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth 
factor receptor 2 (HER2) status were determined according to the Dutch guidelines 
(www.oncoline.nl). For ER and PR, immunohistochemistry was used. A 10% threshold 
was used to discriminate between negative (<10% staining) or positive (≥10% staining) 
hormone receptor status. Immunohistochemistry for the HER2 was scored as 0, 1+, 
2+ or 3+ to differentiate between negative (<2+) and positive (>2+) HER2 receptor 
status. At score 2+, in-situ hybridization was used to differentiate between a negative 
and positive status. Tumors were stratified into ER-positive and HER2-negative subtype 
(ER-positive), HER2-positive subtype (HER2-positive) and ER-negative/PR-negative/
HER2-negative (triple-negative) subtype.

NAC

The NAC regiment differed per subtype (18). In short, HER2-positive tumors were 
treated in three cycles of eight weeks with paclitaxel, carboplatin and trastuzumab (day 
1, 8, 15, 22, 29 and 36) (19). ER-positive and triple-negative tumors were treated with 
three courses of ddAC (doxorubicin and cyclophosphamide on day 1, every 14 days, 
with PEG-filgrastim on day 2). Following these three courses, tumors were reported as 
‘favourable’ or ‘unfavourable’ responders based on previously reported MRI response 
criteria by Loo et al. (8). In the context of a larger study, a ‘favourable response’ was 
followed by three more courses of ddAC whereas an ‘unfavourable response’ was 
followed by three courses of docetaxel and capecitabine, which criteria were reported 
earlier by Rigter et al. (20).

Response imaging

MRI and PET/CT were performed at the start (baseline imaging) of chemotherapy 
and after the first eight week chemotherapy cycle (HER2-positive tumors) or after three 
courses of chemotherapy (ER-positive and triple-negative tumors) (interim imaging) 
(21).
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MRI

MRI was performed using a 3.0-T scanner (Achieva, Philips, Best, The Netherlands) 
with dedicated bilateral seven-element SENSE breast coil. Patients were scanned 
in prone orientation. Six consecutive coronal 3-D THRIVE SENSE T1-weighted 
sequences were acquired (1.1 x 1.1 x 1.1 mm3 voxels; 90s acquisition time; TR/
TE 4.4/2.3 ms, flip angle 10°, FOV 360mm); One unenhanced series and five 
series following the intravenous injection (power injector; 3 mL/s) of gadolinium-
containing contrast (Dotarem 0.5 mmol/ml; Guerbet; Aulnay-sous-Bois, France) 
which was followed by 30 mL of saline.

MR imaging was assessed by experienced breast MR radiologists using a protocol 
described previously (8;22). In short, a custom-build viewing station was used 
which enabled simultaneous viewing of two series reformatted and linked in three 
orthogonal directions. Subtraction images for initial enhancement (90s after contrast 
agent injection), late enhancement (450s after contrast agent injection), maximum 
intensity projections, and color-coded visualization of contrast curves were available. 
The latter visualized enhancement into persisting, plateau or a wash-out curve in 
accordance with the definitions used by Kuhl et al. (23). The largest tumor diameter 
was assessed at initial (LD initial) and at late (LD late) enhancement. The largest 
diameter spanned the total lesion-bearing region including seemingly normal tissue 
in between and in any of the three orthogonal directions. Relative changes on MRI 
(MRI Δ) between interim and baseline imaging were calculated separately for LD 
initial and LD late.

PET/CT

Imaging with PET/CT was performed after a six-hour fasting period at blood glucose 
levels of <10 mmol/l. Ten milligram of diazepam was administered to prevent brown 
adipose tissue activation (24). Depending on the body mass index an intravenous 
dose of 180 – 240 MBq FDG was administered. After a resting period of 60 ± 10 
min, PET/CT (Gemini TF; Philips, Cleveland, Ohio) was performed with the patient 
in prone orientation using a geometric replica of the MRI breast coil. The CT scan 
(10 mAs, 2mm slices) preceded the PET scan (3 min per bed position; 2 x 2 x 2 
mm3 voxels). An additional standard supine whole-body PET/CT scan for distant 
staging was performed at baseline imaging prior to NAC. A panel of experienced 
readers evaluated the images in an orthogonal multiplanar reconstruction which 
simultaneously display PET, CT, and fused PET/CT imaging. FDG uptake was 
measured using maximum standardized uptake values (SUV-max) in a 3D region 
of interest containing the primary tumor (SUV-max tumor) and, when present, in 
the lymph node (SUV-max lymph node) showing the strongest uptake (17). Relative 
changes on PET/CT (PET/CT Δ) between interim and baseline imaging were 
calculated separately for the SUV-max tumor and the SUV-max lymph node.
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Pathology after NAC

In this study, according to the definition of Sataloff et al. (25), pathological complete 
response (pCRmic) after completion of NAC was defined as either complete absence 
of tumor cells or presence of only a small number of scattered invasive cells in the 
breast resection specimen (ypTmic). Pathological non-complete response (non-
pCRmic) was defined as any remaining viable residual disease in the breast due to 
partial tumor response, stable or progressive disease. 

Analyses

Analyses were performed using SPSS (version 20.0; Chicago, Illinois). Associations 
were assessed between pCRmic and patient age, tumor histology, tumor subtype, 
MRI curve-type prior to NAC, MRI LD initial, MRI LD late, SUV-max tumor, 
SUV-max lymph node, as well as the change of these latter four characteristics during 
NAC. Two-sided Pearson’s chi squared, Fisher’s exact, and Mann-Whitney U tests 
were used for this purpose.

At the interim-imaging stage, post-hoc analysis was performed to systematically 
evaluate and compare six different imaging scenarios for response monitoring per 
subtype: MRI only, PET/CT only, MRI and PET/CT at baseline with MRI only 
or PET/CT only at interim imaging, MRI followed by PET/CT, or MRI followed 
by PET/CT only under certain conditions (Figure 1). For every imaging scenario, 
the patient, tumor and scenario-specific imaging characteristics were entered into 
multivariate analyses (binary logistic regression with backward feature selection, p-to-
remove: 0.10). Receiver operating characteristics (ROC) curves were acquired and 
areas under the curve (AUC) were assessed. Subsequently, patients were stratified 
according to breast cancer subtype. The AUC of the different scenarios were compared 
using the DeLong test (26). For this purpose, the scenario to monitor response using 
MRI only was used as a reference.

Figure 1. The six potential imaging scenarios investigated to monitor response of tumors during 
neoadjuvant chemotherapy.
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ROC-curves were fitted using bi-exponential fitting (27), and an operating point at 
90% specificity was selected to assess the accompanying sensitivity. In other words, 
the probability of correctly predicting a non-pCRmic was determined under the 
condition that the probability to correctly predict a pCRmic is at least 90%.

Results
Baseline patient and pathology characteristics

A total of 188 patients were included (mean age 47 years, range 25 – 73 years), 
baseline characteristics are shown in Table 1. According to ypTmic, which was used as 
pCRmic in this current study, overall 77/188 of patients (41%) achieved a pCRmic 
and a non-pCRmic was seen in 111/188 of patients (59%). Patients with pCRmic 
were significantly (p<0.001) younger (mean age: 44 years) than patients with non-
pCRmic (mean age: 50 years).

Considering subgroups, for the ER-positive subgroup a pCRmic was seen in 11/87 
patients (12.6%). Conversely, pCRmic was seen in 35/46 patients (76.1%) with 
HER2-positive tumors and in 31/55 patients (56.4%) with triple-negative tumors. 

Table 1. Baseline patient and tumor characteristics prior to neoadjuvant chemotherapy (NAC). 
Patient and tumor characteristics of all 188 patients versus pathological complete response (pCRmic) 
after NAC. sd: standard deviation. IDC = Invasive ductal carcinoma. ILC = Invasive lobular carcinoma. 
ER = Estrogen receptor. HER2 = Human epidermal growth factor receptor 2. 

Characteristic Total pCRmic Non-pCRmic p-value
Total (%) 188 77 (41%) 111 (59%)  
Age (years), mean (sd) 47 (11) 44 (11) 50 (10) <0.001
Tumor stage prior to NAC      
T1 20 11 9 0.391
T2 116 47 69  
T3 43 17 26  
T4 9 2 7  
Nodal stage prior to NAC      
N0 40 15 25 0.862
N1 105 43 62  
N2 12 5 7  
N3 31 14 17  
Histology        
IDC 167 72 95 0.222
ILC 18 4 14  
Other 3 1 2  
Clinical Subtype, n (%)        
ER-positive/HER2-negative (%) 87 11 (12.6%) 76 (87.4%) <0.001
HER2-positive (%) 46 35 (76.1%) 11 (23.9%)  
Triple negative (%) 55 31 (56.4%) 24 (43.6%)  
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No residual disease in the breast and axilla (ypT0/is ypN0) was seen in 26/46 (56.2%) 
of HER2-positive tumors, 4/87 (4.6%) of ER-positive tumors, and 22/54 (40%) of 
triple-negative tumors.

Baseline imaging 

On baseline MRI, the mean tumor size was 47 mm (LD initial) and 39 mm (LD late) 
(Table 2). No significant differences in size were observed between tumors showing 
pCRmic versus non-pCRmic. On baseline PET/CT, a significant difference was 
found between SUV-max in the tumor and response at pathology; tumors resulting in 
pCRmic had higher SUV-max (10.3) compared to those not leading to pCRmic (8.2) 
(p=0.029). In addition, baseline SUV-max in the lymph nodes was higher in tumors 
resulting in pCRmic (5.7) than in those resulting in non-pCRmic (4.5), although this 
was not significant in the overall patient group (p=0.056). 

Table 2. Imaging characteristics prior to neoadjuvant chemotherapy. Imaging characteristics at MRI 
and PET/CT plotted versus the pathological complete response (pCRmic) and non-pCRmic of tumors 
to neoadjuvant chemotherapy. LD initial = Largest tumor diameter on initial enhancement. LD late = 
Largest tumor diameter on late enhancement. SUV-max = Maximum standardized uptake value.

Characteristic Total pCRmic Non-pCRmic p-value

MRI baseline; curve type       0.212
Persisting 0 0 0  

Plateau 81 30 51  

Wash-out 107 47 60  

MRI baseline; tumor size        

LD initial (mm); mean (sd) 47 (24) 46 (23) 47 (25) 0.691

LD late (mm); mean (sd) 39 (21) 38 (18) 40 (22) 0.608

PET/CT baseline; SUV-max        

SUV-max tumor; mean (sd) 9.1 (6.0) 10.3 (7.2) 8.2 (4.7) 0.029
SUV-max lymph node; mean (sd) 5.0 (5.1) 5.7 (5.3) 4.5 (4.8) 0.056

Interim imaging

During NAC, the relative change in size of tumors on MRI that reached pCRmic after 
NAC was significantly larger than the change in those that did not reach pCRmic 
(p<0.001) (Table 3). This was observed at initial enhancement (-66% change versus 
-26% change) as well as at late enhancement (-82% versus -42%) (Table 3). On PET/
CT, the relative change in SUV-max of tumors resulting in pCRmic after NAC versus 
those resulting in non-pCRmic was significantly larger (-67% versus -43%; p<0.001). 
A comparable observation was made for changes in SUV-max in the lymph nodes 
(-74% versus -57%; p=0.001). Examples of MRI and PET/CT imaging are shown 
in Figure 2.
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Figure 2. MRI and PET/CT 
imaging of different breast cancer 
subtypes. The left row shows MR 
subtraction images with color-
coded visualization of contrast 
curves (persisting/green; plateau/
blue; wash-out/red), the middle row 
shows maximum intensity projection 
of MR subtraction imaging, and 
the right row shows standardized 
uptake values on PET/CT imaging. 
For each example, imaging prior 
(top image) and during (bottom 
image) neoadjuvant chemotherapy 
is shown. (A) A 48-year-old women 
with an ER-positive invasive 
ductal carcinoma (IDC) showing a 
moderate response on MRI and PET/
CT imaging, with a non-pathologic 
complete response (non-pCRmic) 
on final pathology. (B) A 52-year-old 
woman with a HER2-positive IDC 
showing a good response on MRI 
but a moderate response on PET/
CT imaging, with a pCRmic on final 
pathology. (C) A 28-year-old woman 
with a triple-negative IDC showing a 
good response on MRI and PET/CT, 
with a pCRmic at final pathology. 

Table 3. Imaging characteristics during NAC. Relative change (Δ) of largest tumor diameter on initial 
(LD initial) and late (LD late) enhancement on MRI ([LD interim – LD baseline / LD baseline] x 100%) 
and relative change of the maximum standardized uptake value (SUV-max) on PET/CT ([SUV-max 
interim – SUV-max baseline / SUV-max baseline x 100%] plotted versus pathological complete response 
(pCRmic) after NAC.

Characteristic Total pCRmic Non-pCRmic p-value

MRI Δ        
LD initial Δ (%); median (sd) -42 (34) -66 (33) -26 (24) <0.001

LD late Δ(%); median (sd) -58 (38) -82 (28) -42 (35) <0.001

PET/CT Δ        

SUV-max tumor Δ (%); median (sd) -53 (27) -67 (17) -43 (28) <0.001
SUV-max lymph node Δ (%); median (sd) -65 (32) -74 (31) -57 (31) 0.001
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Table 4. Characteristics remaining in the scenario models. Characteristics remaining in scenario 1 to 
6, with corresponding odds ratios (OR) and 95% confidence intervals (CI). B = Baseline imaging. I = 
Interim imaging. LD initial = Largest tumor diameter on initial enhancement. LD late = Largest tumor 
diameter on late enhancement. SUV-max = Maximum standardized uptake value. Δ = Relative change. 

  Characteristics OR 95% CI

Scenario 1 Age 0.961 0.925 – 0.998
B: MRI Clinical subtype
I:  MRI    Triple-negative reference

   ER-positive 0.150 0.056 – 0.402
   HER2-positive 1.147 0.401 – 3.282

LD initial Δ 0.171 0.030 – 0.975
LD late Δ 0.126 0.027 – 0.580

Scenario 2 Age 0.961 0.925 – 0.998
B: MRI & PET/CT Clinical subtype
I:  MRI    Triple-negative reference

   ER-positive 0.150 0.056 – 0.402
   HER2-positive 1.147 0.401 – 3.282

LD initial Δ 0.171 0.030 – 0.975
LD late Δ 0.126 0.027 – 0.580

Scenario 3 Clinical subtype  
B: MRI & PET/CT    Triple-negative reference
I:  MRI & PET/CT    ER-positive 0.200 0.063 – 0.633
    in all patients    HER2-positive 2.208 0.607 – 8.028

SUV-max tumor Δ 0.032 0.003 – 0.359
LD late MRI 0.100 0.023 – 0.434

Scenario 4 Clinical subtype  
B: MRI & PET/CT    Triple-negative reference
I:  MRI & PET/CT    ER-positive 0.235 0.069 – 0.803
    in patients with    HER2-positive 3.277 0.689 – 15.592
    incomplete LD late Δ 0.155 0.030 – 0.801
    response on MRI SUV-max tumor Δ 0.017 0.001 – 0.324
Scenario 5 Age 0.961 0.918 – 1.006
B: MRI & PET/CT Clinical subtype
I:  PET/CT    Triple-negative reference

   ER-positive 0.256 0.089 – 0.740
   HER2-positive 4.902 1.484 – 16.195

SUV-max tumor Δ 0.017 0.002 – 0.157
Scenario 6 Age 0.961 0.918 – 1.006
B: PET/CT Clinical subtype
I:  PET/CT    Triple-negative reference

   ER-positive 0.256 0.089 – 0.740
   HER2-positive 4.902 1.484 – 16.195

SUV-max tumor Δ 0.017 0.002 – 0.157
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Scenarios

An overview of the optimal model per scenario is given in table 4. At interim imaging, 
the models resulting from scenarios 1 and 2 are identical, suggesting that baseline 
information from PET/CT does not add value to response monitoring without 
interim PET/CT. Comparable observations were found for scenarios 5 and 6: without 
interim MRI, baseline MRI does not add complementary information.

The AUC and confidence intervals of the models are shown in table 5. At interim 
imaging, in the overall group, MRI appears to yield the strongest predictor of tumor 
response to NAC. When considering MRI as the reference, no other scenario yielded 
obviously superior performance. 

Figure 3. Fitted receiver operating characteristics 
(ROC) curves of the optimal imaging scenario for 
HER2-positive, ER-positive and Triple-negative 
tumors. A) ROC-curve of scenario 1 (MRI only) in 
HER2-positive tumors. B) ROC-curve of scenario 
4 (MRI combined with PET/CT in incomplete 
responders) in ER-positive tumors. C) ROC-curve 
of scenario 1 (MRI only) in triple-negative tumors.  
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For HER2-positive tumors, MRI was also the strongest predictor, performing 
significantly better than PET/CT. For this subtype, PET/CT was not found to 
have additional value. With scenario 1 (MRI only), at an operating point of 90% 
specificity, a sensitivity of 36.2% was achieved (Figure 3).

For ER-positive tumors, benefit was seen from adding PET/CT to MRI, although 
no significant difference was seen to the MRI only scenario. Monitoring using PET/
CT only also yielded favorable performance over that using MRI only. With scenario 
4 (MRI combined with PET/CT in incomplete responders), at the 90% operating 
point, a sensitivity of 55.8% was achieved.

For triple-negative tumors only very small differences were seen between the different 
scenarios. With scenario 1 (MRI only), at a 90% specificity, a sensitivity of 45.5% 
was achieved.

Discussion

The aim of this study was to explore guidelines in monitoring tumor response to NAC, 
taking breast cancer subtype into account and using different imaging scenarios: MRI 
only, PET/CT only, or a combination thereof. To pursue this aim, MRI and PET/CT 
were performed both prior to NAC as during NAC. Post-hoc analyses were performed 
to assess and compare the efficacy of scenarios. By systematically considering all 
combinations at different therapeutic windows in the clinical workflow, we found 
that the optimal imaging scenario depends considerably on breast cancer subtype. 
To our best knowledge no research with comparable design has yet been performed.

During NAC, considering the optimal imaging scenario per subtype, we established 
the probability of correctly predicting a non-pCRmic under the condition that the 
probability to correctly predict a pCRmic is at least 90%. In this way, an adequate 
intervention can be made in patients where response is lacking, while minimizing 
intervention in patients with satisfactory tumor response to NAC.

Using this approach, monitoring of tumor response to NAC in HER2-positive tumors 
was most accurately accomplished using MRI only. For HER2-positive tumors, 
approximately one third of the patients (36.2%) who did not achieve pCRmic could 
be identified at the cost of incorrectly assuming residual disease in 10% of the patients. 
PET/CT performed significantly less accurate (p=0.04), while combination of these 
techniques did not yield obvious improvement.

For ER-positive tumors, PET/CT yielded favorable performance compared with MRI 
to monitor tumor response. The best performance was, however, achieved with PET/
CT and MRI combined. Using this scenario, half the number of patients without 
pCRmic could be identified while residual disease was incorrectly assumed in 10% of 
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the patients. These explorative results suggest that response monitoring of ER-positive 
tumors may be optimized by combining PET/CT with MR imaging.

For triple-negative tumors, monitoring of response was also most accurately 
accomplished using MRI only. Approximately half the number of patients (45%) 
who did not achieve pCRmic could be identified, at the cost of incorrectly assuming 
residual disease in 10% of patients. For these tumors, small difference was seen between 
the performance of PET/CT and MRI. This suggests that PET/CT is an appropriate 
alternative to MRI for patients with triple-negative tumors with contraindications 
for MRI. 

It is widely recognized that the different breast cancer subtypes prompt different 
treatments, variant responses to treatment, are linked to different prognosis, and 
as seen in this current study different subtypes are also linked to different optimal 
imaging scenarios. Considering MRI, a study by Loo et al. previously described 
that the optimal imaging scenario to monitor response of breast cancer to NAC is 
affected by breast cancer subtype (12). Using MR imaging only, correlations were 
found between changes in tumor extent during NAC and pCRmic in HER2-positive 
and triple-negative tumors. These correlations could, however, not be found in ER-
positive tumors possibly due to their more heterogeneous appearance, low rate of 
pCRmic, and high rate of lobular carcinomas. Conversely, using PET/CT, Koolen et 
al. reported that changes in FDG uptake during NAC correlated well with pCRmic in 
ER-positive and triple-negative tumors, but not in HER2-positive tumors (17). The 
speculated reason for this observation is the triggering of an immunologic mechanism 
during anti-HER2-therapy treatment, which could also have an effect on FDG 
uptake. Contrarily, Humbert et al. found PET/CT to be accurate in HER2-positive 
tumors, but inaccurate in triple-negative tumors (28).

We are aware that the most important endpoints for NAC studies would be disease-free 
and overall survival. Due to limited patient follow-up, we used pCRmic as surrogate 
endpoint instead. In prior studies, the strictest definition of pCRmic (i.e., no residual 
invasive disease in the breast or axilla: ypT0 ypN0) was found to be associated with 
increased disease-free and overall survival in subgroups of patients, mostly so in HER2-
positive and triple-negative tumors (29). Nonetheless, we chose a different definition 
of pCRmic: complete absence of tumor cells or presence of only a small number of 
scattered invasive cells in the resection specimen (ypTmic). The reason for this choice 
is two-fold. First, the endpoint of this study was not survival, but rather assessment 
of sensitivity and specificity of imaging for response monitoring, which has also been 
suggested in other studies, e.g., Loo et al.(12). Second, the association between ypT0 
ypN0 and survival has not been shown for luminal A tumors, which comprise the 
largest subgroup of breast cancers, among which the ER-positive tumors. The current 
study has insufficient power to use ypT0 ypN0 as endpoint in ER-positive tumors, 
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as comparable numbers of ypT0 ypN0 were found compared to the results of other 
studies: 5-10% of ER-positive tumors, 20-30% of triple-negative tumors, and 30-
65% of HER2-positive tumors (treated with a combination of NAC and trastuzumab) 
(29-32). In this study, using ypTmic, tumor response was found in 11/87 ER-positive 
tumors (12.6%), providing sufficient power to assess the sensitivity of MRI, PET/CT 
and combination thereof for analyses of tumor response in all subtypes. However, in 
future studies, a direct association between response monitoring and patient outcome 
should be established with larger patient numbers and sufficient follow-up time. 
Also, other study endpoints should be considered, such as the possibility for breast 
conserving surgery following NAC, as improvement of surgical options is still one of 
the major reasons to consider NAC (33). Furthermore, larger patient numbers could 
also enable an assessment of more subtype-specific criteria for response, instead of 
defining single criteria for all subtypes. 

In this study, the optimal imaging scenario per subtype still yielded only modest 
performance to monitor breast cancer response: only around half the number of 
patients with non-pCRmic could be identified if a low false-positive assessment 
of residual disease (10% at most) is to be achieved. Advances in accuracy may be 
achieved by adding complementary imaging techniques at MRI and PET/CT. For 
example, future studies could include diffusion-weighted MR imaging (DW-MRI), 
as promising results have been shown in the use of DWI to monitor early tumor 
response of breast cancers to NAC (34). For PET/CT imaging, the SUV-max of 
tumors and lymph nodes were evaluated because these are most commonly assessed in 
clinical practice. However, future study could consider other imaging characteristics 
such as the total lesion glycolysis (35). Also, the use of ¹⁸F-fluoroestradiol or 89ZR-
trastuzumab could be considered for PET/CT response monitoring in certain breast 
cancer subtypes (36;37). In addition, future studies could focus on automated 
techniques to extract complementary information from MRI and PET/CT to 
monitor breast cancer response (38). 

Given the finite sensitivity and specificity of PET/CT and MRI to monitor 
tumor response to NAC, their prospective value in clinical practice in terms of 
cost-effectiveness is yet to be determined. In this study, for ER-positive tumors, a 
combination of PET/CT and MRI was optimal compared to the use of either one 
technique alone. Although the cost of PET/CT exceeds the cost of MRI, which - 
in turn - exceeds the cost of ultrasound, it should be noted that continuation of 
ineffective toxic treatment not only raises costs of health care without benefit, but 
also raises the costs due to unnecessary side-effects (from additional health care up to 
life-time incapacity to participate in work). Hence, even small advances to tailor drug 
treatment to individual patients may have large impact on cost-benefit in the long 
run. Future studies that include these aspects as well as those related to the quality of 
life of patients who survived breast cancer are strongly needed.  
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Conclusion

For interim NAC imaging, combining PET/CT with MR imaging may result in the 
most optimal response monitoring for ER-positive tumors. For HER2-positive and 
triple-negative tumors, MRI was found optimal to monitor response. For HER2-
positive tumors, MRI has advantage over PET/CT imaging as well as over combined 
techniques. However, for triple-negative tumors, PET/CT is an appropriate alternative 
to MRI in patients with contraindications for MRI.
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Abstract
Objectives

To describe and to correlate tumor characteristics on multi-parametric 7 tesla (T) 
breast MRI with prognostic characteristics from postoperative histopathology in 
breast cancer patients.

Materials and Methods

Institutional review board approval and written informed consent of 15 women (46-
70 years) with 17 malignant lesions was obtained. In this prospective study (March 
2013 – March 2014), women were preoperatively scanned using dynamic contrast-
enhanced (DCE)-MRI, diffusion weighted imaging (DWI) and 31-phosphorus 
spectroscopy (31P-MRS). The value of the protocol was assessed to quantify tumor 
differentiation and proliferation. DCE-MRI was assessed according to the ACR 
BI-RADS-MRI lexicon. Apparent diffusion coefficients (ADCs) were calculated 
from DWI. On 31P-MRS, at the location of the tumor, the amount of phosphorus 
components was obtained in a localized spectrum. In this spectrum the height of 
phosphodiester (PDE) and phosphomonoester (PME) peaks was assessed to serve as 
a measure for metabolic activity, stratifying tumors into a PDE>PME, PDE=PME, 
or PDE<PME group. Tumor grade and mitotic count from resection specimen were 
compared with the MRI characteristics using explorative analyses.

Results

On DCE-MRI, the mean tumor size was 24 mm (range 6– 55 mm). An inverse trend 
was seen between ADC and tumor grade (p=0,083) with mean ADC of 867x10¯⁶mm²/s 
for grade 1 (n=4), 751x10¯⁶mm²/s for grade 2 (N=6), and 659x10¯⁶mm²/s for grade 
3 (N=2) tumors. Between 31P-MR spectra and mitotic count, a relative increase 
of PME over PDE showed significant association with increasing mitotic counts 
(p=0,02); a mean mitotic count of 6 was found in the PDE>PME group (N=7), 8 in 
the PDE=PME group (N=1), and 17 in the PDE<PME group (N=3). 

Conclusions

Multi-parametric 7T breast MRI is feasible in clinical setting and shows association 
between ADC and tumor grade, and between 31P-MRS and mitotic count.
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Introduction

Over the years, breast cancer therapy has become less invasive and more individualized 
(1-4). However, concern of overtreatment remains in subgroups of patients, while 
treatment failure still occurs in other. Further progress towards techniques such as 
preoperative chemotherapy (5) or preoperative radiotherapy (6;7), may give rise 
to further individualization of breast cancer therapy because it allows assessment 
of therapy response while the tumor is still in-situ. However, selection of these 
treatments is made in the absence of a resection specimen. The same is true for 
selection of patients for experimental minimally invasive therapies (8;9). In this 
absence, characterization of tumors is done on core needle biopsy. Unfortunately, 
some characteristics show disagreement between the core needle biopsy and the 
resection specimens. For example, a 40% discordance has been reported for tumor 
grade (10), which is a measure for the loss of tumor cell differentiation and  a strong 
predictor for long-term breast cancer outcome (11). The same is true for the number 
of mitosis (i.e., the mitotic count), a characteristic of proliferation which is part of the 
Bloom & Richardson tumor grading, but also an independent biomarker for patient 
prognosis (12). Hence, more accurate characterization of tumor differentiation and 
proliferation is desirable prior to therapy. 

The development of cancer is driven by a series of complex biological mechanisms 
governed by specific hallmarks, including angiogenesis (13). Angiogenesis is indirectly 
visualized on dynamic contrast-enhanced (DCE)-MRI (14). With DCE-MRI, tumor 
extent is accurately visualized (local staging), but it provides limited information of 
tumor biology. Potential to visualize such characteristics is, however, offered by other 
MR imaging techniques. For example, tumor cell differentiation may be reflected by 
diffusion weighted MR imaging (DWI), which was shown to correlate with tumor 
grade, although results were not consistent (15-17). More recent studies demonstrate 
DWI at 7T field strength with significantly higher signal-to-noise ratio, higher 
specificity, and high sensitivity to discriminate between benign and malignant lesions 
(18-20). Whether 7T DWI also allows accurate assessment of the prognostic factors 
in cancers is, however, unknown.

An alternative approach to visualize tumor biology by MRI is based on assessment 
of elevated membrane metabolism, which is reflected by altered phospholipid 
metabolites. These metabolites can be visualized in-vivo using phosphorus MR 
spectroscopy (31P-MRS). The potential of this technique to detect breast cancer has 
already been described in the 1980’s, and some associations were even seen with 
proliferation of breast cancers (21;22). However, as phosphorus is not abundant in 
the human body, 31P-MRS remained challenging with clinical 1.5T and 3T MRI 
scanners which lack the sensitivity to obtain phosphorus signals within clinically 
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feasible scanning times. Recently however, the phospholipid membrane metabolism 
was detected in breast cancer patients within clinically feasible scanning times, using 
31P-MRS at high-field  7T MRI (23).

Until now, 7T breast MRI primarily focused on single DCE-MRI, DWI or 31P-MRS 
techniques (18;23-28) or combination of DCE-MRI and DWI (20). Combination 
of these three techniques in a single examination was demonstrated to be feasible 
(19). However, little is known whether such approach consistently characterizes breast 
cancers in the clinic in unselected patient series. Moreover, associations with clinical 
histopathology have, to the best of our knowledge, not been attempted before.

In this explorative study, multi-parametric 7T breast MRI (DCE-MRI, DWI and 
31P-MRS) is performed in a prospective and unselected series of breast cancer patients. 
The Aim is to describe and to correlate tumor characteristics on multi-parametric 7T 
breast MRI with prognostic characteristics from postoperative histopathology. 

Materials and Methods

Patients were included from the PROFILE (Patient Risk based On Functional 
MRI) study. The primary objective of this prospective cohort study is to evaluate 
the accuracy of MRI at high field strength to identify low-risk breast cancers eligible 
for non-invasive removal. This is done by identifying pretreatment risk factors for 
cancer relapse from 7T breast MRI that correspond with risk factors at histopathology 
obtained from the resection specimen. 

Patient cohort

Women with histologically proven invasive carcinoma of the breast and eligible for 
breast conserving surgery based on conventional imaging were included. Exclusion 
criteria were prior surgery or radiotherapy of the ipsilateral breast in addition to 
typical contraindications for MRI. Patients were recruited from a university hospital 
and a large teaching hospital. The study was approved by the institutional review 
board and written informed consent was obtained from all patients. Here we report 
on the feasibility based on the first 15 patients.

Magnetic resonance imaging

Patients were scanned using a 7T MRI whole body scanner (Philips Healthcare, 
Cleveland, USA). A multi-parametric protocol was performed including DCE-MRI, 
DWI and 31P-MRS. In this protocol, DWI was obtained first, followed by DCE-
MRI, and concluded with 31P-MRS. 

DCE-MRI

Patients were scanned in prone orientation using either a bilateral two-channel 
transmit/receive breast coil (setup 1) (29) or a newly developed bilateral two-channel 
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transmit and 26-channel receive breast coil (setup 2) (MR Coils BV, Drunen, the 
Netherlands) (30)DCE-MRI contained six series, one prior and five after the injection 
of 0,1 mmol/kg  gadolinium-containing contrast agent (Gadobutrol, Bayer Schering 
Pharma AG, Berlin, Germany). Images consisted of 3D T1-weighted gradient echo 
sequences; either TR/TE 4.3/2.1ms, flip angle 15°, field-of-view (FOV) 350 x 160 x 
160 mm, acquired resolution 1.0 x 1.0 x 1.0 mm³ in 108s; or TR/TE 5.8/2.5ms, flip 
angle 15°, FOV 350 x 160 x 160 mm, acquired resolution 0.7 x 0.7 x 0.7 mm³ in 
91s, using a SENSE acceleration of 4 x 2 (left-right x feet-head) (31). Fat suppression 
was obtained using a water selective excitation pulse (binomial 1-3-3-1 RF pulse). No 
T2-weighted sequences were acquired.

The T1-weighted images were scored by a radiologist with 8 years of experience 
in breast MRI. All lesions were considered separately and the phenotype of breast 
cancers was described using standardized ACR BI-RADS-MRI lexicon scoring forms 
(32). The largest tumor diameter was measured as the largest value observed in three 
orthogonal directions. Tumor enhancement was described when the radiologist 
deemed the diagnostic quality of the uptake curves sufficiently reliable in the presence 
of field-inhomogeneity. Enhancement was described as a persistent (type 1), plateau 
(type 2), or washout pattern (type 3).

DWI

DWI was obtained in coronal orientation (Multi slice Spin Echo-EPI; TE 49 ms; 
FOV 350 x 160 x 50 mm; acquired resolution 2.0 x 2.0 x 3.0 mm; b-values: 0, 
100, 200, 500, 1000, scanning time 140 - 170s) using the same setup as for DCE-
MRI. A SENSE acceleration of 3 (feet-head) was obtained using setup 2. The FOV 
was positioned on scout imaging and prior knowledge of tumor location from 
conventional imaging. Fat suppression was performed using fat selective adiabatic 
inversion recovery with an inversion delay of 320ms.

Apparent diffusion coefficient (ADC) maps were calculated using all acquired b-values, 
and obtained using manufacturer supplied software. Only ADC maps with proper 
anatomic visualization of tumors and/or surrounding parenchyma were subject of 
analyses. On ADC maps, the 2D-image containing the largest tumor diameter was 
selected and within this 2D-image the ADC was assessed at the hypo intense area of 
tumors. This region was considered to have the greatest loss of cell differentiation. A 
region of interest (ROI) of 16 – 25 mm² was selected to fit all tumors. Artifacts and 
areas of necrosis were avoided.

31P-MRS

The 31P-MRS was acquired in prone orientation using a double-tuned unilateral 
quadrature RF coil (23;33). The AMESING sequence (34) was used, with the scan 
protocol consisting of a 3D 31P multi-echo MRSI sequence using spherical k-space 
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sampling (TR/TE: 6000/45ms, adiabatic flip angle 90°, FOV 160 x 160 x 160 mm, 
nominal spatial resolution 20 x 20 x 20 mm³, total scan duration 1536s). One free 
induction decay and 5 full echoes were acquired within one TR, resulting in five 
echoes at 45, 90, 135, 180 and 225ms respectively (26).

Spectra were assessed in the tumor and the pectoral muscle. The phosphocreatine 
signal from the pectoral muscle was used to confirm proper functioning of the coil: 
when this signal was clearly visible, spectra were assessed for analyses. Two experienced 
readers (W.K. and D.K.) scored the spectra using a custom developed lexicon which 
was based on observations from prior studies (22;23;38). This lexicon categorizes 
proliferative activity of tumors based on the dominance of either phosphodiester 
(PDE) or phosphomonoester (PME) peaks. Tumors were divided into a group with 
higher PDE than PME (PDE>PME), a group with no obviously dominant peaks 
(PDE=PME), and a group with higher PME than PDE (PDE<PME). Readers were 
blinded for the DCE-MRI and histopathology results. 

Surgery and pathology

Following surgery, tumor specimens were handled according to a protocol adapted 
from that by Egan et al. (35). Tumor specimens were cut into approximately 4 mm 
thick slices and fixed in 4% formalin overnight. The slice containing the largest tumor 
diameter was completely embedded and stained using hematoxyline and eosine 
(H&E). The largest size of the invasive and the in-situ component was measured 
macroscopically and microscopically. Tumor grade was assessed according to the 
modified Bloom and Richardson guidelines (11). Mitotic count was the number 
of mitotic figures counted per 2 mm². Tumor type was assessed from H&E slides. 
Estrogen receptor (ER) and progesterone receptor (PR) status was determined on 
immunohistochemistry using the H&E stained microscopic sections, with a 10% 
threshold to discriminate between a positive (>10%) and a negative status. Human 
epidermal growth factor receptor 2 (HER2) amplification was scored as 0, 1+, 2+ or 
3+ to differentiate between a positive (<2+) and a negative (>2+) status. At a 2+ status, 
fluorescent or chromogenic in situ hybridization was used to differentiate between a 
positive and negative status. Based on receptor status, tumors were stratified into ER-
positive/HER2-negative (ER-positive), HER2-positive, or ER-negative/PR-negative/
HER2-negative (triple-negative) subtypes. The number of positive lymph nodes was 
assessed as the amount of lymph nodes containing macro or microscopic disease on 
sentinel node biopsy, and combined with axillary lymph node dissection if available. 

Statistics

Explorative analyses were performed using SPSS (version 20.0). The association was 
assessed between histopathology characteristics (tumor grade, mitotic count) and 
tumor size on DCE-MRI, ADC on DWI, and the 31P MRS score on 31P MRS. Values 
were reported as mean values and corresponding standard deviations (sd). Significance 
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was assessed using Krusal Wallis tests, considering a p-value <0,05 as significant, and 
p-value <0,10 as trend.

Results

Patient cohort

Fifteen patients with a mean age of 58 years (range 46-70 years) were included. 
Seventeen histologically proven invasive cancers were detected, including a second 
ipsilateral tumor in one patient and a bilateral tumor in another patient. The latter 
patient was treated with neoadjuvant chemotherapy, and histopathology was not 
obtained with the exception of tumor type which was assessed on core biopsy. Fifteen 
tumors were excised at primary surgery and histopathology was obtained on the 
resection specimen. 

Pathology characteristics

Of the 17 lesions, 14 lesions were invasive ductal carcinoma, one invasive lobular, 
one invasive ductulobular and one mucinous carcinoma (Table 1). The mean largest 
invasive tumor size was 15 mm (range 5 - 35 mm), and an in-situ component was 
found in 7 patients with a mean size of 14 mm (range 4 – 40 mm).

Tumor grade 1 (N=6), grade 2 (N=6) and grade 3 (N=3) were seen. The mitotic 
count ranged from 1 to 38 mitoses per 2 mm². According to subtype, fifteen tumors 
were ER-positive, one Triple-negative and one HER2-positive. Concerning lymph 
node status, 13 tumors were not associated with positive lymph nodes, another three 
tumors were associated with macroscopic disease in one lymph node, and one tumor 
was associated with microscopic disease in two lymph nodes.

Practical issues encountered at 7T MRI

In the 15 patients scanned with the multi-parametric protocol, the contrast injection 
was incomplete in one patient with a second ipsilateral tumor, and enhancement was 
not assessed. In two tumors, enhancement was deemed inadequate by the radiologist 
due to strong field inhomogeneity.

For DWI, the ADC was successfully assessed in 13/17 tumors (e.g., Figure 2). One 
contralateral tumor was outside the selected FOV. In three other ADC maps, tumor 
and parenchyma could not be identified on the ADC maps because the signals were 
too low. The ³¹P-MRS was performed in 15/17 tumors. In two tumors the ³¹P-MRS 
was not acquired due to a technical malfunction in the coil. In two patients an 
insufficient 31P-MRS signal was found at the pectoral muscle.

DCE-MRI

On DCE-MRI, the mean tumor size was 24 mm (range 6– 55 mm) (Table 1). 
Tumors were characterized as round spiculated masses (N=5) or irregular spiculated 
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Table 1. Patient, treatment, and histopathology characteristics of all 17 tumors. 

Histopathology

Lesion Tumor 
type

Invasive
component 

(mm)

DCIS
component 

(mm)

Tumor 
grade

Mitotic 
count

Subtype Lymph node 
status

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

IDLC
IDC
IDC
IDC
IDC
IDC*
IDC*
MuC
IDC
IDC
ILC
IDC
IDC
IDC
IDC
IDC
IDC

18
21
5
7
15
-
-
9
20
7
35
22
12
9
22
17
6

0
0
4
0
0
-
-
0
15
5
40
8
0
25
4
0
0

1
3
2
2
2
-
-
1
2
1
2
2
1
3
1
3
1

3
20
8
4
4
-
-
2
3
4
1
6
2
38
5
8
2

ER+
ER+
ER+
ER+
TN
ER+
ER+
ER+
ER+
ER+
ER+

HER2+
ER+
ER+
ER+
ER+
ER+

0
2
0
0
0
0
0
0
1
0
0
1
0
0
1
0
0

DCIS = Ductal carcinoma in-situ. IDLC = Invasive ductulobar carcinoma. IDC = Invasive ductal 
carcinoma. MuC = Mucinous carcinoma. ILC = Invasive lobular carcinoma. *Assessed on core biopsy. 
ER+ = ER-positive/HER2-negative. TN = Triple-negative. HER2+ = HER2-positive. 

masses (N=12). Type 3 contrast enhancement was seen in 13 tumors. Concerning 
the association between tumor size on DCE-MRI and tumor grade on the resection 
specimen (Figure 1), grade 1 tumors were on average smaller (mean size: 13 mm; sd: 
9 mm) than grade 2 (mean size: 29 mm; sd: 17 mm) and grade 3 tumors (mean size: 
28 mm; sd: 7 mm) (p=0,146). No association was found between DCE-MRI and 
mitotic count (R2=0,054).

DWI 

Of the 13 tumors, the mean ADC-value was 749 x10¯⁶mm²/s (range: 582 – 985 
x10¯⁶mm²/s) (Table 1).An inverse trend (p=0,083) was seen between ADC and tumor 
grade, with a mean ADC of 867 x10¯⁶mm²/s (sd: 80 x10¯⁶mm²/s; N=4) for tumor 
grade 1, a mean ADC of 751 x10¯⁶mm²/s (sd: 128 x10¯⁶mm²/s; N=6) for tumor 
grade 2, and mean ADC of 659 x10¯⁶mm²/s (sd: 37 x10¯⁶mm²/s; N=2) for tumor 
grade 3. No association was found between ADC and mitotic count (R2=0,184).
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Figure 1. Sagittal views of first post 
contrast dynamic contrast-enhanced 
(DCE)-MRI. On histopathology a (A) 
6-mm sized grade 1 invasive ductal 
carcinoma (IDC), (B) a 20-mm sized 
grade 2 IDC, and (C) a 17-mm sized 
grade 3 IDC were seen.

Figure 2. First post contrast dynamic contrast-enhanced (DCE)-MRI with 
corresponding apparent diffusion coefficient (ADC) map. (A) Carcinoma of the 
left breast on DCE-MRI shown in the transverse plane, the line represents the 
location of (B) which is the corresponding ADC-map shown in the coronal plane. 
The carcinoma is visible as a hypo-intense area with an ADC of 814x10¯⁶mm²/s 
(arrow). On histopathology a 22-mm grade 2 invasive ductal carcinoma was seen.
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Table 2. Imaging characteristics of all 17 tumors at dynamic contrast-enhanced (DCE)-MRI,  
diffusion-weighted imaging (DWI), and 31-Phosphorus spectroscopy (31P-MRS). 

Coil 
setup

DCE-MRI DWI ³¹P-MRS

Tumor size (mm) Curve type ADC value (x10¯⁶mm²/s) ³¹P-MRS    groups

1
1
2
2
1
1
1
1
2
2
1
2
2
2
2
2
2

13
33
9
10
21
11
55
6
41
7
44
46
16
32
29
20
9

Type 3
Type 3
N/A
N/A

Type 3
Type 3
Type 3
Type 3
Type 3
Type 3

-
Type 3
Type 3
Type 3

-
Type 3
Type 3

848
685
645
724
935
444
N/A
810
582

-
807
814
825

-
-

633
985

N/A
PDE>PME
PDE=PME
PDE>PME 
PDE>PME
PDE=PME
PDE=PME

-
PDE>PME
PDE>PME

N/A
-

PDE>PME
PDE<PME
PDE<PME
PDE<PME
PDE>PME

ADC = Apparent Diffusion Coefficient.N/A= Not available due to technical reasons. 
PDE = Phosphodiesters. PME = Phosphomonoesters.

³¹P-MRS

In 13 tumors, the spectra were scored for proliferation (e.g., Figure 3), stratifying 
tumors into PDE>PME (N=7), PDE=PME (N=3) and PDE<PME (N=3) (Table 1). 
³¹P-MRS and histopathology characteristics were available in 11 patients. Between 
tumor grade and the ³¹P-MRS score, association was only seen in 6/11 tumors 
(55%). A significant association was seen between mitotic count and ³¹P-MRS score, 
with a mean mitotic count of 6 in the PDE>PME group (N=7), a mean of 8 in the 
PDE=PME group (N=1), and a mean of 17 in the PDE<PME group (N=3) (p=0,02). 
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Discussion

In this explorative study, we described our findings for preoperative multi-parametric 
7T breast MRI (DCE-MRI, DWI and 31P-MRS) in comparison to the postoperative 
resection specimen with respect to prognostic tumor characteristics (i.e., tumor grade 
and mitotic count). For DWI, an inverse trend was seen between ADC and tumor 
grade. Also, 31P-MRS showed correlation with mitotic counts on histopathology. On 
DCE-MRI, smaller tumor extent was associated with grade 1 tumors, compared to 
larger tumor extent in grade 2 and 3 tumors.

Figure 3. Phosphorus spectroscopy (31P)-MR spectra with corresponding first post contrast dynamic 
contrast-enhanced (DCE)-MR images in transverse plane. (A) Tumor spectrum showing dominance 
of phosphoethanolamine (PE) and phosphocholine (PC) - phosphomonoesters (PME) - over PDE 
(phosphodiesters) on ³¹P-MRS imaging. On histopathology a 17mm-sized grade 3 tumor was seen with a 
mitotic count of 8 per 2 mm2. (B) Tumor spectrum showing dominance of PDE over PME on ³¹P-MRS 
imaging. On histopathology a 6-mm sized grade 1 tumor was seen with a mitotic count of 2 per 2 mm2. Pi 
= Inorganic phosphate. ATP = Adenosintriphosphate.
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The current study demonstrates that a multi-parametric 7T breast MRI is feasible 
to allow identification of preoperative biomarkers of tumor differentiation and 
proliferation in breast cancer that correlate with postoperative histopathology, albeit 
in an explorative setting. We hypothesize that the ability to accurately assess the 
differentiation and proliferation of breast cancers prior to surgery will allow further 
tailoring of therapy to individual patients, thus potentially widening the indications 
for neoadjuvant therapy and offering quantitative support for new minimally invasive 
techniques. Hence, more accurate characterization of breast cancer is desirable prior 
to therapy, and in-vivo imaging may ultimately help to resolve potentially discordant 
information.

Considering image quality, DCE-MRI at 7T breast imaging was reported to show 
comparable clinical imaging to DCE-MRI at 3T both in unilateral and bilateral 
examinations (24;25;33). In the current study, we consider that higher field strength 
MRI may be particularly suited to visualize the biology of breast cancers in-vivo, 
providing complementary information to tailor treatment decisions to individual 
patients. No T2-weighted imaging was performed in this protocol, although as 
suggested by Bogner er al. (12), DWI with a b-value of 0 sec/mm2 could be used as 
a replacement for T2-weighted imaging. However, in this study, we did not expect a 
relation of T2-weighted imaging with breast cancer differentiation or proliferation on 
histopathology.

The potential of DWI at lower field strength to indicate tumor grade has not been 
shown consistently. Where Razek et al. found significantly lower ADC in higher grade 
tumors (15), this association was far from significant in the studies by Kim et al. (16) 
and Bickel et al. (17). Using the high sensitivity at 7T field strength in the current 
study, an association was again seen with an inverse trend between lower ADC and 
higher tumor grade. 

Visualization of the tumor metabolism in-vivo has been performed in earlier studies 
using positron emission tomography (PET) and proton MR spectroscopy (¹H-MRS). 
These techniques visualize the influx or total amount of choline in tumors, where 
¹H-MRS showed potential to differentiate between benign and malignant lesions 
(36;37). ¹H-MRS is, however, challenging to perform in the breast because the 
abundant presence of adipose tissue may obscure the choline signals from the 
tumor. This problem is strongly reduced by detection through 31P, which focuses on 
the phospholipid metabolites which form the makeup of most of the choline pool. 
However, as the detection of these metabolites through 31P is much less sensitive than 
through ¹H, MRI at conventional field strength is insufficiently sensitive to visualize 
these signals within clinically realistic acquisition time. 
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Recently, 31P-MRS at 7 T has shown the ability to detect the phosphorus metabolism 
in-vivo. Also, modulation of this metabolism has been visualized during neoadjuvant 
chemotherapy (23;26;34). We expect that the improved sensitivity to detect the 
individual phospholipid components will also help to assess the proliferative activity 
of breast cancer. However, correlations with traditional clinical markers of tumor 
proliferation on pathology were still missing.

In the current study, 31P-MRS was performed prior to surgery, which enabled 
the assessment of associations between tumor phosphorus spectra in-vivo and 
postoperative correlates of tumor proliferation. Scoring of the phosphorus peaks to 
assess proliferation was based on prior studies that focused on tumor response, and 
considered that a relatively high amount of PME over other phosphorus components 
may be a marker of high tumor activity (22;23;38). Therefore, the relative concentration 
of PME over PDE on 31P-MRS was used to assess the tumors proliferative activity. 
Our first findings show association with the number of mitosis in the tumor, i.e., 
higher numbers of mitosis corresponded with higher relative concentrations of PME. 
The number of mitosis was chosen as a marker for proliferation, because it is part of 
the Bloom & Richardson grading system, and widely applied as a marker of tumor 
proliferation. The association with other markers of proliferation, such as Ki-67, is 
subject of future study. Potentially, preoperative 31P-MRS could contribute to early 
characterization of the proliferative activity of cancers.

A study limitation concerning 31P-MRS is that although we developed a standardized 
lexicon to read 31P-MRS and all spectra were interpreted by an expert panel in 
consensus reading, ultimate application may lead to yet unknown inter- and intra-
observer variation in the 31P-MRS score. Optimally, future study should focus on 
replacing the 31P-MRS scoring system with a quantitative measure, which would 
reduce potential variations and increase the level of detail in the information on the 
phosphorus metabolism. This will increase insight in the underlying tumor biology, 
thus improving the assessment of tumor characteristics and allowing 31P-MRS to 
monitor early tumor response to neoadjuvant therapy. In this protocol, 31P-MRS was 
acquired after the injection of gadolinium-containing contrast agent. Although this 
may have some affect on tumor spectra, this was done after careful consideration of 
an earlier study, that reported difficulties to correctly target lesions with MRS on non-
contrast enhanced images (39).

Another limitation of this study was that two different breast-coil setups were used, 
which is a direct consequence of the rapid developments in 7T breast MRI coil 
design. Although this led to some variation in coil setup during our study, we favored 
this evolution in coil design over the option to freeze the use of a relatively old coil, 
particularly because the support for these older coils rapidly decreases due to the 
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difficulty to maintain backward compatibility. Moreover, the variation in breast coil 
is not expected to influence the study results because comparable patient groups were 
scanned with the different setups.

Continuing challenges of 7T breast MRI include the reduction in signal-to-noise 
ratio as well as the B1+ penetration toward the chest wall, which leads to field 
inhomogeneity (19;33). This may also lead to inadequate contrast enhancement as 
well as low signal at DWI. The same can apply for the 31P-MRS data; if the pectoral 
muscle is located at substantial distance from the coil, either due to breast size or 
lipids in front of the muscle, the 31P-MRS signal of the pectoral muscle, used as a 
reference, can be too low. Although the current study shows that bilateral DCE-MRI 
as well as DWI and even 31P-MRS is feasible and yields diagnostically useful results 
at 7T, we have encountered above limitations as well. This has resulted in exclusion 
of 4/17 tumors for each imaging modality. As a result, multivariate analyses were not 
attempted. However, ongoing technical improvements in coil design, antennas (40), 
and use of multi-dimensional RF pulses that compensate for non-uniform fields (41), 
will further increase the robustness as well as the quality of imaging and ultimately 
overcoming these challenges to uncover the full potential of multi-parametric 7T 
MR imaging. Moreover, these advances may improve visualization of the axilla and 
preoperative diagnostics concerning metastatic disease of axillary lymph nodes. 

In this explorative study with limited patient numbers, we assessed whether a 
foundation exists to perform larger studies. Despite the current limitations in 7T 
breast imaging, univariate analyses have shown significant correlations between 
preoperative and postoperative biomarkers of patient prognosis. Nonetheless, the 
robustness of the multi-parametric protocol needs to be further improved. A 7T 
breast MR multi-parametric protocol which accurately visualizes differentiation 
and proliferation of breast cancers would especially benefit patients with early breast 
cancers, a considerable portion of whom may currently be overtreated (42). These 
patients may benefit from more accurate tumor characterization earlier on during 
therapy to achieve more individualized treatment.

Conclusions

A combined DCE-MRI, DWI and 31P-MRS protocol at 7T breast MRI is feasible in 
a clinical setting and results suggest that association exists between ADC and tumor 
grade, and between 31P-MRS and mitotic count of invasive breast cancers.
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Summary
Background

Preoperative systemic therapy is a clinically accepted approach for locally-advanced 
and lymph-node-positive breast cancer, enabling patient-tailored therapy. For early-
stage breast cancer, however, preoperative indication for systemic therapy has fallen 
short owing to inaccurate preoperative tumor characterization. Multiparametric 
breast MRI may compensate for these inaccuracies. The objective of this study is to 
establish a preoperative decision model for early breast cancer.

Material and Methods

Patients eligible for breast-conserving therapy were consecutively included. Patients 
underwent conventional diagnostic workup and one preoperative multiparametric 
7-tesla breast MRI. The postoperative (gold standard) indication for systemic 
therapy was established from resected tumor and lymph-node tissue, based on 10-
year risk-estimates of breast cancer mortality and relapse using Adjuvant! Online. 
Preoperative indication was estimated using similar guidelines, but from conventional 
preoperative diagnostic workup. Agreement was established between preoperative and 
postoperative indication, and MRI-characteristics were used to improve agreement 
with resected tissue. MRI-characteristics included phospomonoester/phosphodiester 
(PME/PDE) ratio on 31-phosphorus spectroscopy (31P-MRS), apparent diffusion 
coefficients on diffusion-weighted imaging, and tumor size on dynamic-contrast 
enhanced (DCE)-MRI. A decision model was built to estimate the postoperative 
indication from preoperatively available data.

Results

We included 46 women (age: 43-74yrs) with 48 invasive carcinomas. Postoperatively, 
26 patients (57%) had negative, and 20 patients (43%) had positive indication 
for systemic therapy. Using conventional workup, positive preoperative indication 
agreed excellently with positive postoperative indication (N=8/8; 100%). Negative 
preoperative indication was correct in only 26/38 (68%) patients. However, 31P-MRS 
score (p=0.030) and tumor size (p=0.002) were associated with the postoperative 
indication. The decision model shows that negative indication is correct in 21/22 
(96%) patients when exempting tumors larger than 2.0cm on DCE-MRI or with 
PME>PDE ratios at 31P-MRS.

Conclusions

Preoperatively, a positive indication for systemic therapy is highly accurate. A negative 
indication is highly accurate (96%) for tumors sized ≤2,0cm on DCE-MRI and with 
PME≤PDE ratios on 31P-MRS.
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Introduction

In the past decades, breast cancer treatment has become less invasive, for example from 
mastectomy to breast conserving therapy, without compromising overall disease-free 
survival (1;2). Further progress in individualized treatment involves changing the order 
of treatment, for example preoperative radiotherapy (3) or preoperative chemotherapy 
(4), yielding the advantage to monitor tumor response in vivo. Also, more experimental 
minimally invasive tumor ablation techniques are currently investigated, such as 
radio-frequency ablation (5), cryoablation (6), and high-intensity focused ultrasound 
(7;8). Progress is, however, hampered because the postoperative resection specimen 
- the golden standard for tumor characterization - is no longer available to guide 
treatment. Preoperative tumor biopsy, combined with conventional breast imaging, 
and with assessment of lymph nodes with ultrasound and fine-needle aspiration, shows 
discordance with postoperative assessment of the resection specimen. This discordance 
is as high as 40% for tumor grade and mitotic count (9;10), and impacts the ability to 
accurately omit systemic therapy. Consequently, current guidelines for the indication 
of systemic therapy cannot easily be translated to preoperative setting for early-stage 
breast cancer (11). As a result, early-stage breast cancer patients do not benefit from the 
advantages of neoadjuvant treatments tailored to the response of cancer. Hence, more 
accurate preoperative characterization is desirable to reach the same level of confidence 
as that from a resection specimen. 

Magnetic resonance imaging (MRI) visualizes several aspects of tumor biology. For 
instance, dynamic contrast-enhanced (DCE)-MRI indirectly visualizes angiogenesis 
(12), and is typically used for local tumor staging. MR diffusion-weighted imaging 
(MR-DWI) visualizes the ability of water molecules to move freely inside tumors, 
providing a measure of how chaotic cells have been laid out. It has been investigated 
for several applications (13;14), including cancer differentiation, although results were 
not consistent (15-18). Thirdly, magnetic resonance spectroscopy (MRS) visualizes 
the metabolism of cancers. In particular, 31-Phosphorus MR spectroscopy (31P-MRS) 
measures the phosphorus components in tumors, which play an important role in the 
forming of new cell membranes (19). However, conventional MRI scanners lack the 
ability to do 31P-MRS, because phosphorus components are not highly abundant in the 
human body. Recent MRI scanners with high magnetic field strength at 7 tesla (T) have 
been able to detect these components in breast cancers. 

In order to increase the confidence of preoperative indication for systemic therapy to 
that obtained from the surgically excised tissue, we hypothesized that combining several 
MRI modalities (i.e., multiparametric imaging) prior to surgery provides complementary 
information. The objective of this study is to use multiparametric breast MRI at high 
field strength to preoperatively discriminate between patients with early-stage breast 
cancer indicated for systemic therapy and patients who are not indicated.
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Materials and Methods

Patients were included from the PROFILE (Patient Risk based On Functional MRI) 
study. All women in this study had histologically proven invasive breast cancer eligible 
for breast conserving therapy based on conventional imaging. Exclusion criteria were 
prior surgery, prior radiotherapy of the ipsilateral breast, neoadjuvant chemotherapy, 
and typical contraindications for MRI. Patients were consecutively recruited from a 
university hospital and a large teaching hospital. Approval for this study was obtained 
from the institutional review board and written informed consent was obtained from 
all patients. A total of 46 patients are described in this study, of which 14 patients 
were reported earlier (18).

Conventional diagnostic workup

Preoperatively, tumor size was assessed by the largest tumor diameter on ultrasound 
or mammographic imaging. Ultrasound-guided 14-Gauge tumor biopsies of the 
invasive lesions were acquired, and histopathology was obtained. Biopsy-derived 
tumor tissue was stained using hematoxyline and eosine (H&E). Tumor grade was 
assessed according to the modified Bloom and Richardson guidelines (20). Mitotic 
count was assessed as the number of mitotic figures per 2 mm². Tumor type and 
estrogen receptor (ER) status were assessed on H&E slides. For ER, a 10% staining 
threshold was used to differentiate between a positive (≥10%) and a negative (<10%) 
status. Preoperative lymph node status was assessed using ultrasound-guided fine-
needle aspiration of suspected lymph nodes (cortex-thickness >2.3 mm). 

Postoperatively, the resection specimen was treated according to a protocol adapted 
from Egan et al. (21) as described earlier (18). In short, the resection specimen 
was cut in approximately 4 mm thick slices and fixed in formalin overnight. The 
slice containing the largest tumor diameter was chosen as representative for tumor 
characterization. Tumor size was assessed macro and microscopically. Tumor grade, 
mitotic count, tumor type, and receptor status was examined using procedures 
comparable with the assessment of the biopsy-derived tissue. A positive lymph node 
was defined as a lymph node containing macro or microscopic disease on sentinel 
node biopsy and/or axillary lymph node dissection when available. 

Indication for systemic therapy

The risk of 10-year mortality and 10-year relapse were estimated using the web-based 
tool Adjuvant Online (AOL) (version 8.0), which is based on the SEER database and 
validated in multiple countries (22-24). The AOL estimates were obtained twice for 
each patient, once using preoperative information only and once using postoperative 
information.  Hence, patient age at diagnosis, and characteristics from the primary 
tumor were entered from preoperative or postoperative assessment: ER-status, tumor 
grade, tumor size, and number of positive lymph nodes. Co-morbidity was set to 
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default: ‘minor problems’. Missing data was set to ‘undefined’. Based on the Dutch 
national guidelines (www.oncoline.nl), an indication for systemic therapy was given 
when either the predicted risk of 10-year mortality was equal or higher than 15%, or 
when the predicted risk of 10-year relapse was equal or higher than 25%.

MRI characteristics

Both DWI and DCE-MRI were performed in prone patient orientation using either 
a bilateral two-channel transmit/receive breast coil (i.e., setup 1) (25) or a bilateral 
two-channel transmit and 26-channel receive breast coil (i.e., setup 2) (MR Coils BV, 
Drunen, the Netherlands) (26). All imaging was performed on a 7T whole body MR 
System (Philips Healthcare, Cleveland, Ohio, USA).

DWI

For DWI, a Multi slice Spin Echo-EPI was obtained: TE 49 ms, FOV 350 x 160 x 
50 mm3; acquired resolution 2.0 x 2.0 x 3.0 mm3; b-values: 0, 100, 200, 500, 1000 
s/mm2; scan duration 140 - 170s. A SENSE acceleration of 3 was performed for 
setup 2. Fat suppression was obtained using fat-selective adiabatic inversion recovery 
with an inversion delay of 320ms. Apparent diffusion coefficient (ADC) maps were 
calculated using all acquired b-values. On ADC maps, tumors were only scored 
when proper anatomic visualization of tumors and/or surrounding parenchyma was 
confirmed. ADC was manually drawn at the hypo-intense area of tumors using a 
region of interest (ROI) of 16 – 25 mm². Artifacts and areas of necrosis were avoided.

DCE-MRI

DCE-MR imaging consisted of six fat-suppressed series, one prior to the injection 
of 0.1 mmol/kg  gadolinium-containing contrast agent (Gadobutrol, Bayer Schering 
Pharma AG, Berlin, Germany), and five series following injection. The protocol 
consisted of 3D T1-weighted gradient echo sequences for setup 1 (TR/TE 4.3/2.1ms, 
flip angle 15°, field-of-view (FOV) 350 x 160 x 160 mm3, acquired resolution 1.0 x 
1.0 x 1.0 mm³, scan duration 108s) and for setup 2 (TR/TE 5.8/2.5ms, flip angle 
15°, FOV 350 x 160 x 160 mm3, acquired resolution 0.7 x 0.7 x 0.7 mm³, scan 
duration 91s, SENSE acceleration 4 x 2). A radiologist experienced with breast MRI 
considered all tumors separately using a scoring form based on the standardized 
American College of Radiology Breast Imaging Reporting and Data System (ACR 
BI-RADS)-MRI lexicon (27). Tumor size was assessed as the largest tumor extent over 
three orthogonal directions. For the multivariate model, missing value was denoted 
as the mean value.

31P-MRS
31P-MRS was acquired with a double-tuned unilateral quadrature RF coil using 
the AMESING (28) sequence (3D 31P multi-echo MRSI sequence using spherical 
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k-space sampling; TR/dTE: 6000/45ms, adiabatic flip angle 90°, FOV 160 x 160 x 
160 mm, nominal spatial resolution 20 x 20 x 20 mm³, scan duration 1536s). One 
free induction decay (FID) and 5 full echoes were acquired within one TR, resulting 
in an FID at 0ms and echoes at 45, 90, 135, 180 and 225ms respectively. On 31P-MR 
spectra, the phosphocreatine signal of the pectoral muscle was acquired to confirm 
proper functioning of the coil, and spectra were only analyzed when clearly visible. 
The 31P-MR spectra were assessed of the voxel containing the tumor. Two experienced 
observers (W.K. and D.K.) scored the spectra individually according to a lexicon which 
was designed previously and in consensus (18). This lexicon categorizes proliferative 
activity of tumors on dominance of either phosphomonoester (PME) phosphodiester 
(PDE) or peaks into three groups (PME<PDE; PME=PDE; PME>PDE). Observers 
were blinded for patient information and tumor characteristics from histopathology. 
The spectra of 29 tumors, which are described here for the first time, were scored 
separately to assess the inter-observer variability. Finally, consensus was obtained 
between the two readers. For the multivariate model, missing spectra were denoted as 
the median score (PME=PDE).

Statistical analysis

Analyses were performed using SPSS software (version 23.0 for Windows; SPSS; 
Chicago, Ill). The agreement between preoperative and postoperative tumor 
characteristics (ER-status, tumor grade, tumor size, and lymph node status) was 
established using two-sided Pearson’s chi-squared and Fisher’s exact tests. For 
31P-MRS, agreement in terms of inter-observer variability was established from the 
scores obtained by the two observers using the Kappa statistic. Associations of ADC 
and 31P-MRS score with the postoperative tumor characteristics (ER-status, tumor 
grade, tumor size, lymph node status, and mitotic count) was assessed using two-
sided Pearson’s chi-squared, Fisher’s exact, and Kruskal Wallis tests. The agreement 
between preoperative and postoperative indication for systemic therapy was expressed 
using the Kappa statistic. Whether an association existed between the postoperative 
indication for systemic therapy and tumor size on DCE-MRI, ADC on DWI, or 
31P-MRS scoring was assessed using two-sided Pearson’s chi-squared and Mann-
Whitney U tests. 

For the decision model, a multivariate decision tree was built based on the CHAID 
growing method to estimate the postoperative indication for systemic therapy 
using preoperatively available characteristics. The (positive/negative) postoperative 
indication for systemic therapy was taken as the dependent variable. Independent 
variables included the preoperative indication for systemic therapy (as a forced first 
variable) and the imaging characteristics with association (p≤0,05) to the postoperative 
indication for systemic therapy. Conventional diagnostics were prioritized where 
possible. Backward covariate selection (p-to-remove = 0.05) was deployed.
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Results
Conventional diagnostic workup

Forty-six patients were included - mean age 60 years (range 43-74 years) – with 48 
histologically proven invasive carcinomas in total. In two patients a second ipsilateral 
tumor was detected. 

Postoperatively, 45 lesions had a positive ER-status, and 3 lesions had a negative 
ER-status. Tumors were stratified into grade 1 (N=14), grade 2 (N=30) and grade 3 
(N=4). The mean size of the 48 invasive lesions was 14 mm (range: 3 – 36 mm). For 
16 tumors lymph node metastases were found in either one (N=11), two (N=3), or 
three (N=2) nodes. For 32 tumors, no positive lymph nodes were found. The mean 
mitotic count was 5 per 2 mm2 (range: 0 – 38). 

The association between preoperative and postoperative tumor characteristics is 
shown in table 1. For ER-status high agreement was seen in 47/48 (98%) tumors 
(Kappa=0.846). Less agreement was observed for tumor grade, in 35/48 (73%) 
tumors (Kappa=0.627), and tumor size, in 37/48 (77%) tumors (Kappa=0.604). 
For lymph node status the lowest agreement was observed in 34/48 (71%) tumors 
(Kappa=0.106). Although a positive preoperative lymph node status was highly 
suggestive for a positive postoperative status, a negative status is only correct in 70% 
of tumors. 

Table 1. Association between the preoperative and postoperative tumor characteristics on conventional 
diagnostic workup. 

Preoperative Postoperative p-value

ER-status Positive Negative

Positive (n; %) 44 (100%) 0 (0%) P<0.001
Negative (n; %) 1 (25%) 3 (75%) Kappa=0.846

Tumor grade Grade 1 Grade 2 Grade 3

Grade 1 (n; %) 12 (71%) 5 (29%) 0 (0%) P<0.001
Grade 2 (n; %) 2 (7%) 23 (88%) 4 (15%) Kappa=0.475
Grade 3 (n; %) 0 (0%) 2 (100%) 0 (0%)

Tumor size 0.1 – 1.0 cm 
(n; %)

1.1 – 2.0 cm
(n; %)

2.1 – 3.0 cm 
(n; %)

3.1 – 5.0 cm
(n; %)

0.1 – 1.0 cm (n; %) 14 (78%) 4 (22%) 0  (0%) 0  (0%) P<0.001
1.1 – 2.0 cm (n; %) 2 (8%) 19 (79%) 2  (8%) 1  (4%) Kappa=0.604
2.1 – 3.0 cm (n; %) 0 (0%) 1 (17%) 4 (67%) 1 (17%)

Lymph node status Positive Negative

Positive (n; %) 2 (100%) 0 (0%) p=0.106
Negative (n; %) 14 (30%) 32 (70%) Kappa=0.160

ER = Estrogen receptor
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Table 2. Inter-observer variability between observer 1 (W.K.) and observer 2 (D.K.) for 31-phosphorus 
spectroscopy (31P-MRS) scoring. Agreement is seen in 24/29 tumors (83%; kappa: 0.716). 

31P-MRS score observer 2

  PME<PDE PME=PDE PME>PDE  

31P-MRS score
observer 1

PME<PDE 3 0 0 Kappa: 0.716

PME=PDE 0 12 0

PME>PDE 1 4 9

PME= Phosphomonoesters. PDE= Phosphodiesters.

MRI characteristics

On DCE-MRI, a mean tumor size of 18 mm (range: 8 – 51 mm) was seen. Tumor 
extent could not be clearly assessed in one patient. On DWI, the ADC was successfully 
assessed in 40 tumors. In six tumors no proper anatomic visualization of tumor and/
or surrounding parenchyma was seen: one tumor was outside the chosen field-of-
view, and one tumor was not imaged due to a technical problem. The mean ADC 
of the tumors was 773x10¯⁶mm²/s (range: 539 – 1013 x10¯⁶mm²/s). The 31P-MRS 
was assessed in 40 tumors. One patient stopped prior to the start of the 31P-MRS 
sequence, in four patients 31P-MRS was not performed due to technical difficulties, 
and in three patients no signal from the pectoral muscle was seen on 31P-MR spectra. 
Inter-observer agreement for scoring 31P-MRS was found for 24/29 tumors (83%; 
kappa: 0.716) (Table 2). Observer 2 underscored five tumors as compared with 
observer 1. In consensus, 31P-MRS scoring of observer 1 was maintained. Overall, 
this led to a stratification of 10 tumors in the PME<PDE group, 13 tumors in the 
PME=PDE group, and 17 tumors in the PME>PDE group. 

The association of ADC and 31P-MRS score with the postoperative tumor 
characteristics at pathology are shown in Table 3. In short, a significantly (p=0.041) 
lower mean ADC was found in ER-positive tumors compared with ER-negative 
tumors, although the vast majority of tumors were ER-positive. In conformity with 
results from the prior explorative study, an inverse trend was again seen between ADC 
and tumor grade (p=0.085), and for 31P-MRS a significant association was observed 
with mitotic count (p=0.014). 

For lymph node status, both DWI and 31P-MRS showed association with the 
postoperative tumor characteristics. ADC yielded a trend (p=0.081), with lower 
mean ADC in tumors with positive lymph node status. 31P-MRS showed a significant 
correlation with lymph node status (p=0.044): the majority of tumors with a positive 
lymph node status had PME>PDE score. 
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Table 3. Association between postoperative histopathology and 7T MRI characteristics. A 
significant association (p<0.05*) was seen between the mean apparent diffusion coefficient (ADC) on 
diffusion weighted imaging and estrogen receptor (ER)-status, and also between the 31-phosphorus 
magnetic resonance spectroscopy (31P-MRS)-scoring and lymph node status as well as mitotic count. A 
trend (p<0.10 **) was seen between mean ADC and tumor grade as well as lymph node status.

Postoperative 
tumor 
characteristics 

ADC mean 31P-MRS

 Total x10¯⁶mm²/s 
(sd) 

p-value  Total PME<
PDE

PME=
PDE

PME>
PDE

p-value

ER-status                

Positive N=37 762 (114) 0.041* N=37 9 12 16 0.925

Negative N=3 911 (84)   N=3 1 1 1

Tumor grade    

Grade 1 N=10 809 (109) 0.085** N=12 4 5 3 0.401

Grade 2 N=27 774 (120)   N=24 5 8 11

Grade 3 N=3 647 (32)   N=4 1 0 3

Tumor size    

0.1 - 1.0 N=12 761 (128) 0.325 N=15 6 5 4 0.230

1.1 - 2.0 N=21 798 (119)   N=19 3 8 8

2.1 - 3.0 N=5 724 (87)   N=5 1 0 4

3.1 - 5.0 N=2 715 (130)   N=1 0 0 1

Lymph node status

Negative N=25 798 (116) 0.081** N=25 7 11 7 0.044*

Positive N=15 732 (114)   N=15 3 2 10

Mitotic count

mean (sd) N=40 R²=0.077 N=40 4.5 (5.9) 3.4 (3.3) 8.5 (8.4) 0.014*

PME= Phosphomonoesters. PDE= Phosphodiesters.

Indication for systemic therapy

Postoperatively, 20/46 patients (43%) had positive indication for systemic therapy, 
and 26/46 patients (57%) negative indication (Table 4). Preoperatively, a positive 
indication for systemic therapy was in agreement with the postoperative indication in 
8/8 patients (100%). A negative preoperative indication agreed with the postoperative 
indication in 26/38 patients (68%).
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Table 5. Univariate association of 7 tesla magnetic resonance imaging (7T MRI) characteristics and 
postoperative indication for systemic therapy. A significant (p<0.05*) association is seen between the 
postoperative indication for systemic therapy and dynamic contrast-enhanced (DCE)-MRI as well 
as 31-phosphorus magnetic resonance spectroscopy (31P-MRS). No association was seen between the 
postoperative indication and the apparent diffusions coefficient (ADC) on diffusion-weighted imaging 
(DWI).

  Postoperative indication systemic therapy

7T MRI characteristics No Yes p-value

DCE-MRI tumor size (cm)      
0.1 – 1.0 (n; %) 6 (100%) 0   (0%) p=0.002*

1.1 – 2.0 (n; %) 17  (65%) 9  (35%)

2.1 – 3.0 (n; %) 2   (20%) 8  (80%)

3.1 – 5.0 (n; %) 0    (0%) 3 (100%)

missing (n) 1 0

   

DWI (mean ADC x10¯⁶mm²/s; sd) 803 (N=19; sd:124) 750 (N=19; sd: 113) p=0.138

missing (n) 7 1

   

31P-MRS  (score)  

PME<PDE (n; %) 7 (70%) 3 (30%) p=0.014*

PME=PDE (n; %) 9 (75%) 3 (25%)

PME>PDE (n; %) 4   (25%) 12  (75%)

missing (n) 6 2

Indication for systemic therapy and MRI characteristics

Significant association (p=0.002) was found between the postoperative indication for 
systemic therapy and tumor size on DCE-MRI (Table 5). Smaller tumors (≤2 cm) 
were more often associated with a negative indication for systemic therapy, whereas 
larger tumors (>2 cm) were more often associated with a positive indication. In 
addition, a significant association (p=0.030) was observed between the postoperative 
indication and the 31P-MRS score. Tumors with a 31P-MRS score PME≤PDE were 
more often associated with a negative indication, and tumors with PME>PDE more 
often with a positive indication.

Table 4. Association between the preoperative and postoperative indication for systemic therapy based on 
conventional diagnostic workup.

Indication systemic therapy Postoperative p-value

Preoperative Positive Negative Missing

Positive (n; %) 8 (100%) 0 (0%) 0 p<0.001

Negative (n; %) 12 (32%) 26 (68%) 1 Kappa=0.430
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Preoperative decision model

The decision model to preoperatively assess the indication for systemic therapy is 
shown in figure 1. A positive preoperative indication for systemic therapy showed 
high agreement with a positive postoperative indication (N=8/8; 100%). 

A negative preoperative indication (N=38) was, however, less accurate. For patients 
with a negative preoperative indication, only 26/38 patients (68%) had a negative 
postoperative indication. However, in this group, exclusion of patients with a tumor 
larger than 2.0cm on DCE-MRI, raised the accuracy for a correct negative indication 
to 24/30 patients (80%). With the addition of 31P-MRS scoring, exclusion of patients 
with a tumor scoring PME>PDE on 31P-MRS, raised the accuracy for a correct 
negative indication to 21/22 patients (96%). Examples are shown in figure 2.
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Figure 2. Examples of 7 tesla MR imaging in three patients, showing the first post-contrast dynamic 
contrast-enhanced MR imaging in the (A) transverse plane and the (B) coronal plane,  with (C) the 
corresponding apparent diffusion coefficient (ADC) map; and (D) the corresponding 31-phosphorus MR 
spectroscopy (31P-MRS) scoring upon the ratio of phosphomonoesters (PME) to phosphodiesters (PDE). 
All three patients (left/middle/right) had a negative preoperative indication for systemic therapy based 
on biopsy and conventional breast imaging. However, on the left, imaging is shown of a 47-year old 
woman. The decision-tree model upstages this assessment to positive indication: DCE-MRI showed a 23-
mm sized lesion, an ADC of 746 x10¯⁶mm²/s, and a PME>PDE score. Postoperatively, a grade 2 tumor 
and a positive indication for systemic therapy was found. In the middle, imaging is shown of a 58-year 
old women. The decision-tree model again upstages this assessment to positive indication: DCE-MRI 
showed an 18-mm sized lesion, an ADC of 980 x10¯⁶mm²/s. The MRS score was, however, PME>PDE. 
Postoperatively, a grade 2 tumor and a positive indication for systemic therapy was found. On the right, 
imaging is shown of a 71-year old woman. The decision-tree model confirms the negative indication: DCE-
MRI showed a 16-mm sized lesion, DWI a mean ADC of 834 x10¯⁶mm²/s, and 31P-MRS a PME<PDE 
score. Postoperatively, a grade 2 tumor and a negative indication for systemic therapy was found. Pi = 
Inorganic phosphate.
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Discussion

In a subgroup of patients with early-stage breast cancer, preoperative multiparametric 
breast MRI at 7T enabled accurate risk assessment of breast cancer, comparable 
to conventional assessment from surgically resected tissue. Positive preoperative 
indication for systemic therapy based on biopsied tissue and conventional breast 
imaging showed high agreement with a positive postoperative indication from 
resected tissue (the gold standard). A negative preoperative indication was, however, 
only accurate when tumors larger than 2.0cm on DCE-MRI or with a PME>PDE 
score at 31P-MRS-score were exempted from this procedure. 

These findings may ultimately have practice-changing impact on the treatment of 
patients with early-stage breast cancer, who are currently susceptible to overtreatment 
(29). Continuous effort is made towards more individualized and less invasive therapy 
in this group of patients, but current guidelines for systemic therapy still require 
a representative resection specimen. Patients in whom the indication for systemic 
therapy is known with high accuracy prior to surgery could be treated with systemic 
therapy prior to the surgical intervention, thus achieving similar long-term benefit 
as postoperative systemic therapy, but with the added benefit of allowing response 
of the tumor and axilla to be monitored (30).  This opens new treatment paradigms 
where patients with excellent response may be spared axillary surgery and minimalize 
the extent of breast surgery, which will reduce side effects and improve the quality of 
life after treatment (31;32). Another possible scenario is to substitute surgery on a 
completely responding tumor with accelerated partial breast irradiation directed at 
the former tumor bed (33). Yet another option currently investigated, is to substitute 
surgery with minimally or non-invasive techniques such as MR-guided high-intensity 
focused ultrasound (7;8). 

Guidelines for preoperative (i.e., neoadjuvant) chemotherapy are currently focused 
on patients with locally advanced breast cancer or substantial positive axillary load, for 
whom little doubt exists that they will be indicated for chemotherapy after inspection 
of the resection specimen.  Consequently, new techniques to extend the indication 
for preoperative chemotherapy towards early breast cancer must ensure that patients 
who would be selected postoperatively will also be selected preoperatively. The current 
study demonstrates the potential to identify three groups of patients preoperatively: 
those with high confidence that systemic therapy is indicated, those with high 
confidence that it is not, and a third group where the assessment is uncertain.

The indication for systemic therapy was estimated from 10-year risk estimates of 
mortality and relapse derived from AOL and considering patient age, ER-status, tumor 
grade, tumor size, and the number of positive lymph nodes. In the decision model, a 
subgroup of early breast cancer patients is selected with a negative indication based on 
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tumor size at DCE-MRI and 31P-MRS score. Although tumor size on DCE-MRI may 
be anticipated as an imaging biomarker for patient prognosis, the complementary role 
of 31P-MRS as a biomarker for patient prognosis has been demonstrated for the first 
time. The results may be explained by the correlation between 31P-MRS and mitotic 
count, where higher levels of PME in the 31P-MRS phosphorus metabolism are 
associated with higher mitotic count. This confirms the finding in a recent explorative 
study with 31P-MRS on 7T MRI (18). In addition, 31P-MRS on 7T MRI was found 
to be significantly associated with lymph node status in the current study. 

Without taking preoperative multiparametric imaging into account, the findings of 
the currents study are in agreement with a previous study performed on a independent 
database of patients from a different hospital (11). In that study, a positive preoperative 
indication showed high agreement with a positive postoperative indication in 94% 
of patients, and negative indication showed only 67% agreement. In this latter 
group of patients, additional stratification using preoperative sentinel lymph node 
biopsy was considered a potential clinical step, which led to an anticipated agreement 
of approximately 89%. In the current study, however, the addition of tumor size 
on DCE-MRI and 31P-MRS scoring resulted in an agreement of 96%. These 
results suggest that information from multiparametric imaging show potential to 
complement the missing lymph node status. Moreover, when considering minimally 
invasive treatment, a proposed stratification that requires additional imaging would 
expectedly be favored over an additional invasive surgical procedure.

Other techniques are currently available to assess the risk of metastases (i.e., indication 
for systemic therapy), for example molecular assays such as the Mammaprint (34) or 
Oncotype-DX (35). These techniques are increasingly used, and found to be useful 
prognostic indicators. Nonetheless, molecular essays are typically established from 
the postoperative resection specimen as well.  Although it is currently possible to 
obtain a Mammaprint and Oncotype-DX assessment from biopsied tissue, it is as 
yet unclear to witch extent the results may be affected by the heterogeneity of the 
tumor. Moreover, the test may take two weeks to complete which could result in 
delay of surgery when applied in the context such as described in the current study. 
Conversely, molecular essays are based on different risk models than the one used 
in current study, and may result in superior risk assessments if a resection specimen 
is available. An advantage of multiparametric MRI is, however, that results become 
available directly after imaging, that it provides information on the entire tumor, and 
that it is relatively inexpensive compared with molecular tests. 

Although tumor size on DCE-MRI can be visualized with conventional 1.5T and 
3.0T MRI scanners, imaging, 31P-MRS is still limited to 7T MRI. Although not 
widely available at the moment, 7T MRI could be used as a specialized in vivo 
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biology-imaging device in a select patient group with early breast cancer to broaden 
the indication for upfront therapy. 

This study has some limitations. Although substantial agreement was found between 
observers to interpret 31P-MRS, thus making it a reproducible tool, continuous efforts 
must be made to obtain quantitative assessment of 31P-MRS. Also, technical issues 
in performing 31P-MRS occurred in seven patients in this study. For DWI, missing 
values were seen in six tumors caused by a non-proper visualization of tumors or the 
surrounding parenchyma. DWI was possibly not included in the decision tree because 
of these issues, and hence DWI cannot yet be excluded as a prognostic indicator. 
Ongoing technical research in MR coil design, MR pulse sequence design, and MR 
image analysis may provide solutions to overcome these limitations.

Conclusion

Positive indication for systemic therapy based on conventional preoperative workup is 
in high concordance with the postoperative indication from resected tissue.  Negative 
preoperative indication base on conventional preoperative workup has inferior 
agreement. However, multiparametric breast MRI at high field strength, in particular 
31P-MRS combined with DCE-MRI, improves the concordance to 96% of patients.
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Summary and discussion

Against the backdrop of continuous effort towards less invasive and more 
individualized treatment of breast cancer, we have shown that magnetic resonance 
imaging (MRI) prior to surgery may provide predictive and prognostic information 
that has additional value in the selection of breast cancer therapy. We believe this is 
an important step forward, because predictive and prognostic biomarkers are typically 
assessed after surgery from resected tissue, but such tissue may no longer be available 
or be representative after less-/non-invasive primary treatment.  

In part 1 of this thesis, we assessed the ability of currently available preoperative tumor 
and patient characteristics to indicate systemic therapy in breast cancer patients. 
Agreement was assessed with the postoperative indication for systemic therapy 
which is currently the gold standard. In part 2, the predictive value of dynamic-
contrast enhanced (DCE)-MRI was assessed, specifically the predictive value of rim-
enhancement of breast cancers. The rationale was that DCE-MRI may contain more 
information about tumor histopathology and patient prognosis than the currently 
assessed tumor extent. In part 3, practical guidelines were formulated for the use 
of DCE-MRI with or without PET/CT, to monitor response of breast cancer to 
neoadjuvant chemotherapy (NAC). Differences in breast cancer subtype were taken 
into account. In part 4, we assessed whether preoperative MRI has the potential to 
give prognostic and predictive biomarkers in early-stage breast cancer when multiple 
techniques are combined in one and the same examination: DCE-MRI, diffusion-
weighted imaging (DWI), and 31-phosphorus spectroscopy (31P-MRS). This 
approach, i.e. multiparametric 7 tesla (T) MRI, was subsequently used to predict the 
postoperative indication for systemic therapy before surgery was performed.

Part 1 – Biopsy and conventional imaging

Preoperatively, breast lesions are imaged using mammographic and ultrasound 
imaging, i.e., conventional imaging. Biopsy from the tumor is taken to obtain 
histopathology of suspected lesions, and lymph nodes are assessed for metastases 
using axillary ultrasound and fine needle aspiration of suspected nodes. Patients 
with locally advanced breast cancer or positive lymph nodes may receive NAC. 
However, the majority of patients will receive primary surgical resection of the tumor. 
For this latter group, the indication for systemic therapy is based on postoperative 
histopathologic examination of the resection specimen. In Chapter 2, we explored 
to what extent preoperative tumor characterization with conventional imaging, tumor 
biopsy, and lymph node assessment is in agreement with postoperative assessment. 
In concordance with earlier studies, we found that the estrogen receptor (ER)-status 
shows high agreement (1). However, the agreement was only 60% for tumor size (2-
4), with the lowest agreement in tumors larger than 2,0 cm. Also, for tumor grade, 



Summary and discussion

137

Chapter
7

agreement was only 60% (5;6), with especially higher grade tumors being difficult 
to assess. For preoperative lymph node status, results were also in concordance with 
earlier studies (7;8), i.e., a positive preoperative lymph node status is highly correlated 
with a positive postoperative lymph node status; however, a negative status has poor 
agreement.

Although the discordance between preoperative and postoperative tumor 
characterization is widely known, it was unknown how this affected the accuracy at 
which systemic therapy is indicated. To quantify this effect, the indication for systemic 
therapy was established postoperatively from resected tissue and lymph nodes using 
national guidelines for systemic therapy. These guidelines are based on the endpoint  
that systemic therapy is required if  the  10-year risk of mortality equals or exceeds 
15%, or if the 10-year risk of relapse equals or exceeds 25% (oncoline.nl). These risks 
were estimated using Adjuvant! Online (AOL), a web-based prognostic tool that has 
been validated in multiple countries (9-11). Tissue characteristics included estrogen 
receptor (ER)-status, tumor size, tumor grade, and lymph node status. Preoperatively, 
the same estimation was performed, however using the tumor and lymph node 
characteristics that were available preoperatively. These included ER-status and tumor 
grade from biopsy-derived tissue, tumor size from ultrasound and mammographic 
imaging, and lymph node status from axillary ultrasound combined with fine-needle 
aspiration of suspected lymph nodes. We found that a positive preoperative indication 
for systemic therapy, i.e. an indication that patients should be treated with systemic 
therapy, was in high agreement with a positive postoperative indication. However, 
a negative preoperative indication, i.e. an indication that patients should not be 
treated with systemic therapy, only agreed with a negative postoperative indication in 
two-thirds of patients. In this latter group, the addition of lymph node information 
from a preoperative sentinel node biopsy increased the agreement to approximately 
90%. Nonetheless, performing an invasive preoperative sentinel node biopsy to 
raise confidence for a negative preoperative indication for systemic therapy does not 
well fit the paradigm of a non-invasive treatment. Therefore, especially in patients 
with a negative preoperative indication for systemic therapy, additional preoperative 
characterization of breast cancer is desirable.

Part 2 – MRI of early breast cancer

We hypothesized that DCE-MRI, which is already clinically performed to 
assess the extent of tumors, may contain additional information about patient 
prognosis. In Chapter 3, we presented our study concerning the association 
between rim enhancement of breast cancers on DCE-MRI, i.e. more pronounced 
contrast enhancement at the periphery of the tumor compared to the center, and 
patient prognosis. We found that rim enhancement was strongly associated with a 
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specific subtype of cancer: triple-negative breast cancer. Also, the presence of rim 
enhancement on DCE-MRI was strongly associated with inferior long-term outcome 
in patients with this subtype. Hence, rim enhancement on MRI was found to have 
complementary value to breast cancer subtype. Within the group of triple-negative 
breast cancer, patients with a rim enhancing tumor were more likely to have tumor 
recurrence and eventually succumb to the consequences than patients with a non-rim 
enhancing tumor. Thus, rim enhancement may serve as a predictive MRI biomarker 
for therapy selection in patients with triple-negative breast cancer.

Part 3 – MRI and PET/CT in locally advanced breast cancer

DCE-MRI is an accepted approach to monitor response to neoadjuvant chemotherapy 
(NAC) in locally advanced breast cancer. However, the accuracy depends on breast 
cancer subtype. Therefore, the additional value of other imaging techniques, such 
as positron emission tomography integrated with computed tomography (PET/
CT), was explored. Recent results suggested complementary value of DCE-MRI 
and fluorodeoxyglucose (¹⁸F-FDG)-PET/CT to monitor treatment response (12). 
However, the number of patients was insufficient to determine practical guidelines 
for the optimal use of these imaging techniques in the clinical workflow. In Chapter 
4, we presented our study which explored practical guidelines on the use of MRI 
and PET/CT to monitor response of breast cancer to NAC. Breast cancer subtype 
was taken into account and different imaging scenarios were systematically explored: 
an MRI only scenario, a PET/CT only scenario, and combinations thereof. The 
aim was to correctly predict lack of tumor response to NAC, under the condition 
that incorrectly predicting tumor response does not exceed 10%. Thus, an adequate 
intervention may be made in patients where response is lacking, while intervention in 
patients with satisfactory response is minimized. Considering the results of this study, 
a combination of PET/CT and DCE-MRI appeared optimal for ER-positive tumors. 
However, for human epidermal growth receptor 2 (HER2)-positive and triple-
negative tumors, DCE-MRI was the most optimal technique to monitor response. 
For HER2-positive tumors, DCE-MRI had an advantage over PET/CT imaging as 
well as over the combined scenarios. However, for triple-negative tumors, PET/CT 
could be an appropriate alternative to MRI in patients with contraindications for 
MRI.

Part 4 – 7T MRI of early breast cancer

In addition to DCE-MRI, other MRI techniques may provide complementary 
information about tumor biology:  DWI and 31P-MRS. We hypothesized that in 
addition to DCE-MRI, the information from DWI and 31P-MRS has complementary 
value for preoperative characterization of tumors. To investigate this hypothesis, 
we started the Patient Risk based On Functional MRI (PROFILE)-study. In this 
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prospective study, patients were included with an invasive breast carcinoma eligible 
for breast conserving therapy. The primary objective of this study was to evaluate the 
accuracy of preoperative multiparametric 7T breast MRI to identify patients with 
early breast cancers who are at limited risk for an incorrect indication for systemic 
therapy. This objective was pursued by identifying preoperative imaging biomarkers 
on 7T breast MRI that correspond to postoperative risk factors of breast cancer relapse 
and mortality in the resection specimens. 

In Chapter 5 we presented the first explorative results of the PROFILE-study. For 
31P-MRS, the ratio between phosphomonoesters and phosphodiesters was correlated 
with the mitotic count of breast cancer on postoperative histopathology. Mitotic count 
is a biomarker for tumor proliferation. Tumors with a high ratio of phosphomonoesters 
at 31P-MRS had higher mitotic counts on postoperative examination. For DWI, an 
inverse trend was found between the apparent diffusion coefficient (ADC) and tumor 
grade, which is a marker for tumor differentiation. Lower ADC was found in tumors 
with higher tumor grade. The results of this explorative study showed the clinical 
feasibility of multiparametric 7T breast MRI, and the potential for preoperative 
identification of imaging biomarkers associated with tumor differentiation and 
proliferation. Next, we hypothesized that these biomarkers have complementary value 
in the preoperative selection of systemic therapy in individual patients. 

In Chapter 6, we presented the results of the PROFILE study in the form of a decision 
model for preoperative indication of systemic therapy in early breast cancer patients. 
Confirming the results from our study presented in Chapter 2, a positive preoperative 
indication for systemic therapy was highly representative of a positive postoperative 
indication for systemic therapy. A negative preoperative indication again resulted 
in inferior agreement. However, a negative preoperative indication showed high 
concordance for tumors sized 2,0 cm or smaller on DCE-MRI and with a PME≤PDE 
score score on 31P-MRS. We concluded that breast MRI, especially DCE-MRI and 
31P-MRS, has additional value to preoperatively select early breast cancer patients who 
will not benefit from systemic therapy.

Future perspectives

In this thesis, MRI is suggested as a technique to characterize breast cancer, 
showing predictive and prognostic value for breast cancer patients. We are aware 
that preoperative MRI as an additional staging instrument for the general patient 
population is currently under debate, for example because obvious benefits concerning 
breast cancer recurrence are absent (13). Also, although 7T MRI is suggested as a 
tool for ultra-high spatial and temporal resolution (14;15), the clinical advantage of 
such higher resolutions is yet unknown. However, the goal of this thesis was not to 
assess the impact of preoperative MRI on patient outcome, nor to adapt the surgical 



140

Summary and discussion

Chapter
7

treatment based on MRI. Our goal was to explore whether tumor characteristics on 
MRI contain information about the prognosis of patients with breast cancer other 
than tumor extent. To the best of our knowledge, this information is currently 
lacking, while 85% of the patients who undergo a preoperative breast MRI show 
no discordant staging information compared to conventional imaging (16). From 
our studies, we may conclude that MRI characteristics of breast cancers can indeed 
function as biomarkers with predictive value, which may have additional value for 
adequate therapy selection in selected breast cancer patients.

The results of this thesis could be translated to clinical practice in two steps. As a first 
step, preoperative histopathologic assessment of tumor grade and ER-status could be 
added to clinical protocols. Such preoperative histopathologic assessment is beneficial 
in patients with early breast cancer because a positive indication for systemic therapy 
is accurate in 94% of patients (17). Using this approach, an indication for NAC, 
which is currently limited to patients with locally advanced breast cancer or extensive 
axillary load, could be extended to patients with early breast cancers who have positive 
preoperative indication for systemic therapy. An advantage of NAC over adjuvant 
systemic therapy is the ability to monitor response, enabling a switch of treatment or 
even ceasing treatment when tumor response is lacking. This is expected to result in 
more tailored treatment of patients with early-stage breast cancer.

As a second step, multiparametric 7T breast MRI could be added to the workflow 
in early breast-cancer patients with a negative preoperative indication for systemic 
therapy. Within this subgroup, negative preoperative indication was highly accurate for 
tumors of 2,0 cm or smaller on DCE-MRI and PME≤PDE score on 31P-MRS. These 
selected patients may therefore be suited for less invasive treatment, and the addition 
of a 7T MRI scan in this subgroup may give new impulse to ongoing studies on less- 
and non-invasive techniques for primary breast cancer treatment. Nonetheless, our 
results are based on 46 patients. Hence, the study should be validated prospectively in 
an independent group of patients before commencing this second step. 

Future technical perspectives in 7T MRI include improvements concerning the 
reduction of signal-to-noise ratio as well as B1+ penetration toward the chest wall, 
which currently lead to field inhomogeneity (18;19). Ongoing improvements in 
coil design, antennas (20), use of multidimensional RF pulses that compensate for 
non-uniform fields (21), and post-processing of imaging, will further increase the 
robustness as well as the quality of imaging. Ultimately, the current challenges in 7T 
MRI will be overcome and the full potential of multiparametric 7T MR imaging can 
be uncovered. This may also benefit visualization of the axillary lymph nodes, which 
information is currently lost due to the reduced signal towards the chest wall and the 
axilla. 
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Concerning lymph node status, it is currently known that cortex thickness of lymph 
nodes on imaging is associated with presence of lymph node metastases (22). Based 
on our results in chapter 6, we hypothesize, however, that imaging of the primary 
tumor will play a much larger role to assess the risk of lymph node metastases than 
imaging of the axilla itself. In chapter 6, significant association between 31P-MRS of 
the primary tumor and axillary lymph node status was already found in 46 patients. 
Thus, MRI biomarkers of the primary tumor may complement less invasive tissue 
biomarkers of axillary load to accurately select patients preoperatively who are at low 
risk of lymph node metastases.

In this thesis, 31P-MRS has shown additional value to characterize proliferation of 
breast cancer in addition to tumor extent on DCE-MRI. Translation of these results 
to the daily clinic is, however, not readily achievable because 31P-MRS cannot be 
performed on 1.5T and 3.0T MRI systems within clinically feasible examination 
time. Potentially, imaging of the concentration of sodium using 23Na-MRI may 
allow for a more direct translation to MRI scanning systems at conventional field 
strength. In contrast to 31P-MRS, this technique can be performed on 1.5T and 
3.0T MRI systems. It may provide useful information on tumor metabolism because 
sodium concentrations in tissue are influenced by changes in cellular organization 
and energy metabolism. Elevated levels have already been found in malignant tissue 
(23). However, whether 23Na-MRI can serve as a predictive or prognostic tool is yet 
unknown, whereas 31P-MRS on 7T MRI has already shown potential as a biomarker 
for breast cancer. Moreover, with around 40 MRI systems currently operating 
worldwide at 7T or higher (24), 31P-MRS may potentially serve as a highly specialized 
system which has complementary value in a subset of breast cancer patients as much 
as molecular essays have complementary value in subset of patients.

As mentioned above, NAC may further facilitate patient-tailored therapy. However, 
the ability to monitor response of tumors to NAC depends on imaging technique. In 
this thesis we have explored practical guidelines on the use of DCE-MRI and PET/CT 
in different breast cancer subtypes. For this purpose, we used DCE-MRI and PET/
CT imaging biomarkers which are currently also used in clinical practice, i.e., tumor 
extent on DCE-MRI and the maximum standardized uptake volume (SUV-max) of 
tumor and lymph nodes for PET/CT. In future study, more biomarkers of DCE-
MRI and PET/CT could be added. For MRI this may include DWI and 31P-MRS, 
which have already shown additional value in research environments (25;26). For 
PET/CT this may include imaging of the total lesion glycolysis or considering 
¹⁸F-fluoroestradiol or 89ZR-trastuzumab to monitor specific breast cancer subtypes 
(27;28). In addition, advanced image processing may provide additional biomarkers 
that are difficult to detect by eye (29;30). Powering such studies effectively remains, 
however, a challenge; only 5% to 10% of the patients with ER-positive breast cancer, 
achieve a complete pathological response in tumor as well as in axilla.
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Summary and conclusions

More accurate characterization of breast cancer is desirable prior to therapy. MR 
imaging may ultimately help to resolve the discordant preoperative information from 
conventional diagnostic workup of breast cancer. Breast MRI has shown potential 
to provide information on tumor biology, which is related to patient prognosis. 
The presence of rim enhancement on DCE-MRI has shown strong association 
with inferior long-term outcome in patients with triple-negative breast cancer, and 
may serve as a predictive biomarker for more individualized therapy. For imaging 
of tumor response to NAC, combining DCE-MRI with PET/CT may result in 
optimal response monitoring of ER-positive tumors. However, for HER2-positive 
and triple-negative tumors, DCE-MRI was found optimal. In a multiparametric 
imaging setting, combining DCE-MRI with DWI and 31P-MRS at 7T was shown 
clinically feasible to visualize tumor biomarkers. Also, associations were found 
between ADC and tumor grade, and between 31P-MRS and mitotic count of 
invasive breast cancers. Concerning therapy selection in early-breast cancer, in the 
preoperative setting, a positive indication for systemic therapy is in high concordance 
with a positive postoperative indication. Hence, based on conventional diagnostic 
workup consisting of conventional imaging, tumor biopsy, and assessment of lymph 
nodes with ultrasound and fine needle aspiration of suspected nodes, an indication 
for NAC could be extended to patients with early breast cancers showing a positive 
preoperative indication for systemic therapy.  For a negative preoperative indication, 
MRI may play a role, as DCE-MRI and 31P-MRS were seen to raise confidence 
towards a negative postoperative indication. Potentially, in future perspective, after 
validation of our results, these patients may be selected for a less invasive treatment.
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Samenvatting en discussie 

Tegen de achtergrond van een voortdurend streven naar een minder invasieve en 
meer geïndividualiseerde behandeling van borstkanker, hebben we aangetoond dat 
preoperatieve magnetische resonantie imaging (MRI) predictieve en prognostische 
informatie toevoegt welke van waarde kunnen zijn bij de selectie van borstkanker 
therapie. Wij geloven dat dit een belangrijke stap voorwaarts is, aangezien de 
predictieve en prognostische biomarkers van borstkanker doorgaans pas na de operatie 
worden geëvalueerd vanuit het beschikbaar gekomen weefsel, welke echter niet meer 
beschikbaar danwel niet meer representatief zullen zijn na een primaire minder- of 
non-invasieve behandeling.

In deel 1 van dit proefschrift hebben we beoordeeld of het mogelijk is om met 
preoperatieve tumor en patiënt kenmerken, welke momenteel reeds beschikbaar 
zijn, een juiste indicatie te kunnen geven voor systemische therapie bij borstkanker 
patiënten. Hierbij hebben wij de overeenkomst beoordeeld tussen de preoperatieve 
indicatie voor systemische therapie en de postoperatieve indicatie, welke momenteel 
de gouden standaard is. In deel 2 hebben we de voorspellende waarde van dynamische 
contrast enhanced (DCE)-MRI beoordeeld, in het bijzonder de voorspellende 
waarde van randaankleuring bij borsttumoren. De achterliggende gedachte was dat 
DCE-MRI meer informatie bevat over tumor histopathologie en de prognose van 
patiënten dan de momenteel onderzochte tumorgrootte. In deel 3 werden praktische 
richtlijnen geformuleerd voor het gebruik van DCE-MRI met of zonder toevoeging 
van PET/CT bij de beoordeling van response van borsttumoren op preoperatieve 
(neoadjuvante) chemotherapie (NAC). Hierbij werd rekening gehouden met de 
verschillende borstkanker subtypes. In deel 4 hebben we onderzocht of preoperatieve 
MRI potentie heeft om predictieve en prognostische biomarkers in beeld te brengen 
in een vroeg stadium van borsttumoren. Hierbij werden meerdere technieken 
gecombineerd in één onderzoek: DCE-MRI, diffusie-gewogen beeldvorming (DWI) 
en 31-fosfor spectroscopie (31P-MRS). Vervolgens bekeken wij of met behulp van 
deze multiparametrische 7 tesla (T) MRI de postoperatieve indicatie voor systemische 
therapie al preoperatief was te voorspellen.

Deel 1 - Biopsie en conventionele beeldvorming

Preoperatief worden borstlaesies afgebeeld met behulp van mammografie en 
echografie, beter bekend als conventionele beeldvorming. Vervolgens wordt een biopt 
genomenom de histopathologie van verdachte laesies te verkrijgen, en de lymfeklieren 
worden beoordeeld op uitzaaiingen met echografie van de oksel gecombineerd 
met een cytologische punctie bij vermoedelijke uitzaaiingen. Patiënten met lokaal 
uitgebreide borstkanker danwel met positieve lymfeklieren komen vervolgens in 
aanmerking voor NAC. Echter, bij de meeste patiënten zal een primaire chirurgische 
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resectie van de tumor plaatsvinden. Bij deze laatste groep patiënten wordt de 
indicatie voor systemische therapie vervolgens gesteld op basis van het postoperatieve 
histopathologisch onderzoek van het resectiepreparaat. In Hoofdstuk 2 hebben we 
onderzocht in hoeverre een preoperatieve tumor karakterisatie met conventionele 
beeldvorming, tumor biopsie, en evaluatie van de lymfeklieren, in overeenstemming 
is met een postoperatieve evaluatie. In overeenstemming met eerdere studies vonden 
we dat de preoperatieve beoordeling van de oestrogeenreceptor (ER)-status grote 
overeenkomst vertoonde met de postoperatieve beoordeling (1). Echter was deze 
overeenkomst slechts 60% wat betreft tumorgrootte (2-4), met de laagste overeenkomst 
in tumoren groter dan 2,0 cm. Ook voor tumorgraad werd een overeenkomst van 
slechts 60% gezien (5,6), waarbij met name hooggradige tumoren moeilijk waren 
te beoordelen. Wat betreft de preoperatieve lymfeklier-status waren de resultaten 
ook in overeenstemming met eerdere studies (7,8), wat wil zeggen dat een positieve 
preoperatieve lymfeklier-status sterk is gecorreleerd met een positieve postoperatieve 
lymfeklierstatus; echter bij een negatieve status was deze correlatie erg slecht.

Hoewel de discordantie tussen preoperatieve en postoperatieve tumor karakterisering 
over het algemeen bekend was, was nog niet bekend hoe deze discordantie een invloed 
zou hebben op de nauwkeurigheid van een preoperatieve indicatie voor systemische 
therapie. Om dit effect te kwantificeren werd de indicatie voor systemische therapie 
postoperatief vastgesteld op basis van het resectiepreparaat en de lymfeklieren, gebruik 
makende van de nationale richtlijnen voor de indicatie van systemische therapie. Deze 
richtlijnen zijn erop gebaseerd dat systemische therapie bij borstkanker patiënten is 
vereist als het 10-jarige risico op sterfte gelijk of hoger is dan 15%, danwel als het 
10-jarige risico op terugkeer van de tumor gelijk of hoger is dan 25% (oncoline.
nl). Deze risico’s kunnen werden geschat met behulp van Adjuvant! Online (AOL), 
een online prognostische tool welke inmiddels in meerdere landen is gevalideerd (9-
11). Deze schatting wordt gebaseerd op de verschillende weefselkarakteristieken, zoals 
de ER-status, de tumorgrootte, de tumor graad, en de lymfklierstatus. Preoperatief 
hebben we dezelfde schatting uitgevoerd, waarbij we gebruik hebben gemaakt van de 
tumor en lymfeklier die preoperatief beschikbaar waren. Hierbij waren de ER-status en 
tumorgraad bepaald op de biopsie, tumorgrootte op echografische en mammografische 
beeldvorming, en de lymfeklierstatus was bepaald op basis van echografie van de oksel 
gecombineerd met cytologische punctie van verdachte lymfeklieren. We vonden dat 
een positieve preoperatieve indicatie voor systemische therapie, dat wil zeggen een 
indicatie dat patiënten behandeld moeten worden met systemische therapie, in hoge 
mate overeenkwam met een positieve postoperatieve indicatie. Echter, een negatieve 
preoperatieve indicatie, dus een indicatie dat patiënten niet behandeld moeten 
worden met systemische therapie, kwam slechts in tweederde van de patiënten overeen 
met een negatieve postoperatieve indicatie. In deze laatste groep kon toevoeging 
van de lymfeklier informatie uit een preoperatieve schildwachtklierprocedure de 
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overeenkomst verhogen tot ongeveer 90%. Desalniettemin, past het uitvoeren van 
een invasieve schildwachtklierprocedure, met als doel het vertrouwen te verhogen in 
een negatieve preoperatieve indicatie voor systemische therapie, niet goed binnen het 
paradigma van een niet-invasieve behandeling. Daarom is vooral bij patiënten met een 
negatieve preoperatieve indicatie voor systemische therapie aanvullende preoperatieve 
karakterisatie van borstkanker wenselijk.

Deel 2 - MRI bij een vroeg stadium van borstkanker

Onze hypothese was dat DCE-MRI, welke reeds klinisch wordt uitgevoerd om de 
omvang van tumoren te beoordelen, tevens aanvullende informatie kan bevatten over 
de prognose van patiënten. In Hoofdstuk 3 hebben wij ons onderzoek gepresenteerd 
betreffende randaankleuring van borstkanker op DCE-MRI, dat wil zeggen meer 
uitgesproken contrast aankleuring aan de rand van de tumor ten opzichte van het 
centrum van de tumor, en het verband met de prognose voor patiënten. Hierbij hebben 
wij gevonden dat randaankleuring sterk was geassocieerd met een bepaald subtype 
van kanker: triple-negatieve borstkanker. Ook was er een sterke associatie tussen de 
aanwezigheid van rand aankleuring op DCE-MRI en een inferieure resultaat op lange 
termijn bij patiënten met dit subtype. Rand aankleuring op  MRI bleek hiermee een 
complementaire waarde te hebben naast de subtypering van borstkanker. Binnen de 
groep van triple-negatieve borstkanker hadden patiënten met een randaankleurende 
tumor veel vaker tumorrecidief en bleken ze vaker te bezwijken aan de gevolgen hiervan 
dan patiënten met een niet-randaankleurende tumor. Hiermee zou randaankleuring 
kunnen dienen als een predictieve MRI biomarker voor therapie selectie bij patiënten 
met triple-negatieve borstkanker.

Deel 3 - MRI en PET/CT bij lokaal gevorderde borstkanker

DCE-MRI is een geaccepteerde aanpak om de respons van lokaal gevorderde 
borstkanker op neoadjuvante chemotherapie (NAC) te controleren. Echter is het 
gebleken dat de nauwkeurigheid hiervan afhangt van het borstkanker subtype. Om deze 
reden is de toegevoegde waarde van andere beeldvormende technieken onderzocht, 
zoals positron emissie tomografie geïntegreerd met computed tomography (PET/
CT). Recente resultaten suggereren inderdaad dat bij het controleren van de respons 
van tumoren op behandeling een complementaire waarde bestaat tussen DCE-
MRI en fluorodeoxyglucose (¹⁸F-FDG)-PET/CT (12). Echter, het aantal patiënten 
in deze studie was onvoldoende om ook praktische richtlijnen te bepalen hoe deze 
technieken optimaal gebruikt zou kunnen worden in de klinische workflow. In 
Hoofdstuk 4 hebben wij onze studie gepresenteerd, waarbij wij praktische richtlijnen 
hebben verkend betreffende het gebruik van MRI en PET/CT om de respons van 
borstkanker op NAC te controleren. Hierbij hebben wij rekening gehouden met 
het borstkanker subtype en hebben wij verschillende beeldvorming-scenario’s 
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systematisch onderzocht: een scenario met enkel MRI, een scenario met enkel PET/
CT, en combinaties hiervan. Het doel was om een gebrek aan tumor respons op 
NAC te voorspellen, onder de voorwaarde dat het ten onrechte het voorspellen van 
tumor-respons niet meer was dan 10%. Op deze wijze zou adequaat kunnen worden 
ingegrepen bij patiënten waarbij respons ontbreekt, terwijl het risico op een interventie 
bij patiënten met een goede response wordt geminimaliseerd. Gezien de resultaten 
van deze studie, concludeerden wij dat bij patiënten met een ER-positieve tumor een 
combinatie van MRI en PET/CT mogelijk optimaal is. Voor humane epidermale 
groeifactor receptor 2 (HER2)-positieve tumoren en voor triple-negatieve tumoren, 
is DCE-MRI de optimale techniek om de respons te controleren. Bij HER2-positieve 
tumoren werd hierbij een duidelijk voordeel gezien van DCE-MRI ten opzichte van 
PET/CT-beeldvorming, ook ten opzichte van de gecombineerde scenario’s. Echter, 
voor triple-negatieve tumoren kan PET/CT een geschikt alternatief zijn voor MRI, 
bijvoorbeeld bij patiënten met contra-indicaties voor MRI.

Deel 4 - 7T MRI bij een vroeg stadium van borstkanker

Naast DCE-MRI zijn er andere MRI technieken welke informatie kunnen 
verschaffen betreffende tumorbiologie, bijvoorbeeld DWI en 31P-MRS. In onze 
studies veronderstellen wij dat naast DCE-MRI, de informatie van DWI en 31P-MRS 
van aanvullende waarde kunnen zijn voor preoperatieve karakterisatie van tumoren. 
Om deze hypothese te onderzoeken, zijn we begonnen met de Patient Risk based On 
Functional MRI (PROFILE)-study, ofwel een studie naar patiënt-risico op basis van 
functionele MRI. In deze prospectieve studie werden patiënten geïncludeerd met een 
invasief mammacarcinoom die in aanmerking kwamen voor borstsparende therapie. 
Het primaire doel was om te onderzoeken of wij met behulp van een preoperatieve 
7T MRI een indicatie voor systemische therapie konden geven bij patiënten met 
vroeg stadium van borstkanker, waarbij er slechts een beperkt risico mocht zijn 
op een onjuiste preoperatieve indicatie. Hiervoor hebben wij op de preoperatieve 
beeldvorming gepoogd om biomarkers te identificeren die overeenkomen met 
postoperatieve risicofactoren van borstkanker recidief en sterfte. Hierbij baseerden 
wij ons postoperatieve karakteristieken uit het resectie preparaat.

In Hoofdstuk 5 presenteren wij de eerste exploratieve resultaten van de PROFILE-
study. Voor 31P-MRS, bleek de verhouding tussen phosphomonoesters en fosfodiesters 
te zijn gecorreleerd met de mitosetelling op de postoperatieve histopathologie. De 
mitosetelling is een biomarker voor tumor proliferatie. Tumoren met een hoge 
verhouding van phosphomonoesters bij 31P-MRS hadden een hogere mitosetelling 
op het postoperatieve onderzoek. Voor DWI werd een omgekeerde trend gevonden 
tussen de schijnbare diffusiecoëfficiënt (ADC) en tumorgraad, wat een marker is 
voor tumordifferentiatie. Lagere ADC werd gevonden in tumoren met een hogere 
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tumorgraad. De resultaten van deze exploratieve studie toonden de haalbaarheid aan 
van het klinische gebruik van multiparametrische 7T borst MRI, alook de potentie 
om op preoperatieve beeldvorming biomarkers te identificeren die geassocieerd zijn 
met tumor differentiatie en proliferatie. Volgend op dit onderzoek hebben we als 
hypothese gesteld dat deze biomarkers bovendien van complementaire waarde kunnen 
zijn in de preoperatieve selectie van systemische therapie bij individuele patiënten.

In Hoofdstuk 6 hebben we de resultaten gepresenteerd van de PROFILE-study om 
een besluit model te vormen betreffende een preoperatieve indicatie voor systemische 
therapie bij een vroeg stadium van borstkanker. De resultaten van deze studie 
bevestigden de resultaten van de studie beschreven in hoofdstuk 2, waarbij een positieve 
preoperatieve indicatie voor systemische therapie zeer representatief bleek te zijn 
voor een positieve postoperatieve indicatie voor systemische therapie. Een negatieve 
preoperatieve indicatie toonde wederom een inferieure overeenkomst. Echter, een 
negatieve preoperatieve indicatie was wel juist als tumoren werden geselecteerd met 
een afmeting van 2,0 cm of kleiner op DCE-MRI en met een PME≤PDE score op 
31P-MRS. Hieruit kunnen we concluderend dat borst MRI, met name DCE-MRI 
en 31P-MRS, preoperatief een extra waarde heeft bij het selecteren patiënten met een 
vroeg stadium van borstkanker die niet zullen profiteren van systemische therapie.

Toekomstperspectieven

In dit proefschrift wordt MRI voorgesteld als een techniek om borstkanker te 
karakteriseren, waaruit tevens predictieve en prognostische waarde kan worden 
gehaald voor patiënten met borstkanker. We zijn ermee bekend dat preoperatieve 
MRI als extra instrument voor tumor stadiëring in de algemene patiëntenpopulatie 
momenteel ter discussie staat, bijvoorbeeld omdat duidelijke voordelen op het 
gebied van borstkanker therapie niet zijn aangetoond (13). Verder, hoewel 7T MRI 
kan worden gezien als een instrument waarmee ultra-hoge ruimtelijke en temporele 
resoluties kunnen worden behaald (14, 15), zijn de klinische voordelen van dergelijke 
hogere resoluties nog onbekend. Echter, het doel van dit proefschrift was niet om 
de invloed van een preoperatieve MRI op het uiteindelijke behandelresultaat te 
beoordelen, noch om de chirurgische behandeling aan te passen op basis van de 
resultaten van MRI. Het doel was om te onderzoeken of de tumor kenmerken op 
MRI informatie bevatten over de prognose van patiënten, waarbij we verder kijken 
dan enkel de grootte van de tumor. Voor zover het ons bekend is, ontbreekt deze 
informatie momenteel, terwijl bij 85% van de patiënten die een preoperatieve borst 
MRI ondergaan geen afwijkende tumor stadiëring wordt aangetoond in vergelijking 
met conventionele beeldvorming (16). Uit onze onderzoeken kunnen we concluderen 
dat MRI inderdaad kenmerken van borstkanker bevat welke kunnen fungeren als 
biomarkers met voorspellende waarde. Deze biomarkers zijn bovendien van waarde 
bij een adequate therapie selectie in geselecteerde patiënten met borstkanker.



Samenvatting en discussie

153

&

De resultaten van dit onderzoek zouden naar de klinische praktijk vertaald kunnen 
worden in twee stappen. Als eerste stap, kunnen een preoperatieve histopathologische 
beoordeling van tumor graad en ER-status worden toegevoegd aan de klinische 
protocollen. Dergelijke preoperatieve histopathologische evaluatie zou een voordeel 
kunnen zijn bij patiënten met een vroeg stadium stadium van borstkanker omdat een 
positieve preoperatieve indicatie voor systemische therapie nauwkeuring is in 94% 
van de patiënten (17). Met deze benadering kan een indicatie voor NAC worden 
uitgebreid naar patiënten met vroeg stadium van borstkanker die een positieve 
preoperatieve indicatie voor systemische therapie hebben, terwijl deze benadering 
nu nog beperkt is tot patiënten met een lokaal uitgebreide borstkanker of met 
uitzaaiingen in de lymfeklieren. Een voordeel van NAC is dat de respons van tumoren 
op de behandeling is te volgen, waardoor een behandeling kan worden aangepast of 
zelfs kan worden gestaakt wanneer een tumorrespons ontbreekt. Deze voorgestelde 
benadering kan naar verwachting resulteren in een therapie op maat voor patiënten 
met een vroeg stadium van borstkanker.

Als tweede stap zou een multiparametrische 7T borst MRI kunnen worden toegevoegd 
bij patiënten met een vroeg stadium van borstkanker die een negatieve preoperatieve 
indicatie hebben voor systemische therapie. Binnen deze groep was een negatieve 
preoperatieve indicatie zeer nauwkeurig voor tumoren van 2,0 cm of kleiner op DCE-
MRI en een PME≤PDE score op 31P-MRS. Deze geselecteerde patiënten kunnen 
derhalve geschikt zijn voor een minder invasieve behandeling, en de toevoeging van 
een 7T MRI in deze subgroep kan een impuls geven aan lopende studies betreffende 
minder- en niet-invasieve technieken voor de behandeling van borstkanker. Echter, 
zijn onze resultaten slechts op basis van 46 patiënten. Daarom zal het onderzoek 
eerst nog een prospectieve validatie moeten ondergaan in een onafhankelijke groep 
patiënten alvorens deze tweede stap daadwerkelijk klinisch toegepast kan worden.

Toekomstige technische perspectieven wat betreft 7T MRI omvatten vooral 
verbeteringen in de signaal-ruisverhouding en B1+ doordringing richting de 
borstwand, die momenteel tot inhomogeniteiten kan leiden (18, 19). Voortdurende 
verbeteringen in spoelontwerp, antennes (20), gebruik van multidimensionale RF 
pulsen ter compensatie van niet-uniforme velden (21), alsook naverwerking van 
beelden de robuustheid en de kwaliteit van de beeldvorming zullen dit ten goede 
komen. De huidige uitdagingen in 7T MRI zullen hiermee uiteindelijk overwonnen 
worden, waarmee de volledige potentie van multiparametrische 7T MRI kan worden 
blootgelegd. Dit kan mogelijk ook voordeel bieden voor de visualisatie van de axillaire 
lymfeklieren. Momenteel gaat hier nog veel informatie verloren door het gereduceerde 
signaal richting de borstwand en de oksel.
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Momenteel is bekend dat de cortex dikte van lymfeklieren op beeldvorming 
geassocieerd is met de aanwezigheid van lymfkliermetastasen (22). Op basis van 
onze resultaten in hoofdstuk 6, veronderstellen we echter dat beeldvorming van de 
primaire tumor een veel grotere rol kan spelen om het risico van metastasen in de 
lymfeklieren te beoordelen dan enkel beeldvorming van de oksel zelf. In Hoofdstuk 6 
werd reeds in 46 patiënten een significant verband aangetoond tussen 31P-MRS van 
de primaire tumor en de lymfklierstatus. Op deze manier kunnen MRI biomarkers 
van de primaire tumor aanvulling bieden op biomarkers die op minder invasieve wijze 
zijn verkregen om preoperatief patiënten te kunnen selecteren met een laag risico op 
lymfkliermetastasen.

In dit proefschrift hebben we aangetoond dat 31P-MRS van toegevoegde waarde 
kan zijn om de proliferatie van borstkanker te karakteriseren naast de visualisatie 
van tumor grootte door DCE-MRI. Een directe vertaling van deze resultaten naar 
de dagelijkse kliniek zal echter niet gemakkelijk te realiseren zijn omdat 31P-MRS 
niet binnen klinisch haalbare scantijden kan worden uitgevoerd op 1.5T en 3.0T 
MRI-systemen. Mogelijk dat beeldvorming van natrium concentraties met 23Na-
MRI een meer directe vertaling naar klinische MRI-scanners tot gevolg kan hebben. 
In tegenstelling tot 31P-MRS kan deze techniek wel worden uitgevoerd op 1.5T en 
3.0T MRI-systemen. Met deze techniek is het mogelijk om informatie te verschaffen 
over tumormetabolisme omdat de natrium concentraties in weefsel worden beïnvloed 
door veranderingen in de cellulaire organisatie en het energiemetabolisme. Verhoogde 
niveaus van natrium zijn reeds aangetroffen in kwaadaardig weefsel (23). Echter, 
of 23Na MRI kan dienen als een predictief of prognostisch hulpmiddel is nog niet 
bekend, terwijl 31P-MRS op 7T MRI wel reeds een potentie heeft aangetoond als 
biomarker voor borstkanker. Bovendien, met wereldwijd ongeveer 40 MRI systemen 
werkend op een 7T veld of hoger (24), zou 31P-MRS mogelijk kunnen dienen als 
een zeer gespecialiseerd systeem dat van complementaire waarde is in een subgroep 
van borstkankerpatiënten, zoals moleculaire essays ook een complementaire waarde 
hebben in een subgroep van patiënten.

Zoals hierboven vermeld, kan NAC verder geïndividualiseerde therapie 
bewerkstelligen. Echter, de mogelijkheid om respons van tumoren op NAC te 
monitoren is afhankelijk van de beeldvormingstechniek. In dit proefschrift hebben 
we onderzoek gedaan naar praktische richtlijnen betreffende het gebruik van DCE-
MRI en PET/CT in verschillende subtypes van borstkanker. Hiervoor hebben wij 
gebruik gemaakt van beeldvorming biomarkers van DCE-MRI en PET/CT die 
momenteel ook worden gebruikt in de klinische praktijk, namelijk tumor grootte 
op DCE-MRI en de maximale standardized uptake value (SUV-max) van tumoren 
en lymfklieren op PET/CT. In toekomstige studies kunnen echter meer biomarkers 
van DCE-MRI en PET/CT worden toegevoegd. Voor MRI kan hierbij worden 
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gedacht aan DWI en 31P-MRS, die in onderzoeksomgevingen reeds toegevoegde 
waarde hebben aangetoond (25;26). Voor PET/CT kan hierbij worden gedacht aan 
de totale laesie glycolyse, of kan worden overwogen om in specifieke borstkanker 
subtypes beeldvorming met ¹⁸F-fluoroestradiol of 89Zr-trastuzumab toe te passen (27; 
28). Verder kunnen geavanceerde beeldverwerkingstechnieken ons voorzien met extra 
biomarkers die met het oog moeilijk zijn te detecteren (29;30). Echter blijft de kracht 
van de analyses in de studies nog wel een uitdaging, aangezien slechts 5% tot 10% van 
de patiënten met ER-positieve borstkanker een volledige pathologische respons in de 
tumor en in de oksel bereiken.

Samenvatting en Conclusies

Een nauwkeurige karakterisatie van borstkanker voor behandeling is wenselijk, 
en MRI kan een rol spelen wat betreft de afwijkende preoperatieve informatie uit 
de conventionele preoperatieve borstkanker diagnostiek. MRI van de borst heeft 
potentie laten zien in het verschaffen van informatie betreffende tumorbiologie, welke 
gerelateerd is aan de prognose van de patiënt. Zo is aangetoond dat de aanwezigheid 
van randaankleuring op DCE-MRI een sterke associatie heeft met een inferieur lange 
termijn resultaat bij patiënten met een triple-negatieve borstkanker, waarmee dit een 
voorspellende biomarker is welke een rol kan dienen in verdere individualisatie van 
therapie. Voor de beeldvorming van tumor respons op NAC kan een combinatie 
van DCE-MRI en PET/CT resulteren in een optimale respons monitoring van ER-
positieve tumoren. Echter, voor HER2-positieve en triple-negatieve tumoren werd 
respons monitoring met alleen DCE-MRI optimaal bevonden. Multiparametrische 
beeldvorming, met DCE-MRI, DWI, en 31P-MRS op 7T, heeft aangetoond om klinisch 
haalbaar te zijn, en heeft potentie laten zien in de visualizatie van tumor biomarkers. 
Er zijn associaties gevonden tussen ADC en tumorgraad, alsook tussen 31P-MRS en 
mitosetelling op de histopathologie bij invasieve borstkanker. Met betrekking tot de 
selectie van behandeling bij patiënten met een vroeg stadium van borstkanker, blijkt 
in de preoperatieve setting een positieve indicatie voor systemische therapie een hoge 
overeenkomst te vertonen met een positieve postoperatieve indicatie. Gebaseerd op 
conventioneel diagnostisch onderzoek, bestaande uit conventionele beeldvorming, 
tumorbiopsie, en de evaluatie van de lymfeklieren met echografie en cytologische 
punctie van verdachte lymfeklieren, kan een indicatie voor NAC worden uitgebreid 
naar patiënten met een vroeg stadium van borstkanker die een positieve preoperatieve 
indicatie voor systemische therapie hebben. Bij een negatieve preoperatieve indicatie 
kan MRI een rol spelen, waarbij DCE-MRI en 31P-MRS het vertrouwen in de richting 
van een negatieve postoperatieve indicatie konden verhogen. In toekomstig perspectief 
zouden deze patiënten, na validatie van onze huidige resultaten, geselecteerd kunnen 
worden voor een minder invasieve behandeling.
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Dankwoord

Met het schrijven van het dankwoord komt het einde van mijn tijd als promovendus 
nu echt in zicht. Zoals een wijs man ooit zei, er is een tijd van komen en een tijd van 
gaan, en mijn tijd van gaan is nu gekomen. Er zijn velen mensen die ik zou willen 
bedanken voor deze bijzondere en leervolle periode.

Om te beginnen Kenneth Gilhuijs, mijn co-promoter. Sinds mijn wetenschappelijke 
stage in het AvL ken ik je niet anders dan vol enthousiasme. Ook tijdens mijn 
promotie was je onvermoeibaar en nam je altijd de tijd om mij de fijne kneepjes 
van het wetenschapsvak bij te leren. Naast dat ik je heb leren kennen als een zeer 
vakkundige wetenschapper, ben je boven alles een ontzettend aardig en goed mens. 
Ik heb mijn promotie onderzoek altijd met veel plezier uitgevoerd en daar heb jij een 
grote rol in gespeeld, dank hiervoor. Ik hoop dat ik alle kennis uit mijn promotie tijd 
ooit weer door kan geven.

Tevens veel dank aan Wouter Veldhuis, co-promotor, voor alle tijd die je in de 
PROFILE studie hebt gestoken. Ondanks de drukke kliniek was er altijd tijd om naar 
de 7T beelden te kijken, waarbij de klinische visie op de onderzoeksresultaten van 
groot belang is geweest. 

Uiteraard gaat ook bijzonder veel dank uit naar de beiden professoren die ik mijn 
promotor mag noemen, Max Viergever en Willem Mali. Vanaf de achtergrond heb ik 
van jullie beiden altijd veel steun en een eindeloos vertrouwen gekregen. Bovendien 
zijn jullie mede verantwoordelijk voor de optimale onderzoeksomgeving waar ik van 
heb mogen proeven in het UMC Utrecht, waarvoor veel dank.

Graag wil ik Prof.dr. P.J. van Diest, Prof.dr. P.R. Luijten, Prof.dr. R.M. Pijnappel, Prof.
dr. E.J.Th. Rutgers, en Prof.dr. E. van der Wall, de leden van mijn promotiecommissie, 
bedanken voor de tijd en moeite die u allen heeft genomen voor het beoordelen van 
mijn manuscript.

Veel dank ook aan de ‘7 Tesla groep’, om te beginnen Dennis Klomp. Ruim twee 
jaar geleden bood je mij een werkplek aan op de ‘7 Tesla gang’, waarna de opzet 
van scanprotocollen, vrijwilligers-studies, en het contact met het ‘coil-lab’ een stuk 
vlotter begon te lopen. Ik ben blij dat we een stap hebben kunnen zetten richting 
klinisch gebruik van 7T Breast MRI. Daarbij ook veel dank aan Tijl van der Velden, 
waarmee ik uren en uren heb gewerkt om het maximale uit de 7T MRI te halen. Van 
het scannen van fantomen naar vrijwilligers, van vrijwilligers naar patiënten, en een 
enkele keer toch ook weer terug naar de fantomen, het was een mooi avontuur. Mooi 
om te zien hoe goed we het uiteindelijk hebben gekregen. Wybe van der Kemp, jij 
veel dank voor je ondersteuning  en expertise bij het gebruik van ³¹P-MRS, wat een 
veelbelovende techniek bleek te zijn. Tevens veel dank aan Vincent Boer voor alle 
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ondersteuning in de loop der tijd, Bertine Stehouwer voor de hulp bij het opstarten 
van het scannen, alsook dank aan alle betrokkenen van het coil-lab, in het bijzonder 
Marc en Michel. Uiteraard ook dank aan Erwin en Jannie, alsook veel succes met het 
voortzetten van het mooie spectro onderzoek!

Schrijvend over de PROFILE-studie gaat misschien nog wel de meeste dank uit naar 
alle patiënten die in de afgelopen jaren onbaatzuchtig hebben deelgenomen aan 
deze studie. Dat deze vrouwen ondanks de moeilijke tijd waar zij zich in bevonden 
toch nog de kracht en energie vonden om mee te doen aan onze studie is zeer 
bewonderenswaardig en inspirerend. Ik hoop dat het allen goed vergaat. Wij zullen in 
ieder geval de komende jaren verder gaan om alles uit de PROFILE-studie te halen.

Dank ook aan alle betrokkenen uit het Albert Schweitzer ziekenhuis, die een sleutelrol 
hebben gespeeld in de patiënten inclusie voor de PROFILE studie. Ongelofelijk 
hoeveel werk we hebben verzet in zo een korte tijd. Mogelijk dat mijn belofte om 
bij iedere tien inclusies met taart aan te komen heeft geholpen… weet in ieder 
geval zeker dat de lokale taartenwinkel een top jaar heeft gedraaid. Veel dank aan de 
mammaverpleegkundigen, met name Ria Rozendaal. Dank voor je centrale rol tijdens 
de patiënten inclusie, alsook voor het delen van mijn enthousiasme, zou niet weten 
hoe we het zonder jouw hulp hadden moeten doen. Uiteraard ook dank voor alle 
gezelligheid! Tevens dank Anneke Ritsema en Chandra Ramlal. Natuurlijk dank aan 
alle chirurgen betrokken bij de inclusie, met name Marian Menke-Pluijmers, Peter 
Plaisier, Paul Vegt, Erik von Meyenfeldt, en Maartje Sier. Dank aan alle radiologen 
die betrokken zijn geweest bij de studie, Marc Kock, Pieter van der Valk, Albert ter 
Braak, Bob Bisschops, Elise Brouwers-Kuyper, Peter Ophof, Remmert Storm, Tadek 
Hendriksz en Ingrid Bruijnzeel. Verder uiteraard, last but not least, dank aan de 
afdeling pathologie van het Albert Schweitzer ziekenhuis, met name Pieter Westenend, 
hartelijk dank voor alle energie en al het enthousiasme dat je in de studie hebt gestopt!

Naast de PROFILE studie zijn er uiteraard ook nog andere projecten waar ik de 
afgelopen jaren aan heb gewerkt. Om te beginnen zou ik Joost Oudejans, patholoog 
in het Diakonessenhuis willen bedanken. Velen uren hebben wij doorgebracht met 
het scoren van de tumorgraad op de mamma-biopten. Dank voor de goede tijd in het 
Diakonessenhuis, alsook alles wat ik heb mogen leren over de scoring van mamma-
biopten. Mocht in de toekomst de patholoog eens afwezig zijn, dan zou ik toch een 
heel eind moeten komen. Dank voor alle tijd en energie die je met mij in het project 
hebt gestopt, alsook dank voor alle verhalen over de vaderlandse geschiedenis, werd 
zeer gewaardeerd!

Tevens gaat mijn dank uit naar meerdere mensen uit het Antoni van Leeuwenhoek. 
Na mijn wetenschappelijk stage in 2009, onder begeleiding van Claudette Loo en 
als kamergenoot van Kenneth Pengel, was het een groot plezier om nogmaals met 
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jullie beiden samen te mogen werken. Tevens veel dank aan Wouter Vogel, Jelle 
Wesseling, Suzana Teixeira, Emiel Rutgers, Renato Valdés Olmos, Gabe Sonke, 
Sjoerd Rodenhuis, en Marie Jeanne Vrancken Peeters voor de goede samenwerking. 
Het Antoni van Leeuwenhoek is mijns inziens betreffende de oncologie niet alleen in 
Nederlands opzicht een topinstituut, maar ook wereldwijd gezien. Het was een eer 
om hier tijdens mijn promotie meerdere projecten te mogen uitvoeren.

Met veel plezier heb ik in de afgelopen jaren meerdere werkplekken in het UMC 
Utrecht versleten. Om te beginnen de club uit het WKZ, beste Bruno, Floor en 
Chantal bedankt voor de goede tijden en veel succes met de laatste stappen van jullie 
onderzoek. Uiteraard de gehele 7T groep, maar in het bijzonder mijn kamergenoten 
Fredy, Jannie, Nikki en Irene, dank voor de leuke tijd! Tenslotte uiteraard de OiO 
steeg met Bob, Frank, Jelmer, Miekee, en uiteraard in het bijzonder mijn nieuwe 
IMDI collega’s Bas, Hui San, Mike en Erik.  Veel succes in de komende jaren, volgens 
mij kunnen we nog grote successen verwachten!

Dank ook aan een grote groep van de Radiologie, in het bijzonder Andy, Barentsz, 
Braber, Do, Esther, Floor, Foppen, Gisela, Hanke, Herwie, Joost, Kockelkoren, Merel, 
Nis, Prince, Smits, Suzanne, Takx en Willemink, waarmee ik zowel in binnen als 
buitenland bijzonder veel plezier heb beleefd in de afgelopen jaren. Gelukkig zullen 
we elkaar in de toekomst nog vaak genoeg tegenkomen! 

Amsterdamse vrienden heel veel dank voor alle mooie tijden buiten het werk. Zonder 
de benodigde afleiding en humor van jullie allen zou het leven toch een stuk minder 
mooi zijn. Dat we met z’n allen nog jaren vrienden mogen zijn! Nog even in het 
bijzonder Jansen, goede vent, broeder van een andere moeder, ben blij met jou als 
paranimf aan mijn zijde!

Vanzelfsprekend veel dank ook aan mijn lieve schoonfamilie, dank voor alle steun 
die ik altijd van jullie mag ontvangen, ben blij dat ik in zo’n warme familie ben 
opgenomen. Altijd attent, altijd enthousiast, altijd geïnteresseerd, dank jullie!

Lieve oma, ieder jaar lijkt u nog energieker en nog kwieker te worden, wat een 
goed voorbeeld voor ons ieder! De lessen die ik ooit van u heb geleerd over in het 
indonesisch onderhandelen en voet bij stuk houden - Berapa? Terlalu mahal! - die zal 
ik uiteraard ook van harte nemen bij de verdediging van mijn proefschrift, fantastisch 
dat u er bij bent!

Dan mijn lieve broers en zus. Japie, ben trots dat je aan mijn zijde staat als paranimf. 
Naast broers ook nog goed vrienden, het is niet iedereen gegund, maar ons 
gelukkig wel. Hoop dat we nog velen jaren mooie avonturen mee mogen maken. 
Altijd trots op je, en weet zeker dat je tweelingbroer Arjan dat ook is! Lieve An, in 
sommige dingen ben jij natuurlijk een voorbeeld voor mij geweest. Naast dat dit 
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waarschijnlijk komt omdat je zulke wijze keuzes maakt, ben je in mijn ogen – en denk 
ik van velen anderen - ook gewoon een heel inspirerend en enthousiasmerend mens. 
Zal bovendien nooit vergeten hoe jij tijdens mijn groentijd de IB-groep hebt gestalkt… 
veel dank daarvoor!

Mijn lieve ouders, op wie ik altijd kan bouwen, dank voor jullie onvoorwaardelijke 
steun. In sport, opleiding, als ook alles daarbuiten, van jullie heb ik altijd alle kansen 
gekregen. Nu, van basisschool naar middelbare school, en van propedeuse naar bul-
uitreiking, ben ik hard op weg naar de doctor-titel, wat een feest!

Uiteraard komen de belangrijkste mensen altijd als laatste aan bod. Lieve Claudia, 
lieve Clau… zonder jou was dit allemaal natuurlijk nooit gelukt. Dank voor je 
onvoorwaardelijke steun, in goede en in slechte tijden. Dank voor je enthousiasme, 
je positiviteit, je passie, en je inspiratie. Mijn grote liefde, regelmatig mijn voorbeeld, 
en altijd mijn kameraad. Dat wat we nu hebben maar voor altijd mag blijven duren! 
Love you!

Nu alleen nog de verdediging van mijn proefschrift…
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