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Chapter 1

Introduction

The purpose of radiotherapy is to kill malignant cells while sparing the surrounding 
organs at risk as much as possible. Within daily radiotherapy practice, a precarious 
balance must therefore be achieved between tumor control and treatment toxicity. 
Since normal cells have a larger repair capacity than tumor cells, the total dose that 
is required to kill a tumor is usually divided over multiple treatment fractions. Ho-
wever, dose fractionation alone is not enough to avoid treatment toxicity. Accurate 
definition of the radiotherapy target volume is also essential. For target definition, 
the differentiation between the target tissue and the surrounding organs at risk is 
key. As a result, the ability to visualize and define the radiotherapy target largely 
determines the treatment accuracy and toxicity. Other main factors influencing tre-
atment accuracy are daily set-up errors and inter- and intra-fraction motion.
Radiotherapy target definition is most commonly performed using computed to-
mography (CT) imaging. Due to the low soft-tissue contrast of CT, other imaging 
modalities are often used to aid target definition. Magnetic resonance imaging 
(MRI) with its variety of sequences, provides superior soft-tissue contrast and can 
reflect different tissue characteristics. The potential of MRI-guided radiotherapy tar-
get definition has already been shown in other tumor sites as cervix, prostate and 
rectal cancer [1-5]. Another attractive advantage of MRI is the possibility to acquire 
images with a high temporal resolution. Dynamic visualization of the radiotherapy 
target during treatment would allow for direct motion compensation, which could 
increase the treatment accuracy by allowing smaller margins. Direct motion com-
pensation may thus lead to a reduced dose to organs at risk and/or an increased 
dose to the tumor. 
Considering the aforementioned advantages of MRI, the department of Radiation 
Oncology at the University Medical Center Utrecht is developing a radiotherapy ac-
celerator with fully integrated diagnostic MRI functionality in cooperation with Elek-
ta AB and Philips (Figure 1). In this MRI-linac design, a 1.5 T cylindrical MRI scanner 
(Philips, Best, The Netherlands) is integrated with an 8 MV radiotherapy accelerator 
(Elekta AB, Stockholm, Sweden), which is mounted on a ring-shaped gantry [6, 7].
The MRI-linac has the potential to improve radiotherapy accuracy for various tumor 
sites including cervical, prostate and rectal cancer. Among women worldwide, bre-
ast cancer remains the most common malignancy. Since the introduction of breast 
cancer screening, most patients are diagnosed with breast cancer in an early stage 
and treated by breast-conserving therapy consisting of breast-conserving surgery 
followed by whole breast irradiation. The potential of MRI-guided radiotherapy has 
already been shown for other tumor sites. In order to explore whether early-stage 
breast cancer patients could benefit from future treatment by MRI-linac, the main 
focus of this thesis is to study the potential of MRI-guided radiotherapy in early-sta-
ge breast cancer patients. Several aspects of MRI-guidance are described, such as 
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potential magnetic field effects, MRI-guided target definition and the potential for 
an MRI-guided ablative radiotherapy approach.

Breast cancer

Breast cancer is the most common malignancy among woman worldwide 1. In-
cidence rates are the highest in Western European countries. In the Netherlands, 
women are at a 13% risk of being diagnosed at some point during their life 2. With 
14,000 patients newly diagnosed with invasive breast cancer in the Netherlands in 
2012, the incidence is still rising since the introduction of breast cancer screening in 
the early nineties (Figure 2) [8]. As our population ages and diagnostic imaging mo-
dalities are improving, we are likely to see a further increase in incidence [9]. In the 
majority of women diagnosed with breast cancer, the tumor is detected at an ear-
ly-stage [10-12]. Therefore, most patients can be treated locally with breast-conser-
ving therapy with or without adjuvant systemic therapies. Breast-conserving the-
rapy, which is a combination of lumpectomy followed by radiotherapy, has shown 
survival equivalence with mastectomy, while preserving the affected breast [13]. 
However, breast-conserving treatment has some limitations. Due to its fractionated 
character, the radiotherapy treatment duration of several weeks makes it costly and 
time consuming [14]. Furthermore, the treatment volumes as excised by the surge-
on or irradiated by the radiation oncologist can be large. As described by several 
studies, these large treatment volumes can lead to increased treatment toxicity and 
impaired cosmetic results [15-18].  

Figure 1 A Schematic design of the MRI-linac concept [6]. The 1.5T MRI is shown in blue (1), the 8 
MV accelerator (2) is located in a ring around the MRI. The split gradient coil (3) is shown in yellow 
and the superconducting coils (4) in orange. The light blue ring around the MRI indicated the low 
magnetic field torus (5) in the fringe field. B Prototype of the MRI-linac.
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Breast Radiotherapy

Whole breast and accelerated partial breast irradiation

Radiotherapy following breast-conserving surgery is an integral part of breast-con-
serving treatment [13]. Traditionally, the whole breast is irradiated, with an additio-
nal boost dose to the tumor bed in patients with a higher risk of local recurrence 
[19]. The conventional whole breast irradiation took 5 to 7 weeks of daily treatment, 
depending on disease characteristics and the applied fractionation scheme. This 
long treatment duration resulted in costly treatment and inconvenience for the pa-
tient. The UK and Canadian hypofractionation studies in whole breast irradiation 
showed that the use of hypofractionated schedules of 3 to 5 weeks was equally ef-
fective in terms of local control, survival, toxicity and cosmetic results [20-23]. Sever-
al years ago, these hypofractionated schedules have therefore also been adopted in 
the Netherlands, and has resulted in decreased overall treatment time (i.e. 16 to 23 
radiation treatments). 
Despite the shorter periods of irradiation treatment, the still prolonged treatment 
duration causes some patients to opt for mastectomy or to undergo suboptimal 
treatment by omitting radiotherapy after lumpectomy, or to choose endocrine tre-
atment instead of any surgery [24-26]. Because of these downsides, further treat-
ment acceleration up to 5 fractions (of 5.2 Gy or 5.4 Gy) in 1 week, is currently under 
investigation in the multicenter FAST-forward trial [27]. 
Another treatment option currently intensively studied as an alternative to whole 
breast irradiation in early-stage breast cancer patients is accelerated partial breast 
irradiation (APBI). ABPI is based on the principle that since most breast cancer recur-
rences occur in the region of the original tumor bed, irradiation of the entire breast 

Figure 2 Incidence of invasive breast cancer in the Netherlands 1989-2012 [8].
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may potentially be omitted in carefully selected patients with low risk of local recur-
rence. [28][29, 30]. Low risk disease criteria are patient age over 50 or 60 years, fa-
vorable histological subtype (i.e. invasive ductal carcinoma), unifocal tumor below 
2 or 3 cm, negative resection margins, absence of lymphovascular invasion, estro-
gen status positive, no extensive DCIS around the tumor, and negative lymph node 
status. By reducing treatment volumes using APBI, higher radiation doses may be 
delivered over the course of a shorter treatment period. Such larger radiation doses 
could potentially reduce overall treatment time resulting in decreased inconvenien-
ce for the patients and health care costs [14]. Moreover, the dose to the surrounding 
organs at risk including heart and lungs can be reduced. 

Several different APBI techniques have been developed since its introduction, in-
cluding interstitial and balloon-based brachytherapy, radioactive breast seed brac-
hytherapy and intraoperative radiotherapy [31-34]. Furthermore, APBI can also be 
delivered by standard external beam radiotherapy (EBRT) [35]. Each technique has 
its own strengths and weaknesses. For EBRT, its non-invasive character, the wide 
availability of linear accelerators, and the extensive experience with this technique, 
make it arguably one of the most accessible treatment options for APBI. This thesis 
will mainly focus on EBRT. 

Breast tumor bed definition 

The objective of both boost radiotherapy and APBI is to adequately irradiate mi-
croscopic disease in the tumor bed and its surrounding rim of tissue in order to 
prevent disease from recurring locally. In daily clinical practice, tumor bed definition 
is performed on a radiotherapy planning CT scan, which is acquired several weeks 
after lumpectomy. On this CT scan, the radiation oncologist contours the tumor 
bed based on titanium clips inserted by the surgeon, architectural distortions, sero-
ma formation, scar position, preoperative imaging and clinical breast examination 
(Figure 3). Subsequently, this contour is expanded to a clinical target volume (CTV) 
to account for subclinical microscopic disease in the rim of tissue surrounding the 
tumor bed [36]. To ensure adequate coverage of the CTV during radiotherapy, ano-
ther margin expansion is applied to account for geometric uncertainties like setup 
variation and organ motion. This final volume is called the planning target volume 
(PTV). In addition, organs at risk of radiation exposure in the radiation field are also 
contoured on the CT. Based on both the PTV and organs at risk, a treatment plan is 
developed which aims to deliver a designated dose to the tumor bed region, while 
keeping the dose to the surrounding organs at risk as low as possible.  
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Figure 3 CT-guided target definition of the 
postoperative tumor bed (green), clinical tar-
get volume (yellow) and planning target volu-
me (blue).

Since the tumor bed is delineated after breast-conserving surgery, when the tu-
mor is not in situ anymore, the accuracy of post-lumpectomy tumor bed delineati-
on cannot be validated by pathology studies. As an alternative, consensus among 
observers is often used to assess the precision of target volume delineation. The 
degree of consensus is referred to as the interobserver variability (IOV). Several 
different measures to quantify IOV are described in the literature. The conformity 
index (CI), which is the volume of agreement among observers divided by the to-
tal encompassing volume, is often used. This measure is usually accompanied by 
the distance between the centers of mass (dCOM) among different target volumes. 
Multiple contouring studies have shown that tumor bed delineation on CT can be 
greatly inconsistent, which is reflected by the high IOV among radiation oncologists 
(Figure 4) [37-42]. In order to prevent geometrical miss of the target, accurate defi-
nition of the tumor bed is of great importance, especially in APBI, in which only the 
tumor bed is irradiated and whole breast radiotherapy is omitted. Furthermore, as 
mentioned previously, target volumes can be large due to postoperative seroma 
and hematoma formation. In addition, target volumes can be variable in size due to 
the observers’ uncertainty about what to delineate, since there is no longer a tumor 
in situ. Irradiation of these large target volumes can lead to extended subcutaneous 
fibrosis and decreased cosmetic results [15-18]. Moreover, large treatment volumes 
can cause low-risk patients aiming for APBI to be ineligible for this treatment due to 
the inability to meet the dose-volume constraints of APBI [43].

Figure 4 Variation in tumor bed definition among 
radiation oncologists as represented by different 
colors.
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Definition of the tumor bed area is generally considered the weakest link in breast 
radiotherapy. Therefore, boost radiotherapy or APBI could be optimized by incre-
asing the accuracy of tumor bed delineation. Such optimization could influence the 
future implementation of APBI, which is currently investigated in clinical trials into 
daily clinical practice. Furthermore, reducing treatment volumes would reduce radi-
ation-induced toxicity and potentially allow for further treatment acceleration. This 
would increase patient eligibility for APBI and, thereby, patient convenience and 
treatment accessibility.

MRI-guided breast radiotherapy

When attempting to improve delineation accuracy on the standard radiotherapy 
planning CT scan, one of the main aims is to obtain a better differentiation between 
target tissue and non-target tissue. In the case of tumor bed delineation this would 
imply the differentiation between tumor bed and surrounding breast tissue. The 
use of breast MRI instead of CT could offer a promising alternative due to the supe-
rior soft-tissue contrast of MRI. MRI is already applied in breast cancer diagnostics 
(Figure 5A). In diagnostic breast MRI, sequences can be varied to obtain a multitude 
of contrasts reflecting different tissue characteristics. Sequences that are common-
ly used in diagnostic breast MRI are T1-weighted sequences with and without fat 
suppression, T2-weighted sequences, and dynamic contrast-enhanced sequences. 
In the radiotherapy setting, the combination of these sequences, together with the 
T2-weighted sequence with fat suppression, could offer superior differentiation be-
tween, for instance, fatty breast tissue, blood, seroma and fibroglandular tissue. One 
of the aims of this thesis is, therefore, to consider the potential value of postopera-
tive breast MRI for tumor bed definition in radiation therapy. However, diagnostic 
breast MRI is performed in prone position, while most radiotherapy departments 
treat breast cancer patients in supine position and therefore acquire the standard 
planning CT in supine treatment position (Figure 5B). Consequently, the CT imaging 
could not match the standard diagnostic breast MRI, which is performed in prone 
position. Moreover, a patient in radiotherapy supine position with the arms above 
the head would not fit into a standard MRI scanner due to the limited bore size. In 
order to solve these issues, we developed an MRI protocol in radiotherapy supine 
position with the arms in abduction and the hands above the head using a wide 
bore MRI scanner (Figure 5C and D).
In the diagnostic setting, the dynamic contrast-enhanced series are highly valued, 
since they can reflect characteristic parameters of the tumor. Furthermore, diagnos-
tic MRI has a high sensitivity for tumor detection and a good correlation with the 
microscopic tumor size [44, 45]. For these reasons, a preoperative target definiti-
on in radiation treatment could be beneficial compared to standard postoperative 
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target definition. Moreover, preoperative contrast-enhanced imaging could allow 
for superior differentiation between tumor and surrounding tissues compared to 
the postoperative soft-tissue differences between a tumor bed and its surrounding 
tissues. This could make target definition for radiotherapy more accurate. Further-
more, a preoperative tumor volume would be smaller compared to a postoperative 
tumor bed, due to the absence of seroma formation. This could result in a reduced 
radiation dose delivery on the ipsi- and contralateral breast and other organs at risk. 
In the literature, the potential of a preoperative radiation treatment has been descri-
bed by several groups [43, 46, 47]. These studies all describe a CT-guided approach. 
Due to the aforementioned advantages of dynamic contrast enhanced MRI, this 
thesis will consider the potential for a preoperative MRI-guided target definition. 
The smaller treatment volumes in combination with the possibilities for more con-
sistent target definition in the preoperative setting could enable further treatment 
acceleration. This treatment acceleration could potentially be extended into an abla-
tive radiotherapy approach, as proposed by Horton et al [48]. Providing a single treat-
ment dose to the tumor and its surroundings could minimize the patient’s treatment 
burden. In a future MRI-linac setting treatment could be even further improved, sin-
ce the MRI-linac offers high-contrast real time image guidance, which would allow 
for online set-up correction and motion compensation during irradiation. 
However, in the future setting of the MRI-linac, a static magnetic field is always 
present during treatment. Therefore, it is essential to first investigate the induced 
effects of the magnetic field itself on the dose distribution. Secondary electrons, 
which deliver the actual dose to the tissue, moving in a magnetic field, are acted 

Figure 5 A Prone position, diagnostic dynamic contrast-enhanced MRI, T1-weighted with fat sup-
pression B Supine radiotherapy position, postoperative planning CT scan C Newly developed 
preoperative dynamic contrast-enhanced MRI in supine radiotherapy position, T1-weighted with 
fat suppression (DIXON). D Newly developed postoperative MRI in supine radiotherapy position, 
T1-weighted with fat suppression (DIXON). 
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upon by the Lorentz force [49]. In MRI-linac breast irradiation, this electron return 
effect (ERE) could result in a dose increase in the skin, which could influence skin 
toxicity and cosmetic results. Since the ERE depends on the beam inclinations at the 
skin surface, which differ between whole breast irradiation and APBI, the induced 
effects of the magnetic field are expected to differ between these treatments. Con-
sequently, the feasibility of treating patients by MRI-linac is likely to depend on the 
treatment technique.

Aim and outline of this thesis

In order to explore whether early-stage breast cancer patients could benefit from 
future treatment by MRI-linac, the main focus of this thesis is to study the potential 
of MRI-guided radiotherapy in early-stage breast cancer patients. Several aspects of 
MRI-guidance are described, such as potential magnetic field effects, precision of 
MRI-guided target definition,  its influence on treatment volumes, and the potential 
for an MRI-guided ablative treatment approach.
Treatment volumes are associated with treatment toxicity and cosmetic results. In 
breast-conserving therapy, the size of the lumpectomy specimen and the irradiated 
tumor bed region can be large due to uncertainties in surgical localization and radi-
otherapy target definition. The relations between these treatment volumes and the 
microscopic tumor size are evaluated in Chapter 2. 
Future treatment by MRI-linac could provide high contrast image guidance with 
the possibility to adapt the radiotherapy plan during irradiation. However, in the 
presence of a magnetic field, skin dose could be increased due to the ERE. This 
could potentially influence toxicity and cosmetic results in breast cancer patients. 
In Chapter 3, the effect of the magnetic field on the skin dose, for both whole bre-
ast irradiation and APBI, is simulated by generating IMRT plans for 0 T and 1.5 T MRI 
using specially developed MRI-linac treatment planning software. 
Diagnostic MRI is performed in prone position, while most radiotherapy institutions 
perform treatment planning and irradiation with the patient in supine, radiothera-
py position. Therefore, an MRI protocol had to be developed in RT supine position 
in a wide bore MRI scanner. This is described in Chapter 4.
Our results described in Chapter 3 show that, in the presence of a magnetic field, 
skin dose would be significantly increased in whole breast irradiation compared 
to an APBI setting. Therefore, the value of MRI for definition of the tumor bed is 
further investigated in the subsequent chapters. Chapter 4 describes the value of 
MRI in addition to standard CT-guided tumor definition. In this study, tumor bed 
definition is performed by radiation oncologists from the UMC Utrecht, The Nether-
lands. Chapter 5 describes tumor bed definition on MRI-only. In this chapter, tumor 
bed definition is performed by radiation oncologists from the Sunnybrook Health 
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Science Center, Toronto, Canada. In this study, the influence of full-thickness closure 
on tumor bed definition is also investigated. To investigate whether target definiti-
on using MRI is superior to the current standard, MRI-guided tumor bed definition is 
compared to standard CT-guided tumor bed definition in both chapters. 
Chapter 4 describes the value of MRI in addition to standard CT-guided tumor bed 
definition. In addition, Chapter 5 describes tumor bed definition on MRI-only. MRI 
in combination with administration of a contrast agent would provide detail on tu-
mor morphology, enhancement and kinetics. This could potentially enable more 
consistent target definition combined with small treatment volumes. Therefore, 
preoperative target definition is investigated in Chapter 6. To identify whether dy-
namic contrast enhanced MRI is the best imaging modality for preoperative target 
volume delineation, preoperative delineation is performed on both contrast-en-
hanced CT and MRI in radiotherapy supine position. 
The advantages of small preoperative target volumes and more consistent target 
definition on preoperative MRI could allow further treatment acceleration up to a 
single ablative dose. This single fraction radiotherapy would increase patient con-
venience and eligibility. To investigate whether a single ablative dose to the tumor 
and its surrounding tumor bed is feasible, a planning study is performed. This plan-
ning study, in which both brachytherapy and IMRT plans were acquired and compa-
red, is described in Chapter 7.
Chapter 8 gives a summary of the most important results and discusses the poten-
tial for MRI-guided radiotherapy as part of breast-conserving therapy. 
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Abstract

Purpose

In early stage breast cancer and DCIS patients, breast-conserving therapy is today’s 
standard of care. The purpose of this study was to evaluate the relation between the 
microscopic tumor diameter (mTD), the excised specimen (ES) volume, and the ir-
radiated postoperative complex (POC) volume, in patients treated with breast-con-
serving therapy. 

Methods

In 186 patients with pTis-2N0 breast cancer, the mTDs, ES and POC volumes (as deli-
neated on the radiotherapy planning CT scan), were retrospectively determined. Li-
near regression analysis was performed to study the association between the mTD, 
and the ES and POC volumes. The explained variance (r2) was calculated to establish 
the proportion of variation in the outcome variable that could be explained by the 
determinant (p≤0.05). Moreover, the influence of tumor characteristics, age, surgi-
cal procedures, and breast size was studied. 

Results

Median mTD was 1.2 cm (range 0.1-3.6 cm), median ES volume was 60 cm3 (range 
6-230 cm3) and median POC volume was 15 cm3 (range 0.5-374 cm3). The POC was 
not clearly visible on the majority of the CT scans, based on a median assigned ca-
vity visualization score of 3 (range 1-5). The explained variance (r2) for the mTD on 
the ES volume was low (r2=0.08, p<0.001). A slightly stronger association was obser-
ved in palpable tumors (r2=0.23, p<0.001) and invasive lobular carcinomas (r2=0.39, 
p=0.01). Furthermore, weak associations were observed between POC volume and 
mTD (r2=0.04, p=0.01), and POC and ES volume (r2=0.23, p<0.001). A weak associati-
on was observed between breast volume and ES volume (r2=0.27, p<0.001). 

Conclusion

Both the excised and the irradiated POC volumes did not show a clinically relevant 
association with the mTD in women with early-stage breast cancer treated with bre-
ast-conserving therapy. Future studies should focus on improvement of surgical lo-
calization, development of image-guided, minimally invasive operation techniques, 
and more accurate image-guided target volume delineation in radiotherapy. 



27

Treatment volumes in breast-conserving therapy

Introduction

The introduction of screening programs and the improvement in breast imaging 
techniques, have led to an increased detection of early-stage breast cancer and 
ductal carcinoma in situ (DCIS) [1, 2]. In these patients, breast-conserving therapy 
is today’s standard of care, since it has demonstrated survival equivalence to mas-
tectomy in many DCIS and early breast cancer clinical trials [3-6]. Breast-conserving 
therapy consists of breast-conserving surgery and radiotherapy.
In breast-conserving surgery, it is important to obtain tumor free resection margins, 
since margin status is an important prognostic factor for local recurrence after bre-
ast- conserving therapy [7-9]. Moreover, a margin of breast tissue surrounding the 
tumor has to be treated, due to the potential presence of additional microscopic 
tumor foci [10-13]. This margin is established by both the surgeon and the radi-
ation oncologist. The surgeon excises the tumor including a 1-2 cm macroscopic 
margin (Figure 1). After breast- conserving surgery, another 1-2 cm margin has to 
be treated by the radiation oncologist. Therefore, the excision cavity walls have to 
be identified on a planning CT scan and delineated by the radiation oncologist. This 
area will be referred to as the postoperative complex (POC). After delineation, the 
POC is expanded with another 1-2 cm margin, resulting in an area called the Clinical 

Figure 1 Schematic, theoretical margin assessment (A).  Schematic, post-operative margin assess-
ment without full-thickness closure (B) and with full-thickness closure (C). 
T tumor, ES excised specimen margin of 1-2 cm around the tumor, CTV clinical target volume
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Target Volume (CTV). Besides irradiation of the whole breast, this CTV receives a 
higher radiotherapy dose, known as the radiotherapy boost. This additional boost 
has demonstrated to further reduce local recurrence rates in BCT with nearly 50% 
in patients ≤70 years [14, 15]. Exact localization of the POC is essential, since local 
recurrences are mainly found in this area [16].    
It would be expected that both the excised specimen (ES) volume and the POC 
volume correlate with the microscopic tumor size. One other study, performed by 
Christiaens et al., showed lack of correlation between the microscopic tumor dia-
meter and the ES size [17]. Weak associations between irradiated target volumes, 
and the mTD and ES volumes, have been previously described by Al Uwini et al. [18]. 
Other investigators observed no relation between mTD and POC volume [19]. Un-
derstanding the relation between the original tumor size and the treated volumes 
is important, including the influence of tumor and patient characteristics, surgical 
techniques and breast size. It can show us if surgical techniques and/or radiation 
therapy procedures can be further improved.   
Therefore, the aim of this study was to determine more in detail, the relation be-
tween the microscopic tumor diameter, the excised specimen volume, and the 
volume of the irradiated postoperative complex, in patients undergoing bre-
ast-conserving therapy. Moreover, we studied the influence of patient and tumor 
characteristics, surgical techniques and breast size on these associations.   

Methods

In this retrospective study, the medical files of female patients with pT1-2N0M0 
breast cancer and/or DCIS treated with BCS, were analyzed. Patients were referred 
to our institute between July 2008 and December 2009 for standard postoperative 
local radiation therapy of the breast. Patients with multicentric breast cancer were 
excluded, as well as patients who were treated with neo-adjuvant chemotherapy, or 
who underwent an axillary lymph node dissection. 

Pathology and surgery

In all patients, the pathology reports were studied to obtain the tumor characte-
ristics, e.g. histology (invasive ductal carcinoma, invasive lobular carcinoma, DCIS), 
excised specimen dimensions (mm), microscopic tumor dimensions (mm) and 
tumor-free margins (yes/no). Margins were considered as ‘not free’, when margins 
were reported to be involved. Since in most cases only the maximum microscopic 
tumor dimension was reported by the pathologist, the microscopic tumor diameter 
(mTD), rather than volume was considered.  
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Surgical reports were assessed, to obtain information about excision and closure 
techniques. We differentiated between resection from the ventral fascia of Scarpa 
to the pectoral fascia (yes/no), and the execution of full-thickness closure (yes/no). 
More detailed information about the excision technique, e.g. whether lumpectomy, 
wide local excision, sector resection or quadrantectomy was performed, was not 
available. Furthermore, information about the placement of titanium clips (yes/no), 
the number of clips, and re-excision (yes/no) was extracted from the medical files. 
Obscurities or uncertainties in the operation report were clarified by inquiring the 
corresponding surgeon.
In the pathology reports, the maximum length (mm), width (mm) and height (mm) 
of the ES was described. Since the weight of the ES was only described in 39 pa-
tients, we estimated the total excised tissue volume, by the assumption that the 
specimen was ellipsoidally-shaped. The volume of an ellipsoid can be calculated by: 
Volume = ⅙ π length * width * height. This model was verified in the subgroup whe-
re the specimen weight was known. No-intercept linear regression analysis showed 
a 0.96 correlation of the calculated ES volume with the specimen weight, with a 
slope of 0.84 (CI 0.76-0.92). Subsequently, ES volumes were multiplied by 0.84.
If a re-excision was performed, the same procedure was executed and the volumes 
were summed up to calculate the total excised volume. 

Postoperative complex and radiotherapy

The patients were referred for standard postoperative whole breast irradiation (50 
Gy) including a POC boost (16 Gy). If resection margins were not free, and no re-ex-
cision was performed, a high POC boost was given (20 Gy). Before the start of radio-
therapy, a standard supine radiotherapy-planning CT scan, obtained at a 3 mm slice 
thickness and a minimal in-plane resolution of 1 x 1 mm, was performed in each 
patient. A radio-opaque wire was placed around the palpable edge of breast tissue 
and on the scar, in order to define the fibroglandular tissue of the whole breast and 
the incision location, respectively. An in-house developed software tool (Volumetool®) 
was used for delineation of the POC on each CT-slice [20]. The POC volume was calcu-
lated by rasterizing the delineation on the planning  CT and multiplying the number of 
rastered voxels by the voxel volume. The POC was delineated based on the combina-
tion of pre-operative radiological imaging, any physical examination, postoperative 
seroma, architectural distortion, position of surgical clips and the scar localization 
(Figure 2). In order to quantify the POC visibility on the radiotherapy-planning CT 
scans, a cavity visualization score (CVS) according to Smitt et al., was retrospectively 
assigned to each POC volume [21]. The CVS ranged from not distinguishable (CVS 1) 
to clearly defined (CVS 5) (Table 1).  
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Figure 2 Transversal section of a postope-
rative radiotherapy-planning CT scan, 
showing the radiotherapy target volumes. 
Surgical clip in situ. POC postoperative 
complex, CTV clinical target volume 

Table 1 Cavity Visualisation Score (CVS)

CVS Cavity description n %

CVS 1 Cavity not visualized 5 3

CVS 2 Heterogeneous cavity with indistinct margins 68 36

CVS 3 Heterogeneous cavity with some distinct margins 46 25

CVS 4 Mildy heterogeneous cavity with  mostly dinstict margins 32 17

CVS 5 Homogeneous cavity with clearly defined margins 35 19

Delineation of the POC was performed with a fixed window level (20 Hounsfield 
Units (HU)) and width (500 HU). In this retrospective study, delineation was perfor-
med by 12 radiation oncologists and 10 supervised radiation oncologist in training. 
If substantial seroma was observed on the first planning CT, a second CT was per-
formed approximately 1-2 weeks before the start of the radiation boost treatment. 
Breast size was expected to have a possible influence on the ES volume. It was hypo-
thesized that ES volume would be increased in patients with larger breasts. Informa-
tion about the pre-operative breast size could not retrospectively be extracted. We 
assumed the contralateral breast volume to resemble the pre-operative ipsilateral 
breast volume. Therefore, we used the planning CT scan and accompanying soft-
ware tool to delineate the contralateral breast and determine the volume (Volume-
tool®) [20]. 

Statistical Analysis

Statistical Package for Social Sciences (version 16.0, SPSS, Chicago IL) was used to 
analyze the data. Scatter plots were established to visualize the association between 
the mTD, and the ES and POC volumes. We performed linear regression analyses 
to determine the associations between these variables. The following associations 
were studied:
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1. mTD as determinant and  ES volume as outcome
2. mTD as determinant and POC volume as outcome 
3. ES volume as determinant and POC  volume as outcome 

The explained variance (r2) was calculated to establish the proportion of variation in 
the outcome variable that could be explained by the determinant. The r2 was consi-
dered as statistically significant when p ≤ 0.05. Furthermore, beta coefficients were 
determined. Since ES and POC volumes are volumetric variables which showed 
skewed distributions, values were transformed by calculating the cubic root (3√). 
Transformed values of the ES and POC volumes were used for regression analyses. 
In subgroup analyses, we studied whether tumor characteristics (i.e. histology, pal-
pable vs. not palpable, localization), age or re-excision modified the associations. 
Furthermore, we studied the influence of surgical resection and closure techniques 
and breast size on the association between mTD and the ES volume. The influence 
of localization technique on the association was not studied. The majority of the 
non-palpable tumors were localized by wire localization and the other subgroups 
would become too small for statistical significance.  

Results

In total, 208 patients were potentially eligible and charts were reviewed. In 7 pa-
tients, all with invasive ductal carcinoma, the size of the ES was not reported. In 
15 patients, all with ductal carcinoma in situ, the mTD was not mentioned. Conse-
quently, these 22 patients were excluded. The characteristics of the resulting 186 
patients included for analysis are presented in Table 2. Most patients were diagno-
sed with an invasive ductal carcinoma with or without DCIS (86%), predominantly 
pathological stage T1 (80%). The median mTD was 1.2 cm (range 0.1-3.6 cm). The 
mTD and treated volumes are shown in Table 3. 

Surgery

The median ES volume was 60 cm3 (range 6-230 cm3). Pre-operatively, lesions were 
mostly localized by palpation or by wire guided localization in non-palpable lesi-
ons (Table 2). Excision to the pectoral fascia was performed in 153 patients. In 171 
patients, titanium clips were placed intra-operatively (median number of 4 clips, 
range 1-10). Full-thickness closure of the excision cavity was performed in most pa-
tients (n=140). In 17 patients, information about the closure procedure could not 
be extracted. In 24 patients, resection margins were microscopically involved. In 12 
of these patients, a re-excision was performed, 12 patients received a high radio-
therapy boost dose. 
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Table 2 Patient and treatment characteristics

N=186 %

Age (years)
Median

24-60
51

Tumor stage
pTis
pT1a
pT1b
pT1c
pT2

9
17
40
93
27

5
9

21
50
15

Histology
ductal carcinoma
ductal carcinoma and DCIS
lobular carcinoma
DCIS
other

93
67
15
9
2

50
36
8
5
1

Affected breast
left
right

90
96

48
52

Tumor location
upper lateral quadrant
lower lateral quadrant
inner quadrants
central

104
17
44
21

56
9

24
11

Palpable
yes
no

99
87

53
47

Surgical localization technique
palpation
wire-guided localization
ROLL*
ultrasound
not described

82
75
6

16
7

45
40
3
7
5

Excision to pectoral fascia
yes
no

153
33

82
18

Titanium clips placed
yes
no

171
15

92
8

Full-thickness closure
yes
no
not described

140
29
17

75
16
9

Resection margins involved
Re-excision
High radiotherapy boost

24
12
12

13
50
50
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Radiotherapy

The median time between surgery and the first planning CT was 24 days. The me-
dian POC volume was 15 cm3 (range 0.5-374 cm3). The median CTV was 78 cm3 (ran-
ge 13-658 cm3). A second radiotherapy-planning CT was performed in 67 patients, 
due to the presence of substantial seroma on the first planning CT. This resulted in 
a median decrease in POC volume from 42 to 21 cm3 (range 2-374 cm3 compared to 
1.4-245 cm3 on the second planning CT). The median time between the 2 CT scans 
was 38 days, corresponding with a median POC volume reduction of 0.6 cm3 per 
day. Mean CVS on the first CT scan (in patients who underwent a second CT scan) 
was 3.94, compared to 2.67 in the rest of the study population, due to the presence 
of more seroma in the first group of patients. Mean CVS on the second CT scan was 
3.50. 

Regression analyses

The associations between the mTD, and the ES and POC volumes are visualized in 
Figure 3. The coefficient of correlation (r) and explained variance (r2), are depicted 
in the upper corner of each figure. No significant associations were found between 
the mTD and the ES and POC volumes. The explained variance for the mTD on the 
ES volume is 0.08, reflecting that only 8% of the variation in ES volumes could be ex-
plained by the mTD. Only 4% of the variation in POC volume could be explained by 
the mTD. A slightly stronger association was found between ES and POC volumes, 
with an explained variance of 0.23. These associations did not alter in the subgroup 
where a second CT scan was performed. Due to the weak associations observed, the 
beta coefficients were not indicative and therefore, not shown. 
The influence of several tumor characteristics (i.e. palpable vs. non-palpable tumor, 
re-excision, histology, location, excision technique, and patient age) on the associa-
tion between the mTD and ES volume was studied.

Table 3 Microscopic tumor size and treated volumes

Median Range

Microscopic tumor diameter (cm) 1.2 0.1-3.6

Excised specimen volumes:

Excised specimen volume (cm3) 60 6-230

Patients who underwent a re-excision 93 43-230

Patients who did not underwent a re-excision 55 6-206

Irradiated volumes:
Delineated postoperative complex volume (cm3) 15 0.5-374
Clinical target volume (cm3) 77 13-658
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Figure 3 Scatter plots, showing 
the association between mi-
croscopic tumor diameter and 
excised specimen volume (A) 
microscopic tumor diameter and 
postoperative complex volume 
(B) and excised specimen volu-
me and postoperative complex 
volume (C). r coefficient of corre-
lation, r2 explained variance
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The results of the subgroup analysis are presented in Table 4. The association bet-
ween the mTD and ES volume was slightly strengthened in invasive lobular carci-
nomas (r2 = 0.39), invasive ductal carcinomas without DCIS component (r2 = 0.11), 
palpable tumors (r2 = 0.23), and in patients ≤ 50 years of age (r2 = 0.18). No major 
effect modification of tumor location or breast size on the association between the 
mTD and the ES volume was found. 
Furthermore, the influence of the surgical closure technique on the association be-
tween ES and POC volume was studied. Full-thickness closure of the breast tissue 
was performed in 140 patients and not performed in 29 patients (missing data in 17 
patients). The explained variance of ES on the POC volume decreased from 0.38 to 
0.20 (both p<0.001) when full-thickness closure was performed (data not shown). 
In Figure 4, the association between breast volume and the ES volume is shown, the 
T-stages, according to the TNM-classification, are depicted in different symbols [22]. 
An explained variance of 0.27 was observed. No association between breast volume 
and ES volume according to T-stage was observed.

Table 4 Association between microscopic tumor diameter (mTD) and excised specimen (ES) 
volumes among subgroups

n r2 p-value
Palpable

Yes 99 0.23 <0.001
No 87 0.02 0.26

Re-excision
Yes 16 0.02 0.66
No 170 0.11 <0.001

Histology
Invasive ductal 93 0.11 0.001
Invasive ductal + DCIS 67 0.03 0.15
Invasive lobular 15 0.39 0.01
DCIS 9 0.01 0.85
Other 2 1 -

Location
Upper lateral 104 0.09 0.02
Lower lateral 17 0.12 0.17
Inner 44 0.03 0.31
Central 21 0.10 0.16

Age
< 50 years 85 0.18 <0.001
51-60 years 101 0.03 0.07
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Discussion

In this study, statistically significant, but weak, and therefore clinically not relevant 
associations were observed between the microscopic tumor diameter (mTD), the 
excised specimen (ES) volume, and the irradiated postoperative complex (POC) vo-
lume in 186 DCIS and early stage breast cancer patients treated with breast-conser-
ving therapy. 
ES volume was not strongly associated with mTD in our study, which is in accor-
dance with previous findings by Christiaens et al. [17]. We observed that different 
amounts of breast tissue were excised for a similar tumor size. This implicates that 
surgeons could not excise a tumor with fixed macroscopic margins of healthy bre-
ast tissue. ES volume showed a slightly better relation with breast volume (r2=0.27) 
than with tumor size (r2=0.08). This might be explained by the surgical technique 
being performed. Surgeons generally dissect the mammary gland entirely from the 
ventral fascia of Scarpa to the pectoral fascia, to guarantee radicality in the ventral 
and dorsal direction [23]. This could theoretically result in larger ES volumes in larger 
breast. Nevertheless, subgroup analysis did not show any differences in association 
between mTD and ES volume, whether the resection was performed to the pectoral 

Figure 4 Scatter plot, showing the correlation between the breast volume in cm3 and the excised  
specimen volume according to TNM T-stage. * DCIS, o T1-stage, • T2-stage, r2 coefficient of determi-
nation
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fascia (n=153) or not (n=33). This can be caused by the small patient numbers in the 
other subgroup in which no excision to the pectoral fascia was performed. 
We observed a slightly stronger association between mTD and ES volume in pa-
tients with palpable tumors. Presumably, small and non-palpable tumors are more 
difficult to localize, whereby fixed macroscopic margins are even more difficult to 
achieve. Accurate lesion localization has become more important due to the higher 
incidence of small and non-palpable lesions that is caused by the introduction of 
screening programs [1, 2]. Wire-localized breast biopsy (WLBB) is the current stan-
dard method for the surgical excision of non-palpable breast tumors. WLBB has se-
veral limitations, e.g. discrepancy between the entry site of the wire and the target 
lesion, or wire displacement, which can lead to insufficient tumor excision or the re-
moval of excess breast tissue [24]. Consequently, further optimization of image-gui-
ded localization techniques, which facilitate surgical removal of non-palpable bre-
ast tumors, is required. Alternatives such as radio-guided occult lesion localization, 
intraoperative ultrasound and radioactive seed localization, are being studied [24, 25].    
A slightly stronger association between the mTD and ES volume was found in pa-
tients with isolated ductal or lobular carcinoma. A possible explanation could be 
the difficult visualization of the whole DCIS lesion on pre-operative imaging. Fu-
rthermore, since DCIS is often non-palpable, it is often difficult for the surgeon to 
determine the precise excision location, and to keep a fixed macroscopic margin of 
healthy breast tissue. 
Delineated POC volumes showed very weak associations with both the mTD and 
the ES volumes. These findings are in line with findings by other investigators. [18]. 
Our subgroup analyses showed that the association between POC and ES volumes 
slightly further decreased when the surgeon performed full-thickness closure by 
approximating the excision cavity walls, which resulted in a reduction of the POC 
volume [26-28]. However, POC delineation has been shown not to be accurate on 
CT, and can therefore influence the observed associations with mTD and ES volume. 
The actual POC might be larger than delineated on CT, since CT cannot visualize all 
postoperative soft-tissue abnormalities [29]. Several studies have shown that deli-
neation of the POC volume on a planning CT results in high interobserver variability 
despite guidelines [30-34]. This interobserver variability in target delineation can be 
clinically and dosimetrically significant [35]. Moreover, the surgical clips, which are 
inserted in the excision cavity intra-operatively in order to improve the POC visibi-
lity, are often not inserted according to a standard protocol. In our study, we obser-
ved that only 36% of the CT-scans showed a POC with most or all margins clearly de-
fined (CVS 4 and 5, respectively), due to the presence of any seroma. Furthermore, 
it was shown that in the subgroup that underwent a second CT due to substantial 
seroma, a higher CVS score was assigned. Seroma causes pressure on the excision 
cavity walls, resulting in a better visibility of the POC margins. Since full-thickness 
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closure, which can result in less seroma formation, becomes more widely practiced 
in order to improve cosmetic outcome, POC visibility on the radiotherapy-planning 
CT can further decrease [27, 28]. 
Our study has some limitations. Due to the retrospective data-analysis, we could 
not extract all the desired information, which could have led to a selective sub-
group. Tumor volumes could not be calculated, but were substituted by the mTD. 
ES volume calculation was based on the assumption that excision specimens were 
ellipsoidally-shaped. This model was validated using the specimen weight for the 
known subjects. ES volumes and mTD in our study might be underestimated since 
the possible influence of fixating techniques on the mTD and specimen dimensions 
was omitted [36]. Information about the surgical excision technique, e.g. whether 
lumpectomy, wide local excision, sector resection or quadrantectomy was perfor-
med, could not be extracted. Consequently, the determined association mTD and 
ES volume could not be corrected for surgical excision technique. In this population, 
CTV boost margins were not compensated for the pathological tumor-free resec-
tion margin width. An asymmetric CTV boost that corrects for asymmetry of the 
surgical excision has the potential to reduce boost volume [19, 37]. Moreover, since 
many surgeons and radiation oncologists were involved in the treatment of these 
patients, interobserver variation may have played a substantial role. However, this is 
a representation of routine daily clinical practice.
The results of this study show that disproportionate volumes are being excised and 
irradiated in relation to the mTD. The exact localization of both the tumor during bre-
ast-conserving surgery, and the POC in radiotherapy-treatment is important. Local 
recurrences are mainly found in this area, and large excision and radiation volumes 
can both decrease cosmetic outcome [14, 17, 38-42]. Further optimization could be 
performed at different levels in breast-conserving therapy. First, lesion localization 
techniques could be optimized, as discussed previously. Secondly, intra-operative 
imaging, or image-guided minimally invasive treatment could offer interesting tre-
atment alternatives in an accurately selected subgroup of patients. The latter might 
result in more proportional treatment volumes in small breast tumors. Radiofre-
quency ablation, cryoablation, laser-induced thermal therapy, microwave ablation 
and high-intensity focused ultrasound have shown to be technically feasible in the 
breast [43]. However, further treat-and-resect studies are needed to compare the 
efficacy of these techniques with conventional breast-conserving surgery, before 
they can be implemented in clinical practice. Thirdly, new techniques for accurate 
POC delineation and subsequent optimal planning of radiotherapy should be ex-
plored. Both for the current POC boost irradiation as for partial breast irradiation. 
The current CT-based delineation of the POC is not accurate enough, to precisely 
determine the POC volume, as previously discussed [30-35]. Several groups have 
studied MRI for postoperative imaging and radiotherapy planning [29, 33, 44-47]. 



39

Treatment volumes in breast-conserving therapy

MRI can have several advantages: 1) increased discrimination between fibroglan-
dular tissue and fat in the affected breast, and 2) increased distinction between the 
POC and the surrounding breast tissue. The surgical cavity (with or without seroma) 
has a high signal intensity on T2-weighted images, while surrounding breast tissue 
has a low signal intensity on this sequence. Future studies are needed to investiga-
te prospectively whether this may indeed lead to more accurate POC delineation. 
Another interesting approach is that more precise delineation of the POC could 
possibly be achieved by delineating and irradiating the breast tumor pre-opera-
tively [48, 49]. If the breast cancer is in situ during irradiation, contrast-enhanced 
MRI could be used for accurate delineation of the invasive tumor within the breast. 
After intravenous administration of contrast, the breast cancer typically presents as 
an enhancing mass with high signal intensity on the T1-weighted images, whereas 
surrounding tissue has a low signal intensity due to fat suppression [50, 51]. 
In conclusion, in our study, both the excised and irradiated volumes did not show a 
clinically relevant association with the microscopic tumor diameter in women with 
early-stage breast cancer treated with breast-conserving therapy. This can be due 
to uncertainties in e.g. lesion localization, macroscopic margin assessment or target 
volume visibility in radiotherapy. The current breast-conserving therapy is suscepti-
ble to imprecision. Although recurrence rates are low, accurate tumor excision and 
delineation of the postoperative complex is important, since most recurrences oc-
cur within this area. Furthermore, cosmesis can decrease with increased excised and 
irradiated volumes. Future studies should focus on improving the different aspects 
of breast-conserving therapy: 1) Optimizing lesion localization for surgical excisi-
on, 2) More proportionate excision volumes, i.e. image-guided minimally invasive 
treatments in small tumors and 3) More accurate (e.g. pre-operative), and further 
optimization of image-guided target volume delineation in radiotherapy.  
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Abstract

Purpose

The UMC Utrecht MRI/linac (MRL) design provides image guidance with high 
soft-tissue contrast, directly during radiotherapy (RT). Breast cancer patients are a 
potential group to benefit from better guidance in the MRL. However, due to the 
electron return effect, the skin dose can be increased in presence of a magnetic 
field. Since large skin areas are generally involved in breast RT, the purpose of this 
study is to investigate the effects on the skin dose, for whole-breast irradiation 
(WBI) and accelerated partial-breast irradiation (APBI). 

Methods

In ten patients with early-stage breast cancer, targets and organs at risk (OARs) were 
delineated on postoperative CT scans co-registered with MRI. The OARs included 
the skin, comprising the first 5 mm of ipsilateral-breast tissue, plus extensions. Three 
intensity-modulated RT (IMRT) techniques were considered (2x WBI, 1x APBI). Indi-
vidual beam geometries were used for all patients. Specially developed MRL treat-
ment-planning software was used. 

Results and Conclusion

Acceptable plans were generated for 0 T, 0.35 T, and 1.5 T, using a class solution. 
The skin dose was augmented in WBI in presence of a magnetic field, which is a 
potential drawback, whereas in APBI the induced effects were negligible. This opens 
possibilities for developing MR-guided partial-breast treatments in the MRL.
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Introduction

Magnetic resonance imaging (MRI) guidance for radiotherapy (RT) has the potential 
of fast, high soft-tissue contrast visualization of tumors and organs at risk (OARs), 
directly on the treatment table. At the UMC Utrecht a hybrid MRI/linac (MRL) is 
constructed which integrates a 1.5 T closed-bore MRI scanner (Philips, Best, The 
Netherlands) with a linear accelerator (Elekta AB, Stockholm, Sweden), mounted on 
a ring-shaped gantry [1]. Several other groups are currently working on MR-guided 
RT in cancer treatment as well [2, 3]. MRI combined with RT offers possibilities for 
introducing high-precision MR-guided treatments for breast cancer patients.
The standard of care for early-stage breast cancer and ductal carcinoma in situ 
(DCIS) patients is breast-conserving therapy (BCT) which consists of breast-conser-
ving surgery (BCS), followed by whole-breast irradiation (WBI). The dose is generally 
delivered by intensity-modulated RT (IMRT) using two tangential beams. Further-
more, in low-risk breast cancer patients, accelerated partial-breast irradiation (APBI) 
studies using IMRT are ongoing [4-8].
In both WBI and APBI, image guidance is currently performed using portal imaging 
or cone-beam CT [9, 10]. Direct visualization of the target volumes is especially im-
portant when considering boosts to the target volume, which both modalities do 
not allow with high tissue-contrast. MR guidance is potentially useful for on-line 
high-contrast visualization of the tumor bed in postoperative RT, or for tumor de-
tection in a preoperative setting [11-14]. However, apart from developing novel tar-
geting techniques, it is of great importance to investigate the induced effects of the 
magnetic field itself on the dose distribution. 
In the MRL a static magnetic field is always present during treatment. Charged parti-
cles moving in a magnetic field are acted upon by the Lorentz force, perpendicularly 
to their velocity direction. As a consequence, secondary electrons emanating from 
the skin into air can be bent back, resulting in a dose increase at the surface (Figure 
1). This electron return effect (ERE) is clearly observed at boundaries between layers 
with large density differences, and can induce a significant increase of skin dose, as 
shown by Raaijmakers et al [15]. The magnetic field also results in a shorter build-up 
distance which may play a role in a higher skin dose.
The ERE depends on the inclinations of the beams to the skin surface, with oblique 
angles inducing the highest increase and opposing beams compensating for the 
effect at perpendicular interfaces [15, 16, 16]. In WBI treatments, oblique beam/sur-
face inclinations are ubiquitous and the target volume is superficial and relatively 
large. This results in a large irradiated area of skin. Treatments by APBI, however, are 
performed with several fields which do not necessarily all have oblique orientati-
ons. Additionally, APBI fields are generally smaller since they target smaller volumes 
and, moreover, the target volumes are not necessarily superficial. Hence, a smaller 
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region of skin generally receives high dose, so that induced effects of the magnetic 
field are expected to be less prominent in APBI relative to WBI.
Current cosmetic results for WBI and APBI are good to excellent [7, 8, 17, 18]. Further 
increase in skin dose could lead to a higher rate and severity of negative side effects 
of RT. Complications of the skin should be minimized in the treatment of breast can-
cer; therefore the main objective of this study is to investigate the physical effects of 
the magnetic field on the skin dose for WBI and for APBI. 

Methods and materials

Patients

Ten BCT patients treated at the Radiotherapy Department of the UMC Utrecht in 
2011 or 2012 were enrolled in our treatment-planning study. The median age of the 
women was 63 years (range: 39 – 72 years). One patient had breast cancer on both 
sides and for this study both tumors were considered separately. In total, 6 of the 
tumors were right-sided and 5 were located in the left breast. The majority of the 
excised tumors were stage T1c (7), while the rest were stage T1b (2) or stage T2 (2). 
No patients had tumor-positive lymph nodes. The median volume of the ipsilateral 
breast was 1003 cc (range: 705 – 2373 cc).

Figure 1 Illustration of the ERE, for left-breast WBI by means of two tangential fields. The edges of 
the photon beams are depicted by the blue lines. Trajectories of secondary electrons, crossing the 
skin-air boundary on either exit side of the irradiated breast, are represented by the arrows. The ERE 
may result in a higher skin dose when comparing the situation of no magnetic field (left) to that of 
a non-zero magnetic field directed into the plane (right). 
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Radiotherapy techniques

The magnetic-field-induced effects were studied for both WBI and APBI. In WBI a 
dose of 42.56 Gy was prescribed to the breast delivered in 16 fractions of 2.66 Gy. 
The first WBI technique considered was the classical tangential two-field set-up 
using IMRT (WBI-2). The beam angles in WBI-2 were determined such that the two 
beam edges inside each patient aligned, which was done for each patient indivi-
dually. In order to investigate the influence of the magnetic field on multiple beam 
directions, also a seven-field IMRT technique was used for WBI (WBI-7) in which the 
beam orientations were chosen individually for each patient. For APBI, target pres-
cription was 10 fractions of 3.85 Gy, to a total dose of 38.5 Gy, according to the 2008 
IRMA study protocol of the European Organization for Research and Treatment of 
Cancer Radiation Oncology Group (EORTC ROG). A seven-field IMRT technique with 
individually determined beam angels was chosen to for the APBI approach (APBI-7). 

Volumes of interest

All patients underwent a planning CT with 3 mm slice thickness, at three weeks 
(median: 21 days, range: 14 – 50 days) after surgery, in supine RT position. The pal-
pable breast tissue was indicated with a copper wire. For WBI, the clinical target 
volume for the whole breast (CTVWBI) was delineated according to the Radiotherapy 
Oncology Group (RTOG) Breast Cancer Contouring Atlas. A 5 mm margin was ap-
plied to the CTVWBI to generate the planning target volume (PTVWBI), excluding the 
first 5 mm under the surface (Figure 2). The median PTVWBI was 741 cc (range: 517 – 
2028 cc). Delineations of the target volumes in APBI were performed according to 
the 2008 IRMA study protocol of EORTC ROG. The gross tumor volume (GTVAPBI) was 
contoured using preoperative diagnostic imaging, preoperative MRI in treatment 
position, surgical clips, and possible postoperative seroma. A 15 mm margin in all 
directions was applied to the GTVAPBI to generate the clinical target volume (CTVAPBI), 
while excluding the chest wall and skin. The PTVAPBI was delineated as the CTVAPBI 
with a 5 mm margin, while excluding the skin (Figure 2). The median PTVAPBI was 148 
cc (range: 88 – 248 cc). For both WBI and APBI, the delineated OARs were the heart, 
lungs, contralateral breast, body (comprising all unspecified tissue) and the skin (Fi-
gure 2). The skin considered for the analysis of the impact of the ERE was defined to 
be the first 5 mm under the surface of the ipsilateral breast. It was further extended 
up to 35 mm in anterior, posterior, medial, and lateral directions relative to the PT-
VWBI in order to include skin tissue expected to be irradiated in WBI-2 (Figure 2). An 
extension of 15 mm was made in the caudal and cranial directions to include skin 
tissue receiving scattered dose. The median volume of the skin was 318 cc (range: 
256 – 474 cc). 
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Figure 2 Transversal slice of a patient CT scan with VOIs delineated: PTVWBI (red contour), GTVAPBI 
(purple), PTVAPBI (bright green), ipsilateral lung (yellow), contralateral lung (dark green), heart (sky 
blue), unspecified tissue (dark blue), contralateral breast (brown), and skin (orange, filled here with 
light grey). An extension made to the skin is visible here in the medial and lateral directions relative 
to the PTVWBI, as indicated by the white oval-shaped markings. The location of the isocentre is mar-

IMRT planning

Specially developed MRL treatment planning software (MRLTP) was used to gene-
rate IMRT plans while taking into account the presence of a magnetic field. MRLTP 
is a combination of GPUMCD – which is a Graphics Processing Unit (GPU)-oriented 
Monte Carlo dose calculation algorithm as described by Hissoiny et al and the Cen-
tral Processing Unit (CPU)-based Fast Inverse Dose Optimization (FIDO) as described 
by Goldman et al [19]. A more detailed description of this system can be found in 
Bol et al [20, 21]. FIDO has the distinct advantage that the optimization process is 
executed within a short time frame. The MRL’s characteristics are incorporated in 
the MRLTP. The 6 MV photon beam can rotate in full 360 degrees around the patient 
with maximum field sizes of 24 cm in caudocranial direction and 56 cm in anteri-
or-posterior direction. As a consequence, the isocentre is fixed, at 14 cm above the 
treatment table. The isocentre-source distance is 142.7 cm. With MRLTP, plans can 
be generated at any magnetic-field strength required. IMRT plans were generated 
for 0 T and 1.5 T, which is the field strength in the MRL. Also, plans were calculated 
at the intermediate value of 0.35 T. For each IMRT technique (WBI-2, WBI-7, APBI-7) 
a class solution of optimization objectives was developed at 0 T, which was then 
applied for all patients. These sets of objectives were unaltered when applied at 
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higher field strengths. The plans were based on the fully optimized fluence maps 
with a 5 mm grid resolution and the acquired dose distributions consisted of 2x2x2 
mm3 voxels. 

Comparison of plans

For the comparison of the plans, dose volume histograms (DVHs) for all VOIs and cor-
responding dose parameters were calculated. For the PTV the D95% - the percentage of 
the PTV receiving at least 95% of the prescribed dose – to describe PTV coverage, and 
the D107%, describing the amount of overdose, were calculated. The starting point of 
the plan comparisons was a similar D95% and D107%. 
Several parameters were compared for the OARs. The mean lung dose (MLD) over 
two lungs was computed, which was to be a maximum of 7 Gy. For the ipsilateral 
lung, V10Gy – the fraction of the volume receiving 10 Gy or more –, V20Gy and V30Gy were 
derived for the WBI plans while for APBI the V5Gy, V10Gy and V20Gy were found. Similar 
parameters were calculated for the heart. Moreover, the D2cc – maximum dose en-
compassing 2 cc of the structure – was calculated for the heart as an indication of the 
maximum dose. The range 30-40 Gy is considered to be relevant for the skin dose, so 
the mean dose and parameters V35Gy and D2cc were calculated for the skin. For the V35Gy, 
box-whisker plots are derived to determine how the values at different magnetic-field 
strengths are distributed. Also, the D2cc of the unspecified tissue (body) and the mean 
dose of the contralateral breast were acquired, both of which were to be kept low. The 
statistical significance of differences between all dosimetric parameters was tested by 
performing a paired student’s t-test. A value of p < 0.05 was considered to represent a 
statistically significant result. 
Additionally, dose-difference maps for all plans were derived, which depict for the 
same patient the dose differences per voxel relative to the situation at 0 T, i.e. dose va-
lues at 0.35 T versus 0 T and at 1.5 T versus 0 T. This allows further analysis of the spatial 
distribution of any dose differences caused by the magnetic field.

Results

Optimization process 

IMRT plans were successfully generated using MRLTP. The time required to calculate 
the Monte Carlo beamlets varied with size of the PTV, the number of beam angles 
and the magnetic-field strength (i.e. number of electron steps). For this, a computer 
with 4 GB RAM, a 2.27 GHz CPU, and a GeForce GX 580 GPU was used. Beamlet cal-
culations for a WBI-2 plan took 15 minutes at 0 T which went up to 25 minutes at 1.5 
T, while a typical WBI-7 set-up took 40 minutes for 0 T and up to an hour for a 1.5 T 
plan. Calculating beamlets for APBI-7 typically took 20 minutes for a 0 T plan, up to 
25 minutes for a plan at 1.5 T. 
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For each of the three RT techniques, a class solution of objectives was employed for 
the optimization of all plans. Once a suitable template of objective parameters was 
found for one patient, an automated script was activated to apply it for optimizing 
the plans of all other patients. Some individual plans required additional optimizati-
on. With the use of a 32 GB RAM, 3.40 GHz, eight-core CPU, the optimization time of 
FIDO for a WBI-2 plan or an APBI-7 plan was typically in the order of a few seconds, 
while a WBI-7 plan took only half a minute to optimize. 

Induced effects for WBI-2

At the three different magnetic-field strengths 0 T, 0.35 T and 1.5 T, similar target 
coverage is achieved. Furthermore, no target overdose is observed (Table 1).

Table 1 Dose parameters calculated for WBI-2 (columns 2-4) and WBI-7 (columns 5-7), at 0 T, 0.35 
T, and 1.5 T, respectively, for all breast tumors (n = 11). Prescription was 16 x 2.66 Gy = 42.56 Gy. 
Values are denoted as: ‘mean (standard deviation)’.

WBI-2 WBI-7
0 T 0.35 T 1.5 T 0 T 0.35 T 1.5 T

PTV
D95% (%) 96.5 (0.5) 96.7 (0.7) 96.7 (0.6) 95.9 (0.6) 96.1 (0.7) 96.1 (0.7)
D107% (%) 0.0 (0.0) 0.0 (0.1) 0.0 (0.1) 0.1 (0.3) 0.1 (0.3) 0.1 (0.2)

Ips. lung
MLD (Gy) 2.9 (0.9) 3.0 (0.9) 3.0 (0.9) 5.2 (1.1) 5.8 (1.1) 5.9 (1.1)
V10Gy (%) 16.7 (4.9) 16.2 (4.8) 16.2 (4.7) 36.0 (7.7) 35.5 (7.6) 36.6 (7.8)
V20Gy (%) 13.6 (4.5) 13.5 (4.5) 13.6 (4.4) 17.3 (7.3) 17.2 (7.0) 17.4 (6.9)
V30Gy (%) 7.1 (3.7) 8.1 (3.8) 9.3 (3.8) 3.5 (3.1) 3.7 (3.2) 3.9 (3.1)

Heart
D2cc (Gy) 20.5 (18.6) 20.2 (18.5) 19.9 (18.5) 28.3 (9.2) 28.3 (9.1) 28.2 (9.0)
V25Gy (%) 1.5 (2.0) 1.4 (2.0) 1.4 (2.0) 3.4 (4.3) 3.1 (3.9) 3.2 (4.1)

Unspec. tissue
D2cc (Gy) 46.0 (2.7) 46.7 (2.7) 47.2 (2.8) 45.0 (2.3) 45.0 (2.4) 45.2 (2.4)

Contr. breast 
Mean (Gy) 0.2 (0.3) 0.2 (0.3) 0.2 (0.3) 3.3 (1.7) 3.1 (1.6) 3.2 (1.7)

Skin
D2cc (Gy) 43.3 (0.6) 44.6 (1.0) 45.6 (1.1) 43.3 (0.3) 44.4 (1.4) 45.6 (2.9)
Mean (Gy) 29.5 (1.4) 32.3 (1.6) 33.2 (1.7) 27.9 (1.4) 30.2 (1.7) 29.8 (1.3)

D95% fraction of the volume receiving at least 95% of the prescribed dose, or 40.43 Gy; D107% fracti-
on of the volume receiving at least 107% of the prescribed dose, or 45.54 Gy; Ips. lung ipsilateral 
lung; MLD mean lung dose (over both lungs); VXGy fraction of volume receiving at least X Gy; D2cc 
dose received by 2 cc of the structure; Unspec tissue Unspecified tissue; Contr. Breast contralateral 
breast.
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Relative to the situation at 0 T, the mean skin dose in WBI-2 is raised by 9.5% (p < 
0.01) and 12.5% (p < 0.01) at 0.35 T and 1.5 T, respectively (Table 1). This dose incre-
ase is clearly visible in a typical DVH and dose-difference maps as shown in Figure 
3(a) and Figure 4 (a,b), respectively. It can also be observed in Figure 4 (a,b) that the 
increase in skin dose is especially manifested at the most superficial voxels of the 
skin. The most significant change in dose distribution in the skin is found in the 
range of around 30-40 Gy (Figure 3(a)). Further analysis shows that the ERE causes 
the skin volume receiving more than 35 Gy (V35Gy) at both non-zero magnetic-field 
strengths to increase considerably. This can be observed in the box-whisker plot in 
Figure 5(a), where the whiskers of the boxes of V35Gy at both 0.35 T and 1.5 T do not 
overlap with those at 0 T, indicating significant differences (p < 0.01). Also, the maxi-
mum skin dose (D2cc) is slightly raised, with an increase of 2.3 Gy at 1.5 T compared 
to no magnetic field (Table 1). 

Figure 3 DVHs at different field strengths, 0 T (full), 0.35 T (dash-dotted), and 1.5 T (dashed), acqui-
red from the plans for one typical patient. For each separate RT technique, (a) WBI-2; (b) WBI-7; (c) 
APBI-7, the PTV and OARs, including the skin, are shown. See legend for color specifications. Here, 
“ips.”= ipsilateral, “contr.” = contralateral, “unspec. tissue” = all unspecified tissue. For WBI, the skin at 
different magnetic-field strengths is also indicated by arrows with corresponding text boxes. Pres-
cribed dose for WBI and APBI was 42.56 Gy and 38.5 Gy, respectively. 
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The mean lung dose (MLD) in WBI-2 is low (~3.0 Gy) and unaffected by the magnetic 
field (Table 1). This is also true for the V10Gy of the ipsilateral lung. However, it receives 
more high dose at increasing field strength as indicated by the V30Gy going up by 
2.2% (p < 0.01) at 1.5 T relative to 0 T. This high-dose volume can also be observed 
in the dose-difference maps of Figure 4 (a,b). The heart dose is unaffected by the 
presence of the magnetic field in WBI-2. Both the V25Gy and D2cc of the heart remain 
constant. This is also true for the contralateral-breast mean dose, which remains 
very low. The unspecified tissue receives a higher dose locally as indicated by the 
D2cc which is on average 1.2 Gy more (p = 0.02) at 1.5 T than at 0 T (Table 1).

Figure 4 Maps of dose differences (in Gy) per voxel relative to the situation of no magnetic field. 
Examples of transversal slices are depicted in each consecutive row for each RT technique on three 
different patients, while the different magnetic-field strengths are arranged per column, i.e. (a) WBI-
2 at 0.35 T vs. 0 T; (b) WBI-2 at 1.5 T vs. 0 T; (c) WBI-7 at 0.35 T vs. 0 T; (d) WBI-7 at 1.5 T vs. 0 T; (e) APBI-7 
at 0.35 T vs. 0 T; (f ) APBI-7 at 1.5 T vs. 0 T. Voxel size is 2x2x2 mm3. Differences range from -5 Gy (dark 
blue) to +10 Gy (dark red). 
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Induced effects for WBI-7

Similar target coverage is achieved for all patients in WBI-7 at all field strengths and, 
again, no target overdoses are observed (Table 1).
Although the mean skin dose in WBI-7 is lower than in WBI-2, it is raised by the ERE. 
This augmentation, relative to the 0 T situation, is on average 8.2% (p < 0.01) and 
6.8% (p < 0.01) at 0.35 T and 1.5 T, respectively (Table 1). The fact that this increase 
is less severe than in WBI-2 can be seen in the typical DVH example in Figure 3(b) 
and the dose-difference maps of Figure 4 (c,d). The principle change in skin dose is 
in the range of around 30-40 Gy, which was also observed for WBI-2. Indeed, V35Gy is 
increased considerably (p < 0.01) at 0.35 T and at 1.5 T. This can also be seen in the 
box-whisker plot in Figure 5(b), where the interquartile ranges (height of the boxes) 
of V35Gy, at both 0.35 T and at 1.5 T, do not overlap with those at 0 T, indicating that 
there is a significant difference between the medians. It nevertheless shows a smaller 
increase compared to the tangential technique. The D2cc of the skin is similar to that 
in WBI-2 and is in presence of a magnetic field raised by a similar amount (Table 1).
The MLD in WBI-7 is higher than in WBI-2 and is increased with respectively 0.6 Gy 
and 0.7 Gy at 0.35 T and 1.5 T (Table 1). The volumes of the ipsilateral lung receiving 
at least 10 Gy and 20 Gy, respectively, are larger than in WBI-2 and remain almost 
constant. However, the V30Gy is smaller relative to WBI-2, and is only enlarged from 
on average 3.5% (p = 0.17) at 0 T to 3.9% (p = 0.11) at 1.5 T. Due to the beam orien-
tation in WBI-7, the V25Gy and D2cc for the heart and mean dose of the contralateral 
breast are higher than for WBI-2, but they remain constant with increasing mag-
netic-field strengths. Also, the maximum dose indicated by D2cc of the unspecified 
tissue is increased with on average only 0.2 Gy more (p = 0.02) at 1.5 T than at 0 T 
(Table 1). This effect is smaller relative to WBI-2 (Figure 4 (c,d)).

Induced effects for APBI-7

For the APBI-7 plans, similar dose coverage is achieved for all magnetic-field values. 
Furthermore, no overdose is observed for the three situations (Table 2). 
The impact of the ERE on the skin dose is less prominent in APBI than in WBI. The 
mean skin dose in APBI-7 is low when compared to the WBI techniques and is only 
slightly raised when a magnetic field is present (Table 2). This can also be observed 
in the typical DVH in Figure 3(c) and is also reflected in the dose-difference maps of 
Figure 4 (e,f ). Since the skin dose is already observed to be low, the V35Gy for the skin 
in APBI-7 is low and does not increase considerably (Figure 5(c)). This can be clearly 
seen by the boxes of V35Gy at 0.35 T and at 1.5 T both largely overlapping with the 
box at 0 T (p = 0.13 and p < 0.01, respectively). Although the increase at 1.5 T is sig-
nificant, it does not reflect a clinically relevant difference since the absolute change 
is very small. The maximum skin dose (D2cc) is lower when compared to WBI and 
remains unchanged at non-zero magnetic-field strengths (Table 2). 
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Table 2 Dose parameters calculated for APBI-7 at 0 T, 0.35 T, and 1.5 T, respectively, for all breast 
tumors (n = 11). Prescription was 10 x 3.85 Gy = 38.5 Gy. Values are denoted as: ‘mean (standard 
deviation)’.

APBI-7
0 T 0.35 T 1.5 T

PTV 
D95% (%) 97.0 (0.5) 97.0 (0.5) 97.0 (0.7)
D107% (%) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Ipsilateral lung
MLD (Gy) 2.1 (1.0) 2.0 (1.0) 1.8 (0.8)
V5Gy (%) 25.1 (12.9) 23.1 (12.6) 20.3 (9.6)
V10Gy (%) 10.3 (6.1) 9.8 (7.1) 8.0 (4.5)
V20Gy (%) 2.3 (1.5) 2.3 (1.6) 1.9 (1.3)

Heart
D2cc (Gy) 6.9 (2.5) 6.2 (2.0) 5.8 (2.5)
V5Gy (%) 8.0 (13.3) 6.2 (10.2) 6.0 (10.9)
V10Gy (%) 0.4 (1.2) 0.0 (0.0) 0.0 (0.0)

Unspecified tissue
D2cc (Gy) 37.9 (0.5) 38.2 (0.6) 38.4 (0.7)

Contralateral breast
 Mean (Gy) 1.1 (0.5) 1.0 (0.4) 1.4 (0.6)

Skin
D2cc (Gy) 35.5 (4.7) 35.2 (4.9) 35.6 (4.4)
Mean (Gy) 5.2 (2.1) 5.6 (2.4) 5.8 (2.4)

D95% fraction of the volume receiving at least 95% of the prescribed dose, or 36.6 Gy; D107%  fraction 
of the volume receiving at least 107% of the prescribed dose, or 41.2 Gy; MLD mean lung dose 
(over both lungs); VXGy fraction of volume receiving at least X Gy; D2cc dose received by 2 cc of the 
structure

The MLD in APBI-7 is low (~2 Gy) and remains almost constant for non-zero field 
strengths. Furthermore, there are no observed significant differences (p > 0.05) in 
the presence of a magnetic field in the V5Gy and V10Gy of the ipsilateral lung, while also 
the V20Gy remains unchanged. The V5Gy, V10Gy, and D2cc of the heart in APBI-7 remain 
constant relative to 0 T at both 0.35 T and 1.5 T (p > 0.05 for all parameter differen-
ces). The heart V25Gy stays zero in APBI-7 (not given in Table 2). Relative to WBI, the 
mean dose of the contralateral breast remains low, whereas the unspecified tissue 
D2cc seems to be raised slightly. The maximum raise is 0.5 Gy at 1.5 T compared to 0 
T, however, this is statistically insignificant (p = 0.17). Small increases are visible in 
the dose-difference maps in Figure 4 (e,f ). 
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Discussion 

The results of this treatment-planning study show effects on the dose distribution 
when treating breast-cancer patients with a 6 MV photon beam in presence of a 
magnetic field. The induced dosimetric effects on the skin are observed at 0.35 T 
and 1.5 T. A significant increase in skin dose is observed when conventional treat-
ment by tangential-field WBI is performed. This observation could impair the cli-
nical acceptability of the plans in the MRL. Therefore, a seven-field WBI technique 
was introduced, in an attempt to reduce the skin dose, as predicted in a previous 
film-based phantom study by Almberg et al [22](2011), although the other OARs 
would receive more dose than with the tangential technique. However, an increase 
in skin dose is observed there as well. For the APBI technique, the impact on the skin 
dose is small in comparison with WBI. 
Doses to the OARs in WBI are comparable to those from other studies in the 0 T 
cases, except for the V20Gy of the ipsilateral lung in WBI-7, which is relatively high 
[23-26]. Differences in the dose distribution between the WBI-2 and WBI-7 techni-

Figure 5 Box-whisker plots of the skin dose 
parameter V35Gy, as obtained from all plans 
(11 breast tumors). The box whiskers are re-
presented for (a) WBI-2; (b) WBI-7; (c) APBI-
7. They are evaluated for field strengths 0 T 
(red), 0.35 T (orange), and 1.5 T (blue). The 
line in each box represents the median; the 
lower and upper quartiles determine the 
height of each box – or interquartile ran-
ge; the minimum and maximum values are 
represented by the whiskers. The p-values 
acquired from the student’s paired t-test 
are depicted to indicate significances rela-
tive to 0 T.    
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ques are mainly in the low-dose areas of the OARs as a consequence of the different 
beam orientations, and in the high-dose region of the ipsilateral lung. Although the 
MLD is higher in seven-field WBI, the high-dose volume is smaller compared to the 
tangential set-up, since in the tangential plans the dose is less conformal near the 
lung. In the seven-field set-up the mean skin dose is lower relative to the tangenti-
al-field technique. However, a magnetic-field-induced effect was still observed, thus 
the plans were clinically not better than for the tangential technique.
In APBI, the observed effects on the skin dose are found to be negligible in presen-
ce of a magnetic field. Moreover, the absolute dose values on the other OARs are 
low relative to WBI and comparable to values found in other studies at 0 T, while it 
should be kept in mind that the fractionation in APBI is different from WBI [26, 27]. 
Since the OAR doses are not affected adversely under influence of the magnetic 
field, it can be concluded that the performance of APBI treatments in the MRL is not 
impaired by the ERE. 
Current cosmetic outcome for treatments by WBI after BCS is good to excellent [17, 
18, 28, 29]. For APBI, at least in the studies by Lewin et al and Shaikh et al, the current 
cosmetic outcome was shown to be good to excellent [7, 8]. With regard to the skin 
dose, the presence of the magnetic field is clearly disadvantageous for WBI. Further 
increases to the skin dose could result in a higher complication rate and severity 
of complications [30]. The actual clinical implications of the observed raised skin 
dose – especially in the regions receiving 30-40 Gy or more – have to be investiga-
ted further, since precise data and calculations on the biological effects of high skin 
dose are unavailable. However, negative side effects induced by high skin dose are 
observed, implying a potential drawback when considering the performance of WBI 
treatments in the MRL [31, 32]. 
A fluence-based optimization process is used in MRLTP to optimize the dose distri-
bution, which means that the sequencing step for actual dose delivery is not inclu-
ded. Thus, any quality degradation of the plan caused by a sequencer is omitted. 
The aim of our study, however, was to investigate the induced physical influences 
on the dose caused by the magnetic field. Although the absolute dose values may 
differ slightly when including a sequencer, the physical effects on the skin dose in 
general are already reflected in the dose plans. 
The highest dose increases in the skin were observed in the most superficial layer 
of the skin (Figure 4). In our analysis a voxel size of 2x2x2 mm3 was used. Further 
investigation of the magnetic-field-induced effects on the dose distribution with a 
higher-resolution dose grid was performed by Oborn et al [33]. In specific phantom 
set-ups, layers of tiny voxels (in the order of 10 mm per voxel) were constructed and 
analyzed for a 6 MV photon spectrum and a range of magnetic-field strengths (0 
T – 3.0 T) using Monte Carlo simulations. It was shown that at non-zero magnetic 
fields the first 70 mm under the surface receive a larger increase in skin dose than 
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what was to be expected based on lower-resolution calculations. As a consequence, 
there is a possibility that even in APBI treatments, a dose peak may appear in the 
top layers of the skin. This should be properly measured and monitored extensive-
ly before the clinical implementation of APBI treatments in the MRL. Moreover, it 
was shown in Monte Carlo dose calculations by Oborn et al that the contribution of 
contaminant electrons to both the entry dose and entry-surface dose can cause an 
increase at 0 T [34]. However, this effect is again limited to about the first 70 mm of 
the tissue. Contaminant electrons are not incorporated in the MRLTP. 
The current study was based on static-image treatment-planning, which means 
that effects due to intrafractional movements are not accounted for. However, Fra-
zier et al showed that dose plans for WBI are relatively insensitive to the effects of 
breast motion during normal breathing [35]. Furthermore, in a study by George et 
al it was concluded that were no significant effects observed in the IMRT delivery 
when respiratory motion is compensated for in breast RT [36]. Additionally, the MRL 
is primarily designed for tracking the target volume and performing dynamic plan-
ning, thus compensating for all motion.
The added value of MRI for breast RT in the MRL will especially be the visualization 
of the tumor bed in high contrast to the surrounding anatomy. For WBI alone, the 
breast boundaries can also be visualized with other modalities such as kV or MV ra-
diographs. However, the purpose of the research was to investigate the dosimetric 
effects of the magnetic field on RT treatments, including the standard technique of 
WBI, which involves relatively large field sizes. This can be of special relevance when 
WBI is to be performed in the MRL in combination with, for example, the delivery 
of a (stereotactic) boost. In future studies, more novel treatments in the MRL will 
be investigated as well. A single modality which can perform both standard and 
more sophisticated RT techniques at once could lead to a very high efficiency in the 
treatment of the patient. 
The use of MRI allows for very precise RT performances in the MRL, from which bre-
ast-cancer patients could potentially benefit. However, from the previous discussion 
we find that the direct application in the MRL of currently standard treatments such 
as WBI is not straightforward. In both tangential and seven-field WBI, the skin-dose 
increase caused by the ERE is probable to cause negative side effects, which implies 
a potential drawback for those treatments. On the other hand, in the APBI set-up 
considered, negative side effects are much more unlikely, which makes APBI in the 
MRL feasible. APBI treatments could fully benefit from the capabilities of MRI, such 
as the high soft-tissue contrast, enabling direct, on-line position verification of the 
target area itself. This opens new possibilities for developing novel treatment tech-
niques for breast cancer, aiming directly at the primary tumor location [37]. Therefo-
re, our future research will focus on MR-guided partial-breast treatments.
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In conclusion, the treatment of patients in the MRL using a conventional tangential 
WBI set-up or a seven-field WBI technique, at 0.35 T or 1.5 T, implies an increase 
in skin dose of the ipsilateral breast. In APBI treatments the skin dose and other 
OAR doses are relatively low and only minimally affected by the magnetic field. This 
opens new possibilities for developing MR-guided partial-breast treatment techni-
ques in the MRL. 
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Abstract

Purpose 

For breast boost radiotherapy or accelerated partial breast irradiation, the tumor 
bed is delineation by the radiation oncologist on a planning CT scan. The purpose of 
this study was to investigate whether the interobserver variability of the tumor bed 
delineation could be reduced by providing the radiation oncologist with additional 
MRI or CT imaging. 

Methods

Fourteen cT1-2 patients underwent a standard planning CT in supine treatment 
position after lumpectomy and additional pre- and postoperative imaging in the 
same position. Post-lumpectomy tumor beds were delineated by 4 breast radiation 
oncologists on standard postoperative CT and on CT registered to an additional 
imaging modality. Additional imaging modalities were: postoperative MRI, preope-
rative contrast-enhanced (CE) CT and preoperative CE-MRI. A cavity visualization 
score (CVS) was assigned to each standard postoperative CT by each observer. Con-
formity index (CI), volume, and distance between centers of mass (dCOM) of the 
tumor bed delineations were calculated. 

Results

On CT, median CI was 0.57, volume 22 cm3 and dCOM 5.1 mm. Addition of 
postoperative MRI increased the median tumor bed volume significantly to 28 cm3 
(p<0.001), while the CI (p=0.176) and dCOM (p=0.110) were not influenced. Addi-
tion of preoperative CT or MRI increased the tumor bed volume to 26 and 25 cm3 
(both p<0.001). The CI increased to 0.58 and 0.59 (both p<0.001), and dCOM decre-
ased to 4.7 and 4.6 mm (p=0.004 and p=0.001). In patients with CVS ≤ 3, median CI 
was 0.40 on CT, which significantly increased by all additional imaging modalities 
up to 0.52, accompanied by a median volume increase up to 6 cm3. 

Conclusion

The addition of postoperative MRI, preoperative CE-CT or preoperative CE-MRI did 
not result in a considerable reduction of the interobserver variability in postopera-
tive CT-guided tumor bed delineation, while target volumes slightly increased. The 
value of additional imaging may be dependent on CVS.
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Introduction

In early-stage breast cancer, radiotherapy following breast-conserving surgery is an 
integral part of breast-conserving treatment [1]. Traditionally, the whole breast is 
irradiated, with an additional boost dose to the tumor bed (TB) in patients with a 
higher risk of local recurrence [2]. Even though the geometric precision of modern 
radiation dose delivery is high, target delineation uncertainties are often large [3]. 
Especially delineation of the TB area, which is performed on the postoperative ra-
diotherapy planning CT scan, is highly variable among radiation oncologists [4-8]. 
This could potentially lead to treatment inaccuracies, which are of particular con-
cern with the increasing use of Accelerated Partial Breast Irradiation (APBI), in which 
only the breast tissue surrounding the TB is irradiated. Furthermore, postoperative 
seroma formation can lead to large TB volumes, which are associated with an incre-
ased risk of subcutaneous fibrosis and worse cosmetic results [9-12]. 
There are several potential options to improve TB visualization for standard CT-gui-
ded TB delineation. MRI might have additional value, since it has an excellent 
soft-tissue contrast compared to CT. The use of different MRI sequences makes 
it possible to differentiate between fibroglandular tissue, fluid and fat, and it can 
show the heterogeneity and irregularity of seromas [13]. Another opportunity to 
improve CT-guided TB delineation might be to increase the observer’s knowledge 
of the original tumor location. In the current situation, the preoperative diagnostic 
mammogram or MRI are some of the features used by the radiation oncologist to 
reconstruct the original tumor location on the planning CT scan with. This diagnos-
tic imaging is not acquired in the supine radiotherapy treatment position which 
makes it difficult to interpret the original tumor position on the supine planning CT. 
Preoperative imaging in treatment position might improve the observer’s knowled-
ge about the original tumor location and thereby potentially reduce the interob-
server variability (IOV). The addition of a preoperative contrast-enhanced (CE) CT in 
supine radiotherapy treatment position to the standard postoperative planning CT 
was investigated by Boersma et al. [14]. They reported a minor reduction of the IOV. 
However, we showed in a recent delineation study on preoperative breast tumor 
delineation, that CE-MRI in radiotherapy supine position was superior to CE-CT for 
tumor detection and the visualization of tumor irregularities and spiculations [15]. 
Therefore, in this study, CE-CT, which is most commonly available in radiotherapy 
institutes, and CE-MRI were both investigated as an additional imaging modality to 
improve post-lumpectomy CT-guided tumor bed definition.
The purpose of this study was to investigate whether the IOV of standard CT-gui-
ded post-lumpectomy tumor bed delineation could be reduced by using additional 
postoperative MRI, preoperative CE-CT or preoperative CE-MRI in supine radiothe-
rapy treatment position.
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Materials and methods

Patients and selection
The study population included NTR3198 study patients, who received both CT and 
MRI before and after lumpectomy as part of the study, which was approved by our 
institutional review committee and registered in the International Clinical Trials Re-
gistry [15]. Patients eligible for inclusion had a clinical T1-T2, N0 staged adenocarci-
noma of the breast and were scheduled for breast-conserving therapy. Patients with 
lobular carcinoma, a history of ipsilateral breast surgery, contra-indications for 1.5 
Tesla MRI, iodine allergy, and patients who received neoadjuvant treatment were not 
eligible.

Image acquisition
Patients underwent preoperative CE-CT and CE-MRI before lumpectomy, and a stan-
dard planning CT directly followed by an MRI at a median of 21 days (range 14-50) 
after lumpectomy. All imaging was performed in the supine treatment position. 
For both CT and MRI, patients were placed with the arms in abduction and hands 
above the head at 10° inclination and with the use of a knee support (C-Qual and 
Thorawedge for CT and MRI respectively, CIVCO medical solutions, Reeuwijk, The 
Netherlands).  The tumor or surgical scar was marked on the skin with a CT/MRI com-
patible wire. 
For MRI, a wide bore (70 cm) MRI scanner (Ingenia 1.5T, Philips Medical Systems, Best, 
The Netherlands) and anterior receive coil were used. To prevent breast deformation 
by the anterior receive coil, a polymethyl methacrylate (PMMA) support was desig-
ned, which is adjustable to patient habitus and breast size. The following 3D high 
resolution MRI images were used in this study: T1 weighted (T1w) fast field echo 
(FFE) with and without fat suppression (Dixon), T2 weighted (T2w) turbo spin echo 
(TSE) with fat suppression (SPAIR) and preoperative dynamic series of CE T1w Dixon 
images. MRI sequence parameters are provided in Table 1. The total acquisition times 
of the pre- and postoperative MRI protocols were 21 and 14 minutes, respectively. 

Target volume delineation
All images were transferred to our in-house developed delineation software [16]. The 
postoperative MRI was registered to the postoperative planning CT by rigid mutu-
al information registration on a box around the tumor, using the T1w images with 
fat-suppression. The preoperative CE-CT and CE-MRI were registered to the planning 
CT by automatic registration on the chest wall. Four experienced breast radiation 
oncologists independently delineated the TB, using written delineation instructions. 
These instructions were formulated in a consensus meeting with all observers, su-
pervised by an experienced breast radiologist. The consensus meeting was repeated 
once, to answer questions regarding MRI and to discuss ambiguities in the delineati-
on instructions. Delineation took place as follows: Firstly, the observer delineated the 
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TB on standard postoperative planning CT and assigned a Cavity Visualization Score 
(CVS) which ranges from 1 (no cavity visible), 2 (heterogeneous cavity with indistinct 
margins), 3 (heterogeneous cavity with some distinct margins), 4 (mildly heteroge-
neous cavity with mostly distinct margins), to 5 (homogeneous cavity with clearly 
identified margins) [17]. Secondly, the CT-based delineation was duplicated and ad-
justed according to findings at the co-registered 1) postoperative MRI, 2) preopera-
tive CT and 3) preoperative MRI. The original CT-guided delineation was duplicated 
to prevent influencing our data by intraobserver variations and to solely study the 
influence of additional imaging on this standard delineation method. 

Data analysis

The conformity index (CI) and distance between the centers of mass (dCOM) of the 
TB contours were calculated for all possible observer pairs. The CI per observer pair 
was calculated by using the following formula: CI =  . Consequently, CI = 1 implies 
a perfect agreement among observers, while CI = 0 means there is no overlap. For 
dCOM, a value of 0 means that two delineations are centered at the same position. 
Median values and accompanying ranges were used to describe the data since not 
all variables were normally distributed. A Wilcoxon signed-rank test was performed 
to compare paired variables using IBM SPSS Statistics 20 (Chicago, IL, USA) with a 
significance level of α=0.05. To visualize the influence of additional imaging on the 
CI, the change in CI per observer pair was plotted against the original CI of that ob-
server pair on CT by using GraphPad Prism 6 (La Jolla, CA, USA). Furthermore, these 
outcomes were categorized by CVS ≤ 3 and CVS ≥ 4. 

69

Additional imaging for postoperative tumor bed definition

Table 1 MRI sequence parameters

Postoperative Postoperative Preoperative dynamic
T2 TSE SPAIR T1 DIXON FFE T1 DIXON FFE

Orientation Transverse Transverse Transverse
Acquisition mode 3D 3D 3D
FOV(mm) 250x450x200 250x448x200 250x448x200
Matrix size 200x357x167 252x447x182 208x388x167
Acquired voxel size (mm) 1.25x1.25x2.40 0.99x1.00x2.20 1.20x1.21x2.40
Reconstructed voxel size (mm) 0.78x0.78x1.2 0.95x0.93x1.10 1.16x1.18x1.20
TR/TE (ms/ms) 2000/172 7.1/1.71 6.1/1.87
Flip angle 90 12 10
Refocusing angle 120 n.a. n.a.
Turbo factor 74 117 84
NSA 1 2 1
Fat suppression SPAIR Dixon Dixon
Acquisition time (minutes) 5:40 7:51 4:13 

FOV field of view, TR repetition time, TE echo time, TSE turbo spin echo,  NSA number of averages, 
FFE fast field echo, SPAIR spectral adiabatic inversion recovery, n.a. not applicable



Results 

Fourteen patients were prospectively included in this study (Table 2). Most patients 
underwent full-thickness closure of the excision cavity, which consists of suturing 
the deep and superficial layers of the cavity’s breast tissue. A standard postoperati-
ve CT, registered to postoperative MRI, preoperative CE-CT and preoperative CE-MRI 
in one patient is shown in Figure 1. The different features of the TB as visualized by 
different MRI sequences are shown in Figure 2. Fat suppressed T1w (Figure 2b) and 
T2w (Figure 2d) images enable distinction between fibroglandular tissue and sero-
ma. Surgical clips can be visualized by the T1w not fat-suppressed images (Figure 2c) 

Table 2 Patient characteristics

Characteristic Value

Age (years)
  median

48-70
61

Microscopic tumor diameter (mm)
  median

6-29
12

Histology
  ductal carcinoma
  ductulolobular carcinoma
  tubular carcinoma

10
3
1

Side
  left
  right

7
7

Days between surgery and postoperative imaging
  median

Surgical technique
  Open cavity
  Full-thickness closure

Number of clips placed
  median

Cavity visualization scores (mean)
1 − no cavity visible
2 − heterogeneous cavity, indistinct margins
3 − heterogeneous cavity, some distinct margins
4 − mildly heterogeneous cavity, mostly distinct

margins
5 − homogenous cavity, clearly identified margins

14-50
21

2
12

4-6
5

3
1
5
2
5

1
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Figure 1 Sixty-four year old patient with pT1cN0(sn) ductal carcinoma of 
the right breast, cavity visualization score was 2 on CT. CT-guided tumor 
bed delineation of 4 observers, shown in different colors, on the same 
transversal slice on A) postoperative CT, B) postoperative T2w MRI, C) 
preoperative CE-CT and D) preoperative CE-MRI.

Figure 2 Different features of the tumor bed as shown on (A) Postoperative 
planning CT,(B) Postoperative T1w MRI with fat suppression, (C) Postopera-
tive T1w MRI, (D) Postoperative T2w MRI with fat suppression. Arrows: Blue 
fibroglandular tissue, Red seroma, Orange surgical clip, Green area with 
intermediate signal intensity.
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Interobserver variability and volumes
TB delineation by the 4 observers resulted in wide ranges in volume, CI and dCOM on 
standard postoperative planning CT (Table 3), which did not improve with any of the 
additional imaging methods. The lower limit of 0.00 of the range in CI was the result 
of an absolute non-agreement among observers, with no overlap of TB delineations. 
This non-agreement occurred in 1 patient, with a centrally located tumor bed, with a 
CVS of 1 (no cavity visible) assigned unanimously by al observers. One observer con-
toured a region different from the other 3 observers. Excluding this outlier from the 
analysis did not influence the outcomes. This observer did not cause outliers in any 
of the other patients. Data analysis showed there was no observer who structurally 
deviated from the other observers concerning volume, CI and dCOM. 
Addition of a postoperative MRI to the standard postoperative planning CT did not 
influence the CI (p=0.176) or dCOM (p=0.110) (Table 3). However, the TB volumes in-
creased significantly (p<0.001) with a median increase of 6 cm3. 
Addition of a preoperative CT or MRI significantly increased the CI (both p<0.001) 
and dCOM (p=0.004 and p=0.001) (Table 3). A significant absolute volume increase, 
4 cm3 and 3 cm3, was observed after addition of preoperative CE-CT and CE-MRI, 
respectively (both p<0.001). 
In Figure 3, the change in CI per observer pair after addition of an imaging method on 
the Y-axis is plotted against the original CI of that observer pair on standard postope-
rative CT on the X-axis. 
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Table 3 Volume, conformity index and dCOM of the tumor bed delineations.
median range p-value#

Volume (cm3)
CT 22 4 - 934
CT + postoperative MRI 28 3 - 964 <0.001
CT + preoperative CT 26 6 - 933 <0.001
CT + preoperative MRI 25 7 - 933 <0.001

Conformity index
CT 0.57 0.00 - 0.90
CT + postoperative MRI 0.61 0.00 - 0.89 0.176
CT + preoperative CT 0.58 0.00 - 0.90 <0.001
CT + preoperative MRI 0.59 0.00 - 0.89 <0.001

dCOM (mm)
CT 5.11 0 - 53
CT + postoperative MRI 3.72 0 - 52 0.110
CT + preoperative CT 4.69 1 - 42 0.004
CT + preoperative MRI 4.56 0 - 48 0.001

#p-value of the median of differences between the additional imaging modality and standard 
postoperative CT



Figure 3 Conformity index (CI) per 
observer pair on standard postope-
rative CT (x-axis), plotted against the 
change in CI (y-axis) after addition of 
(A) postoperative MRI (B) preopera-
tive CT (C) preoperative MRI 
▼ = CVS ≤ 3; ∙ = CVS ≥ 4

These outcomes were categorized by CVS ≤ 3 and CVS ≥ 4. In general, CI was higher 
in patients with a high CVS score, as represented by the circles is Figure 3. In these 
patients, conformity did not increase with the use of additional imaging modali-
ties and even significantly decreased after addition of postoperative MRI (p= 0.016). 
Contrarily, in patients with a low CI and a more heterogeneous TB (CVS ≤ 3), an in-
crease in CI was observed from a median 0.40 on CT up to 0.52 on CT with additional 
preoperative MRI. In this same subgroup, volumes increased from 17 cm3 on CT up 
to 23 cm3 on CT with additional postoperative MRI.
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Discussion

To our knowledge, this was the first study investigating the value of both additional 
pre- and postoperative CT and MRI with all imaging acquired in radiotherapy supi-
ne position by using wide bore CT and MRI scanners. 
The addition of postoperative MRI did not improve the IOV of standard CT-guided 
TB delineation. This was against our expectations, since the use of different MRI 
sequences enables differentiation between different soft tissues (Figure 2). In the 
fat-suppressed images, MRI is unique for its clear contrast between seroma and 
fibroglandular tissue. However, the interpretation of the different MRI sequences 
in combination with the available patient information seems to be observer-de-
pendent, despite the training and written delineation instructions. We found that 
observers rather expand their target volume than reduce their original CT-guided 
delineation based on the information provided by additional imaging. For example, 
in Figure 1B the area of seroma and architectural distortion on T2-weighted MRI was 
included. Furthermore, when observers are provided with preoperative imaging, 
they only expand the original CT-based delineation in the direction of the origi-
nal tumor and do not adjust, for instance, the medial borders. They seem willing 
to expand their contour based on additional information, but not seem to reduce 
it when an area might not be part of the tumor bed. In that case, they do seem to 
favor their interpretation of the standard planning CT which they are most familiar 
with. This finding can also explain the volume increase that is observed after provi-
ding additional imaging.
The heterogeneity in CI, as showed by Figure 3, indicates that the subgroup of pa-
tients with CVS ≤ 3 potentially benefits. However, the clinical relevance of this fin-
ding is debatable since the median CI after addition of preoperative MRI for this 
patient subgroup was still only 0.52. Moreover, these findings should be interpreted 
with caution, since delineated volumes also showed a median increase up to 6 cm3. 
Though, it might be interesting to focus on the subgroup of patients with CVS ≤ 3 in 
future studies in a larger patient cohort, especially since a higher incidence of these 
CVS scores could be expected with the increasing use of full-thickness closure after 
lumpectomy.   
In line with our study results, Kirby et al. reported increased TB volumes delineated 
on CT-MRI datasets [18]. In our current study, we investigated whether additional 
MRI, registered to the standard postoperative planning CT, could reduce the IOV of 
tumor bed delineation. Tumor bed delineation on MRI-only was previously repor-
ted [19]. In that study the conformity among observers was even lower on MRI-only, 
which is also in line with results reported by Giezen en al [20]. However, in a study 
by Jolicoeur et al. IOV improved and volumes were smaller on MRI-only, compared 
to CT [21]. This contradiction might be caused by MRI quality and the definition of 
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the TB.  In the study by Jolicoeur et al., the TB was defined as an architectural change 
on primarily T2 weighted MRI, while in the other studies the TB was reconstructed 
according to architectural changes, original tumor location on preoperative diag-
nostic imaging, physical examination and the placement of surgical clips. Further-
more, Jolicoeur et al. primarily used T2 weighted sequences, while in our study, 
multiple sequences were used. Moreover, the use of different operation techniques 
might have influenced the difference in study outcomes. Most patients in our stu-
dy underwent full-thickness closure, while Jolicoeur et al. excluded patients who 
underwent oncoplastic techniques, which probably included full-thickness closure 
as well. After suturing the cavity walls, seroma might follow the suturing lines, the 
shapes of which might be more subject to interpretational differences compared to 
clearly defined cavity walls in superficially closed cavities (Figure 2, red and green 
arrows).
Both Giezen et al. and Jolicoeur et al. investigated TB delineation on MRI separate-
ly and compared it with CT-guided delineation. In our study, we investigated the 
additional value of MRI registered to standard postoperative CT, since this would 
be the application in clinical practice. In this setting, we found no added value of 
postoperative MRI for the general postoperative patient population. 
However statistically significant, no clinically relevant influence of either additional 
preoperative MRI or CT imaging on the CI of postoperative CT-guided TB delineati-
on was found in our study. Our findings are in line with Boersma et al., who found 
no increase in CI after addition of a preoperative CE-CT [14]. 
Study results could be influenced by structural observer outliers, observer training 
and observer knowledge of MRI interpretation. Since there is no gold standard to 
validate the ‘correct’ imaging modality for TB delineation, consensus among obser-
vers is used as an alternative method.  At inspection of the data, no observer was 
structurally deviating in volume, CI or dCOM. Even in the presence of guidelines, 
training and an adequate number of clips, considerable variation still exists [22]. 
A possible limitation of this study is the small number of patients. However, with 
both increases and decreases in IOV and volumes, a larger cohort will probably not 
change the average difference considerably. 
For the overall patient population, additional imaging will not improve consistency 
in TB delineation. The question arises as to whether it is possible to further improve 
the IOV of postoperative CT-guided TB delineation. Several groups have proposed 
irradiation of the high-risk breast tissue surrounding the tumor before lumpectomy, 
when the tumor is still in situ [15, 23-25]. This preoperative approach would result in 
a much lower IOV compared to the current standard postoperative treatment [15, 
25]. Moreover, preoperative image guided target volume definition could be valida-
ted by pathology studies as a gold standard, which might improve confidence in an 
accurate treatment of the high-risk area [26]. 
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In conclusion, the addition of postoperative MRI, preoperative CE-CT or preoperati-
ve CE-MRI did not result in a considerable reduction of the interobserver variability 
of postoperative CT-guided tumor bed delineation, while target volumes slightly 
increased. The influence of additional imaging may be dependent on CVS.
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Abstract

Purpose

During breast conserving surgery (BCS), surgeons increasingly perform full-thick-
ness closure (FTC) to prevent seroma formation. This could potentially impair preci-
sion of target definition for boost and accelerated partial breast irradiation (APBI). 
The purpose of this study was to investigate the precision of target volume defi-
nition following BCS with FTC among radiation oncologist, using various imaging 
modalities. 

Methods

Twenty clinical T1-2N0 patients, scheduled for BCS involving clip placement and 
FTC, were included in the study. Seven experienced breast radiation oncologists 
contoured the tumor bed on CT, MRI and fused CT-MRI datasets. A total of 121 indi-
vidual image sets and 360 observer pairs per image modality were analyzed. A pair-
wise conformity among the generated contours of the observers and the distance 
between their centers of mass (dCOM) were calculated. 

Results

On CT, median conformity was 44% (interquartile range (IQR) 28-58%) and median 
dCOM was 5.5 mm (IQR 3-9 mm). None of the outcome measures improved when 
MRI or fused CT-MRI were used. In 2 patients, superficial closure was performed 
instead of FTC. In these 14 image sets and 42 observer pairs, median conformity 
increased to 70%.

Conclusions

Localization of the radiotherapy target after FTC is imprecise, on both CT and MRI. 
This could potentially lead to a geographical miss in patients at increased risk of 
local recurrence receiving a radiation boost, or for those receiving APBI. These fin-
dings highlight the importance for breast surgeons to clearly demarcate the tumor 
bed when performing FTC.
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Introduction

With the introduction of breast cancer screening programs, the majority of wo-
men with breast cancer are currently diagnosed at an early stage [1, 2]. In these 
patients, breast-conserving surgery (BCS) followed by whole breast radiotherapy 
is the standard of care and leads to excellent local control rates while preserving 
the affected breast [3, 4]. The addition of a radiation boost to the tumor bed further 
reduces the risk of breast recurrences [5]. During BCS, surgeons increasingly per-
form full-thickness closure (FTC) of the excision cavity, instead of a circumferential 
tumorectomy followed by superficial closure (SC). In FTC, both deep and superficial 
layers of breast tissue are repositioned and approximated after an excision which 
is generally performed down to the pectoral fascia. The advantages of FTC include 
a better hemostatic control, lower risk of post-surgical infections, less fibrosis and 
increased sensitivity of follow-up mammography in detecting local recurrence [6-
8]. The downside of FTC is that it may hinder the visualization of the tumor bed on 
CT-images, which is an essential step in planning the radiation boost or partial bre-
ast irradiation. While SC usually leaves a seroma-filled cavity behind which is easily 
identifiable on planning CT, seroma is often absent after FTC or follows indistinct 
surgical boundaries which are not always reflecting the original tumor location. 
Consequently, the surgical closure technique may impair precision of tumor bed 
definition, which drives the targeting of radiotherapy doses, and ultimately deter-
mines the treatment quality and efficacy. 
The purpose of this study was to investigate the precision of tumor bed definition 
following BCS with FTC among radiation oncologist, by using various imaging mo-
dalities. 

Methods and Materials

Study population
The study population included NTR3198 study patients, who received both CT and 
MRI after BCS as part of the study, which was approved by our institutional review 
committee and registered in the Netherlands Trials Register (NTR) and the Interna-
tional Clinical Trials Registry Platform. Eligible patients included women who under-
went ipsilateral BCS for a clinically T1-2, N0 breast cancer referred to the University 
Medical Center Utrecht (The Netherlands). Patients with neoadjuvant treatment or 
contra-indications for imaging with 1.5 Tesla MRI were excluded. All patients had 
surgical clips placed in the surgical cavity to guide radiotherapy target definition 
and underwent FTC, which is routine practice in the Netherlands. Seven experien-
ced radiation oncologists from the Sunnybrook, (Odette Cancer Center, Toronto, 
Canada), routinely using CT-imaging for tumor bed contouring and familiar with 
breast MRI were asked to participate in this study.
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Imaging

In standard clinical practice, the radiotherapy target definition is performed by con-
touring the tumor bed on a postoperative planning CT scan. Since MRI has been 
recently shown to improve contouring precision in patients having undergone 
SC, we also investigated whether MRI could aid the target definition after FTC [9]. 
Patients underwent standard planning CT and MRI at a median of 3 weeks after 
lumpectomy (range 14 – 50 days). CT and MRI were performed in the same supine 
treatment position with the hands above the head. Patients were positioned on 
an MRI compatible 10° wedge board (Thorawedge, CIVCO medical solutions, Reeu-
wijk, The Netherlands) with knee support. The surgical scar was marked on the skin 
with a CT/MRI compatible wire. CT images were obtained at 3 mm slice thickness 
and a minimal in-plane resolution of 1 x 1 mm2 (Brilliance, Philips Medical Systems, 
Best, The Netherlands), For MRI, a polymethyl methacrylate (PMMA) coil support 
was used to prevent breast deformation by the anterior receive coil. 3D high-resolu-
tion MR images were acquired using a wide bore MRI scanner (Ingenia 1.5T, Philips 
Medical Systems, Best, The Netherlands) using the following three sequences with 
a reconstructed voxel size of ≤ 1x1x1 mm3. T1 weighted (T1w) fast field echo (FFE) 
i) with and ii) without fat suppression (Dixon) and iii) T2 weighted (T2w) turbo spin 
echo (TSE) with fat suppression (SPAIR).

Radiotherapy target definition 

CT and MRI image sets were transferred to the Pinnacle treatment planning soft-
ware version 9.2 at the Canadian study site (Philips Medical Systems Inc, Cleveland, 
Ohio, USA). The tumor bed was first contoured on the standard postoperative plan-
ning CT for each patient by seven experienced breast radiation oncologists from 
the Canadian study site. To investigate whether tumor bed definition could be im-
proved by MRI, the observers also contoured the tumor bed on MRI images, as well 
as on fused CT-MRI datasets independently, with at least a 2-week interval between 
modalities. For fused CT-MRI datasets, images were co-registered by rigid mutual 
information registration on a box around the tumor bed area. 
Observers were blinded for each other’s contours and also to their own contours at 
the other imaging modality. For this purpose, images were anonymized and presen-
ted in a random sequence. The radiation oncologists were provided with each pa-
tient’s preoperative information (mammography, ultrasound) and surgical report, 
including the scar position and location of surgical clips. Observers were provided 
with written contouring guidelines formulated in a consensus meeting and each 
observer was individually trained on tumor bed appearances on the different MRI 
sequences. 
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Outcome parameters 

The following outcome measures of interobserver variability were captured: 

1. The conformity Index (Cx), corresponding to the ratio between the volume of 
agreement of the defined target volumes divided by the encompassing volu-
me, for each observer pair (Figure 1).

2. The distance between observers’ target volumes (dCOM), which was quantified by 
the distance between the centers of mass of the tumor bed contours of each 
observer pair. 

3. Volume of the defined targets 
4. Cavity Visualization Score (CVS). For each set of images, the visualization of the 

tumor bed area was scored by each observer assigning a CVS [10]. This is a 
5-point-scale ranging from 1 (no cavity visible), 2 (heterogeneous cavity with 
indistinct margins), 3 (heterogeneous cavity with some distinct margins), 4 
(mildly heterogeneous cavity with mostly distinct margins), to 5 (homogene-
ous cavity with clearly identified margins).

Figure 1 Conformity index as calculated by the volume of agreement divided by the encompassing 
volume per observer pair. 

 

Figure 1 Conformity index as calculated by the volume of agreement divided by the encompassing 
volume per observer pair.  
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Statistical analysis
To compare target definition between CT and MRI/CTMRI-fusion with a confidence 
level of 95% and a power of 80%, a 5% in- or decrease in conformity (defined as a 0.05 
change in Cx, with a sigma of 0.3) would require the inclusion of 283 observer pairs. 
The inclusion of 20 patients and 7 observers would account for 140 individual image 
sets and 420 observer pairs per imaging dataset (CT, MRI and CTMRI-fusion).
Median values and accompanying interquartile ranges (IQR) were calculated, as Sha-
piro-Wilk normality tests showed variables were not normally distributed. Wilcoxon 
tests were performed to compare Cx, dCOM and volume between image modalities. 
Only complete data sets, i.e. CT, MRI and CTMRI data available per observer, were 
included in the analysis. The 95% confidence interval of the median difference (95% 
CI) and p-values were reported.
IBM SPSS Statistics 20 (Chicago, IL, USA) was used, with a significance level of α=0.05. 
Box-and-whisker-plots were created by using GraphPad Prism 6 (La Jolla, CA, USA). 

Results

Patients
Characteristics of all 20 patients are shown in Table 1. In 18 patients, the standard 
FTC procedure was performed. In 2 patients, the surgeon performed a SC technique, 
leaving a rounded seroma cavity. A SC technique is sometimes preferred in patients 
with low-density breast tissue with a major fatty composition, since this determines 
the ability to perform breast undermining and reshaping without complications [11]. 
Data of all 20 patients were analyzed according to an intention-to-treat principle. 
Data on 2 SC patients were also reported separately, to enable comparison with pre-
vious studies on target definition in SC patients. Ten contours, divided over 9 pa-
tients, were inevaluable due to either the observers’ impossibility of defining a target, 
or contouring a target in the opposite breast in patients previously treated for con-
tralateral breast carcinoma. These cases were excluded from analysis. Only observer 
pairs with all three imaging modalities available were included in the analysis. In to-
tal, 361 complete observer pairs per imaging modality were included in the analysis. 

Outcome parameters
1. Cx - For the total cohort, median conformity of the radiotherapy target on stan-

dard planning CT between the 7 observers was low at 44% and ranges were 
wide (IQR 28-58%), suggesting large discrepancies between observers (Figure 
2A). A Cx of 0.02 reflects that in one patient, two observers contoured targets 
with only a 2% overlap. On MRI, conformity statistically significantly decreased 
to 32% (Cx=0.32, IQR 0.16-0.52, 95% CI (-0.1 to -0.04), p<0.001). When using CT-
MRI-fusion, conformity decreased to 39% (Cx=0.39, IQR 0.21-0.55, 95% CI (-0.08 
to -0.03), p<0.001). 
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Table 1 Patient characteristics
Characteristic Value
Age (years) 39-72
  median 61
Microscopic tumor diameter (mm) 6-29
  median 12
Histology 14
  ductal  3
  ductulolobular 1
  lobular 2
  tubular
Side
  left 11
  right 9
Days between surgery and postoperative imaging 14-50
  median 21
Surgical technique
   full-thickness closure 18
   open cavity 2
Number of clips 4-6
  median 5

2. dCOM - On standard CT, targets were centered a median of 6 mm apart from 
each other (IQR 3-9 mm) (Figure 2B). MRI decreased the median dCOM to 5 mm 
(IQR 3-11 mm, 95% CI (-0.28 to 0.74), p=0.03)). No significant difference was ob-
served for fused CT-MRI relative to the standard CT (median dCOM was 5 mm, 
IQR 3-12 mm, 95% CI (-0.33 to 0.54), p=0.07).

3. Volume - On standard CT the median volume of the targets was 23 cc (IQR 15-43 
cc) (Figure 2C). One patient developed a large postoperative seroma (mean volu-
me of 835 cc), and was excluded from the graph to allow appropriate scaling of 
the x-axis. Targets on MRI had a median volume of 20 cc (IQR 9-39 cc, 95% CI (-4.7 
to -0.50), p=0.03) and fused CT-MRI had a median volume of 21 cc (IQR 12-32 cc, 
95% CI (-4.4 to -0.7), p<0.001). 

4. CVS - The median CVS was 3 (heterogeneous cavity with some distinct margins), 
ranging from 1 to 5, on all imaging modalities.

Superficial closure
The subgroup who received SC instead of FTC, consisted of 14 contours and 42 ob-
server pairs and was also analyzed separately. Median conformity this SC subgroup 
was 70% (Cx 0.70, IQR 0.63-0.74), median dCOM was 1.5 mm (IQR 1.0-2.3 mm) and 
median volume was 52 cc (IQR 17-63 cc). Median CVS in SC patients was scored as 5 
(homogeneous cavity with clearly identified margins). 
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Figure 3 Tumor bed delineations by 7 radiation oncologists (different colors) after A) Full-thickness 
closure of the excision cavity in breast-conserving surgery, and B) Superficial closure. 

Figure 2 Box-and-whisker plots of variation among observers according to imaging technique.
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Discussion

This study evaluated the consequences of FTC, a surgical closure technique which 
is increasingly performed by breast surgeons, on radiotherapy target definition. In 
addition, this study evaluated whether MRI or CTMRI-fusion could improve target 
definition compared to standard planning CT in this patient population. 
A large variability in target definition was found between the different radiation 
oncologists on all imaging datasets used in this study. The interobserver agree-
ment was poor on CT images, with a median conformity of 44%. Surprisingly, the 
agreement did not improve but significantly degraded when targets were defin-
ed on MRI or fused CT-MRI datasets, with an even lower conformity of 32% and 
39%, respectively (both p<0.001). This suggests that the inclusion of MRI datasets 
added some degree of confusion rather than increasing interobserver agreement. 
Those findings are at odds with previously reported results by Jolicoeur et al., which 
showed a good agreement between observers, with a median conformity on CT of 
66%, and an improvement up to 96% with MRI [10]. However, in that study most pa-
tients underwent a SC technique as surgical method, which was comparable to the 
2 patients that underwent SC in our own series with a median conformity of 70%. 
These results suggest that it is the type of surgery and closure technique rather than 
the quality of imaging or the contouring skill of the radiation oncologist that is the 
cause of the degraded radiotherapy target definition found in our study.  Finally, in 
our study, the median CVS score of 3 was low. This is suggesting that in FTC, the ab-
sence of a distinct seroma cavity resulted in the increased variability of radiotherapy 
target definition. When comparing the Cx among studies, it has to be considered 
that Cx is volume dependent. The smaller the volume being studied, the more the 
CI is influenced by small interobserver differences. 
The current shift towards the use of FTC is unlikely to change as it presents several 
clinical benefits [6-8, 12]. However, there may be a selected group of patients where 
those advantages should be balanced against the increased risk of local recurren-
ce due to a poor target definition. The first is the group of patients at high-risk of 
ipsilateral breast relapse who are eligible to receive a tumor bed boost after BCS. 
This is especially relevant for young women, typically less than 50 years old, with 
aggressive tumors or patients with positive surgical margins [5, 13]. A second group 
will be patients opting for accelerated partial breast irradiation (APBI). In APBI, only 
the tumor bed area is irradiated, such that any error in the target definition puts the 
patient at risk of a geographical miss, and hence at risk of cancer relapse. In clinical 
practice, the tumor bed delineation is always expanded with 1-2 cm to account for 
any microscopic disease and to compensate for treatment setup errors. This at least 
compensates for the geographical inaccuracies in some extend. However, while tre-
ating a smaller volume may put the patient at risk of local recurrence, it should also 
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be stressed that irradiating a larger volume than necessary may also put the patient 
at a higher risk of long-term side effects, including poorer cosmetic outcomes, fi-
brosis and pain [8, 14-16]. This is of particular importance in APBI. Recently publis-
hed results of the Canadian RAPID trial, in which patients are randomized between 
whole breast irradiation and APBI, showed increased rates of adverse cosmesis in 
patients treated with APBI at a median follow-up of 3 years [17]. The authors sug-
gest that treatment volumes might have been too large in proportion to the breast 
volume.
Are there alternative possibilities or strategies to improve the accuracy of radiothe-
rapy target definition in FTC patients? Marking the tumor bed with surgical clips, 
would be the most logical solution in this situation, as tissues are being mobilized 
and repositioned during FTC. However, recent studies about the use of boost ra-
diotherapy in patients treated with oncoplastic surgical techniques reported that 
only a minority of studies effectively reported marking of the tumor bed during sur-
gery [18, 19]. This, while Pezner et al. showed that 73% of patients who underwent 
oncoplastic surgery had the final tumor bed extended beyond the original index 
quadrant [20]. In our study, however, the precision in target definition was low de-
spite the presence of an adequate number of clips [21]. Though, in the absence of 
clips, precision would probably be even lower [21, 22]. One limitation of our study 
was that clips were not placed according to a predefined protocol. Therefore, we 
recommend for FTC patients that clip placement should be performed according 
to a predefined protocol, known by both surgeons and radiation oncologist, and 
that this placement being detailed in the surgical report [23]. According to Kirby et 
al., five implanted markers (one deep and four radial) are likely to be adequate for 
the purposes of target definition for APBI and boost radiotherapy using tangential 
fields [21]. 
Another potential option to improve radiotherapy treatment accuracy for patients 
in whom FTC or oncoplastic procedures are scheduled, would be to change the 
timing of radiotherapy treatment delivery to a moment when the surgical cavity 
or the tumor location is better defined. Such options can include the delivery of 
preoperative radiotherapy, or intraoperative or intracavitary partial breast radiothe-
rapy [24-28]. While the delivery of intraoperative radiotherapy has its own logisti-
cal challenges, like the need for radiotherapy facilities and quality assurance in the 
operating room, preliminary results seems to suggest that it represents an efficient 
option [29].
In conclusion, localization of the radiotherapy target after FTC is imprecise, on both 
CT and MRI. This could potentially lead to a geographical miss in patients at incre-
ased risk of local recurrence receiving a radiation boost, or for those receiving APBI. 
These findings highlight the importance for breast surgeons to clearly demarcate 
the tumor bed when performing FTC.
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Abstract

Purpose

Accurate tumor bed delineation after breast-conserving surgery is important. Ho-
wever, consistency among observers on standard postoperative radiotherapy plan-
ning CT is low and volumes can be large due to seroma formation. A preoperative 
delineation of the tumor might be more consistent. Therefore, the purpose of this 
study was to determine the consistency of preoperative target volume delineation 
on CT and MRI for breast-conserving radiotherapy.

Methods

Tumors were delineated on preoperative contrast-enhanced (CE) CT and newly de-
veloped 3D CE-MR images, by four breast radiation oncologists. Clinical target vo-
lumes (CTVs) were created by addition of a 1.5 cm margin around the tumor, exclu-
ding skin and chest wall. Consistency in target volume delineation was expressed 
by the interobserver variability. Therefore, the conformity index (CI), center of mass 
distance (dCOM) and volumes were calculated. Tumor characteristics on CT and MRI 
were scored by an experienced breast radiologist.  

Results

Preoperative tumor delineation resulted in a high interobserver agreement with a 
high median CI for the CTV, for both CT (0.80) and MRI (0.84). The tumor was missed 
on CT in 2/14 patients (14%). Leaving these 2 patients out of the analysis, CI was 
higher on MRI compared to CT for the GTV (p<0.001) while not for the CTV (CT 
(0.82) versus MRI (0.84), p=0.123). The dCOM did not differ between CT and MRI. 
The median CTV was 48 cm3 (range 28-137 cm3) on CT and 59 cm3 (range 30-153 
cm3) on MRI (p<0.001). Tumor shapes and margins were rated as more irregular and 
spiculated on CE-MRI. 

Conclusions

This study showed that preoperative target volume delineation resulted in small 
target volumes with a high consistency among observers. MRI appeared to be ne-
cessary for tumor detection and the visualization of irregularities and spiculations. 
Regarding the tumor delineation itself, no clinically relevant differences in interob-
server variability were observed. These results will be used to study the potential for 
future MRI-guided and neoadjuvant radiotherapy. 
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Background

The standard treatment of early-stage breast cancer is lumpectomy, or wide local 
excision, followed by whole breast irradiation with an additional boost dose to the 
tumor bed (TB) in patients with a higher risk of local recurrence [1, 2]. Since most 
local recurrences occur in or nearby the TB, several accelerated partial breast irradi-
ation (APBI) studies are ongoing in early-stage breast cancer patients. APBI targets 
the breast tissue immediately surrounding the TB. The advantages of APBI are a 
shorter overall treatment time and a potential dose reduction in the normal tissues 
(i.e. breast, heart and lung) compared to whole breast irradiation [3]. Accurate TB 
delineation on the radiotherapy planning CT scan after lumpectomy is important 
for both TB boost irradiation and APBI. However, in radiotherapy practice, there is 
no gold standard to validate the accuracy of our target volume delineation after 
lumpectomy. As an alternative, consensus among observers is often used to assess 
the precision of our target volume delineation. The degree of consensus is generally 
called the interobserver variability (IOV), and quantified by a conformity index (CI) 
which is the volume of agreement among observers divided by the total encom-
passing volume. The current CT guided delineation after lumpectomy is prone to a 
high IOV. Several studies showed a low conformity index (CI) and a large distance 
between the centers of mass (dCOM) among observers [4-13]. 
Besides the high IOV in the current postoperative radiotherapy setting, there is also 
the concern of large postoperative treatment volumes due to seroma and hemato-
ma formation. Irradiation of these disproportionally large target volumes can lead 
to extended subcutaneous fibrosis, poor cosmetic results and even missing the tar-
get [14-17]. Furthermore, these large volumes can cause low-risk patients aiming 
for APBI to be ineligible for this treatment due to the inability to meet the dose-vo-
lume constraints [18, 19] 
The poor consistency in target volume definition and large volumes after lumpec-
tomy might be avoided by irradiating the tumor preoperatively. Since the tumor is 
still in situ without any seroma formation, this would probably lead to a high de-
lineation precision and small treatment volumes. Several groups are studying the 
potential for neoadjuvant irradiation in early stage breast cancer patients [18, 20, 
21]. In these studies, IOV and normal tissue dose were reduced, which shows that 
neoadjuvant irradiation could result in more precise target volume definition and 
localization and smaller volumes [20-22]. Furthermore, Bondiau et al. reported the 
feasibility of a neoadjuvant stereotactic body irradiation in combination with ne-
oadjuvant chemotherapy in locally advanced breast cancer patients [23].
Alternatively, preoperative imaging in radiotherapy supine position might also have 
potential value to improve the standard post-lumpectomy TB delineation, since it 
provides additional information about the original tumor location [11].  
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To correctly delineate the tumor, imaging quality is of great importance. Since it is 
unknown what the optimal imaging modality for preoperative target volume deli-
neation is, delineation was studied on both contrast-enhanced (CE) CT and MRI. In 
daily clinical practice, CT is the standard imaging modality for target volume deli-
neation in breast cancer patients. However, MRI has a superior soft tissue contrast 
which can be explored with different sequences to show endogenous contrast or 
the distribution of an administered contrast agent. This enables differentiation be-
tween the tumor and benign lesions like post-biopsy hematomas or cysts. Further-
more, MRI has a high sensitivity for detection of invasive breast cancer and a good 
correlation with histopathology findings [24, 25]. However, standard diagnostic MRI 
is performed in prone position, while patients in most departments are irradiated 
in supine position. Acquiring images in supine radiotherapy position is generally li-
mited by narrow bore sizes of standard MRI scanners. Therefore a new MRI protocol 
was designed in a wide bore MRI scanner.   
The purpose of this study was to quantify the consistency of preoperative target vo-
lume delineation for breast-conserving radiotherapy. To identify the best imaging 
modality for preoperative target volume delineation, preoperative delineation was 
performed on both CE CT and a newly developed 3D CE-MRI in supine radiotherapy 
position. 

Methods

Patients and selection
The study was approved by our institutional review board and registered in the In-
ternational Clinical Trials Registry Platform (NTR3198). Fourteen early-staged bre-
ast cancer patients, scheduled for lumpectomy at the University Medical Center 
Utrecht or St. Antonius hospital, were included in this study. All patients gave writ-
ten informed consent. Patients eligible for inclusion had a clinical T1-T2, N0 staged 
adenocarcinoma of the breast and were scheduled for lumpectomy and sentinel 
node procedure. Patients with lobular carcinoma, a history of ipsilateral breast sur-
gery, contra-indications for 1.5 Tesla MRI, iodine allergy, and patients who received 
neoadjuvant treatment were not eligible. In case of additional suspected findings 
on study MRI or CT imaging, patients were referred to their physician for additional 
diagnostic work-up. 

Patient positioning and image acquisition
Patients underwent both CT and MRI in radiotherapy supine position prior to sur-
gery. On CT, they were positioned with arms in abduction and hands above the 
head at 10° inclination and with the use of a knee support (C-Qual, CIVCO medical 
solutions, Reeuwijk, The Netherlands). If palpable, the tumor was marked on the 
skin with a CT/MRI compatible wire. CE-CT images were obtained at 3 mm slice 
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thickness and a minimal in-plane resolution of 1 x 1 mm2 (Brilliance, Philips Medical 
Systems, Best, The Netherlands), with a delay time of 120s after intravenous con-
trast agent injection (Ultravist, 80 ml, 3ml/s) [11]. Delay time was shortened to 80s 
after the 6th patient according to Kuroki-Suzuki et al. in attempt to improve tumor 
enhancement [26].
For MRI, patients were positioned on an MRI compatible 10° wedge board (Thora-
wedge, CIVCO medical solutions, Reeuwijk, The Netherlands). To acquire MR ima-
ges, an anterior receive coil was used. To prevent breast deformation by the anterior 
receive coil, a polymethyl methacrylate (PMMA) support was designed, which is ad-
justable to patient habitus and breast size. MRI patient setup is shown in Figure 1. 
The bore of a standard MRI scanner is too narrow to acquire images in this position. 
Therefore, we used a wide bore (70 cm) MRI scanner (Ingenia 1.5T, Philips Medical 
Systems, Best, The Netherlands). The following 3D high resolution images were ac-
quired:  T1 weighted (T1w) fast field echo (FFE) ± fat suppression (Dixon), T2 weigh-
ted (T2w) turbo spin echo (TSE) + fat suppression, and a dynamic series of con-
trast-enhanced T1w images ± fat suppression after contrast agent administration.

Figure 1 MRI patient setup in radiotherapy supine position. 

For T1w Dixon FFE MRI, acquired 3D resolution was 0.99 x 1.05 x 2.19 mm3 recon-
structed to 0.95 x 0.95 x 1.1 mm3 using overcontiguous slices and for T2w TSE MRI, 
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the voxels measured 0.78 x 0.78 x 1.2 mm3 acquired with a resolution of 1.25 x 1.32 
x 2.41 mm3. In the dynamic T1w series, the first 3D image was acquired before and 
6 images after intravenous contrast injection (Gadobutrol (Gadovist, Bayer), 0.1 
mmol/kg, 1 ml/s), at 60s intervals with an acquired resolution of 1.20 x 1.21 x 2.41 
mm3 reconstructed to 1.16 x 1.16 x 1.2 mm3 using overcontiguous slices. The total 
acquisition time of this protocol was 21 minutes. Small displacements between se-
quences during image acquisition caused by patient motion were corrected for by 
using a rigid mutual information registration on a box around the tumor. No breast 
deformation by the anterior receive coil was observed.
To quantify differences in tumor visualization on CT and MRI, the shape (1–round, 
2–oval, 3–lobular, 4–irregular) and margin (1–smooth, 2–irregular, or 3–spiculated) 
of the tumor were rated by an experienced breast radiologist [27]. 

Target volume delineation
Four experienced breast radiation oncologists independently delineated the GTV 
on both CT and MRI data, with at least a 4-week interval between delineation ses-
sions, using an in-house developed software tool (Volumetool) [28]. Written deli-
neation instructions were formulated in a consensus meeting with all observers, 
supervised by an experienced breast radiologist. MRI delineations were performed 
on preoperative 3D CE T1w images with an individually prescribed fixed window 
and level as determined by an experienced breast radiologist. Observers were al-
lowed to consult other sequences, which were registered to the CE-MRI series to 
differentiate between structures, i.e. tumor (gadolinium uptake causes a high signal 
on CE T1w images), post-biopsy hematoma (blood causes a high signal on both CE 
and non-CE T1w images), and cysts (fluid causes a high signal on T2w images). Clini-
cal target volumes (CTVs) were created by adding a 1.5 cm margin around the GTV, 
restricted by the chest wall and a 5 mm margin beneath the skin surface. Delinea-
tion of a preoperative GTV different from the tumor location as confirmed during 
histopathological examination of the lumpectomy specimen (gold standard) was 
considered as ‘misdelineation’. 

Data analysis
The conformity index (CI) and distance between the centers of mass (dCOM) for 
both the GTV and CTV contours as delineated by the 4 observers were calculated 
for all possible observer pairs. The CI per observer pair was calculated by using the 
following formula: CI =  . Consequently, CI = 1 implies a perfect agreement among 
observers, while CI = 0 means there is no overlap. For dCOM, a value of 0 means that 
two delineations are centered at the same position. 
Median values and accompanying ranges were used to describe the data since not 
all variables were normally distributed. A Wilcoxon signed-rank test was performed 
to compare paired variables using IBM SPSS Statistics 20 (Chicago, IL, USA) with a 
significance level of α=0.05.  
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Results

Patients

Patient and tumor characteristics are shown in Table 1. Median age was 61 years 
(range 48-70). Median clinical tumor diameter (as measured on diagnostic ultra-
sound/MRI) was 15 mm (range 7-30 mm), and median microscopic tumor diameter 
(as measured by histopathological examination) was 12 mm (range 6-29 mm).  On 
CE-MRI, tumor margins were scored more spiculated compared to CE-CT (Table 1, 
Figure 2). Tumor shape was mainly scored as an irregular mass on CE-MRI and as a 
lobular mass on CE-CT.

Table 1 Patient and tumor characteristics 
Characteristic Value
Age (years) 48-70

median 61
Side

left 7
right 7

Histology
ductal carcinoma 8
ductulolobular carcinoma 5
tubular carcinoma 1

Clinical tumor diameter (mm) 7-30
median 15

Microscopic tumor diameter (mm) 6-29
median 12

Tumour visualization score on CT (median)
margin 2
shape 3

Tumour visualization score on MRI (median)
margin 3
shape 4

Tumour visualization scores: 
Margin: 1 – smooth, 2 – irregular, or 3 – spiculated
Shape: 1 – round, 2 – oval, 3 – lobular, 4 – irregular

Figure 2 Small peripheral branches in the transversal plane. (a) CE-MRI and (b) CE-CT.
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Interobserver variability and volumes

All observers delineated the GTV of all 14 patients by following the delineation in-
structions. In Figure 3a and 3b, GTV delineations of the 4 observers are shown on 
both preoperative CE-CT and CE-MRI in one patient. To illustrate the comparison 
with the current standard CT delineations after lumpectomy, postoperative deline-
ations of this patient are shown in Figure 3c as a clinical example. 
Preoperative tumor delineation resulted in a high median CI of the CTV, for both CT 
(0.80) and MRI (0.84)). However, the tumor was missed on CT in 2/14 patients (14%). 

Figure 3 3D GTV delineations of 4 different observers in the transversal and sagittal plane in one 
patient on (A) preoperative CE-MRI, (B) preoperative CE-CT, and (C) clinical postoperative CT.
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This resulted in wide ranges in CI on CT (range 0.00-0.93 for the CTV) compared 
to MRI (range 0.47-0.93). The first patient in which misdelineation occurred was a 
patient with multiple macrocalcifications in the breast, as seen on mammography. 
On CE-MRI all 4 observers contoured the tumor. On CE-CT a benign lesion was con-
toured by 3 observers, resulting in a CI ranging from 0.00 to 0.52. The second patient 
had a tumor centrally located in the breast. On CE-MRI all observers contoured the 
tumor, while on CE-CT one observer contoured dense fibroglandular tissue resul-
ting in a range in CI of 0.00-0.59. Outcomes of the analysis including misdelineati-
ons are provided as Additional file 1.  
To only focus on differences in contouring the actual tumor and not on tumor de-
tection, the 2 misdelineations were excluded from further IOV and volume analysis. 
Results of this analysis are shown in Table 2. The CI for the GTV was significantly 
higher on MRI (p<0.001) compared to CT. No difference in CI for the CTV was found 
(p=0.123). Delineated volumes were significantly larger on MRI for both the GTV 
and CTV (both p<0.001). There was no difference in dCOM between CT and MRI for 
both the GTV and CTV. 

Table 2 Parameters of interobserver variability (misdelineations excluded from analysis) 
CT MRI

Median Range Median Range p-value
Mean volume (cm3)

GTV 2.1 0.3 – 21.3 2.7 0.4 – 19.4 <0.001
CTV 48.1 27.7 – 137.3 59.0 30.4 – 153.1 <0.001

Conformity index
GTV  0.56 0.11 – 0.83 0.61 0.37 – 0.78 <0.001
CTV 0.82 0.39 – 0.93 0.84 0.47 – 0.93 0.123

Mean dCOM (mm)   
GTV 1.1 0.3 – 12.8 1.2 0.3 – 3.6 0.245
CTV 1.4 0.3 – 13.6 1.8 0.1 – 4.8 0.836

CI Conformity Index, GTV gross tumor volume, CTV clinical target volume, dCOM center of mass 
distance. 

Discussion 

To our knowledge, this is the first study in which the feasibility of 3D CE-MRI of pa-
tients in radiotherapy supine position using a wide bore MRI scanner has been de-
monstrated. Different sequences of high resolution 3D CE and non-CE images were 
acquired with isotropic voxel sizes ≤ 1.2 mm. 
In the present study, target volume delineation before lumpectomy resulted in a 
high agreement and small treatment volumes among observers compared to stan-
dard postoperative TB delineation as reported in literature (Table 3). 
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Since the optimal imaging modality for preoperative target volume delineation was 
unknown, delineation was studied on both CT and MRI. MRI appeared to be essen-
tial for tumor detection. For tumor delineation itself, the CI of the GTV was signifi-
cantly higher on MRI and ranges on CT were wider. However, median differences 
were small (0.05) and may not be considered clinically relevant. For the CTV, no 
significant difference was found, since interobserver differences are blurred when 
expanding structures while uniformly excluding the skin and chest wall. However, 
more tumor spiculations and irregularities were observed on MRI due to its high 
spatial resolution (Table 1, Figure 2). This did not appear to result in a decreased GTV 
conformity on MRI compared to CT. 
The more irregular and spiculated tumor visualization on CE-MRI might have caused 
the significantly larger target volumes on MRI. Thin branches in the cranio-caudal or 
medio-lateral direction caused a relatively large volume expansion when applying 
a CTV margin. Even though large volumes can lead to increased toxicity and worse 
cosmesis, these effects do not outweigh the chances of not including peripheral 
tumor branches in the target volume, especially in APBI. However, despite the high 
level of consensus among observers, we acknowledge that no definitive statements 
can be made about the accuracy of the delineations, with the lack of pathologic 
validation of these branches as the gold standard. A pathology study must validate 
whether these branches are actual tumoral extensions or rather fibrotic strands or 
interstitial reactions, before standard inclusion of these branches in the preopera-
tive GTV. With the implementation of high resolution imaging, the strict boundary 
between the GTV and the CTV with its microscopic spread might be fading. The 
appropriate preoperative CTV margin on MRI is therefore subject to debate and will 
also be further refined according to the future information about the appearance of 
local recurrences in the breast in the APBI studies [22]. 
In the last decade, several other attempts have been made to improve the current 
postoperative target volume delineation (Table 3b and 3c). Delineation on postope-
rative MRI resulted in contradicting results [8, 9]. Jolicoeur et al. found an improved 
IOV and smaller volumes, while Giezen et al. found similar volumes with a decreased 
IOV. In two other studies, IOV was assessed on postoperative CT while preoperative 
CE-CT images in the same treatment position were provided [11, 12]. This resulted 
in an improved IOV in one of these studies. Preoperative delineation was studied 
on CE-CT by Boersma et al., resulting in a low IOV, which was in line with our study 
findings (Table 3d) [11]. 
Our reported findings on preoperative MRI-guided delineation resulted in high and 
stable conformity among observers (Table 3e). Furthermore, our preoperatively deli-
neated GTVs were considerably smaller compared to postoperative volumes repor-
ted in literature (Table 3a). CTVs were larger, although preoperative volumes would 
have less outliers since there is no seroma formation. The larger CTVs in our study 
were caused by a uniform 1.5 cm volume expansion, while the postoperative results 
in Table 3a reflect ‘boost’ volumes, in which the microscopic resection margin is of-
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ten subtracted from this margin. PTVs were not compared in this study, since PTV 
margins are institution-dependent due to the method of position verification being 
practiced. These PTV margins might even be changed or improved in a preopera-
tive setting, due to less volume distortions. Overall, the high conformity index in 
combination with the small and stable volumes in this study, imply that a future 
neoadjuvant irradiation would be more accurate and lead to less toxicity.
When comparing our results to published data in Table 3, we have to be aware of 
the different methods used in the other studies. For instance, the method of CI cal-
culation, observer backgrounds and multi-centricity of a study can influence the 
observed results regarding IOV [29]. Interobserver studies often use small patient 
groups due to the high workload (Table 3). Furthermore, it has to be noted that the 
CI is volume dependent. The smaller the volume being studied, the more the CI is 
influenced by small interobserver differences. This especially accounts for our small 
preoperative GTVs, but also emphasizes that when comparing different studies, the 
studied volume (i.e. GTV, TB, CTV or PTV) must be taken into account. 
Can we, from the results of this study, conclude that MRI superior to CT for preope-
rative tumor delineation? In this study, MRI was essential for tumor detection. Ho-
wever, alternatives for tumor detection can be considered, e.g. optimizing CT pa-
rameters like contrast-enhancement of the tumor, or clearly marking the tumor by 
fiducials. This might be easier to implement, less time consuming and less expen-
sive. When using preoperative imaging for a preoperative irradiation or ablative in-
terventional techniques, treating another area but the GTV would be unacceptable. 
Furthermore, more detail could be visualized by MRI, which could contribute to an 
accurate target definition. Therefore, in our future studies, CE-MRI in radiotherapy 
supine position will be used in addition to CT as CT is required for treatment plan-
ning. In our institute, an MRI linear accelerator is being developed in collaboration 
with Philips Medical Systems (Best, The Netherlands) and Elekta (Stockholm, Swe-
den) [30]. This system can provide online tumor tracking using MRI during radiothe-
rapy, which makes it possible to adapt the plan to the actual tumor position. The 
results of our study show that a preoperative irradiation of breast tumors could be 
beneficial in terms of delineation consistency and treatment volumes. There would 
be more certainty that the correct target is delineated when the tumor is in situ. 
Moreover, target volumes would probably be more stable in the absence of seroma 
formation, and not being subject to seroma shrinkage [17, 31]. The advantages of 
preoperative CE-MRI for treatment planning will be further studied with respect to 
the dosimetric consequences [32]. CE-MRI in supine position could also be used for 
other purposes. For instance, it might provide additional information to improve 
the consistency in target volume definition in standard postoperative CT-guided 
delineation [11]. Furthermore, it might aid tumor localization for breast conserving 
surgery or interventional procedures [33]. 
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In conclusion, preoperative target volume delineation resulted in small treatment 
volumes with a high consistency among observers. MRI appeared to be necessary 
for tumor detection and the visualization of irregularities and spiculations. Regar-
ding delineation of the tumor itself, no clinically relevant differences in interobser-
ver variability among imaging modalities were observed. These results will be used 
to study the potential for a future MRI-guided and neoadjuvant radiotherapy.

Additional file 1. Parameters of interobserver variability including misdelineations on CT, which 
resulted in CIs of 0.00 and high dCOMs. In the manuscript, these outliers were excluded from 
analysis and shown in Table 2.

CT MRI
Median Range Median Range p-value

Mean volume (cm3)
GTV 2.2 0.3 – 21.3 2.6 0.4 – 21.3 0.009
CTV 48.8 27.7 – 168.4 59.0 30.4 – 153.1 <0.001

Conformity index
GTV 0.54 0.00 – 0.83 0.60 0.37 – 0.78 <0.001
CTV 0.80 0.00 – 0.93 0.84 0.47 – 0.93 0.003

Mean dCOM (mm)   
GTV 1.3 0.3 – 77.9 1.2 0.2 – 3.6  0.004
CTV 1.6 0.3 – 77.6 1.7 0.1 – 4.8 0.172

CI Conformity Index, GTV gross tumor volume, CTV clinical target volume, dCOM center of mass 
distance. 
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Abstract 

Purpose

To evaluate the dosimetric potential for MRI-guided single fraction ablative radio-
therapy for early-stage breast cancer by comparing volumetric modulated arc ther-
apy (VMAT) with an interstitial multicatheter brachytherapy (IMB) approach.

Methods

The tumors of 20 patients with early-stage breast cancer were delineated on a pre-
operative contrast-enhanced planning CT-scan, co-registered with a contrast en-
hanced MRI, both in radiotherapy supine position. A 15 Gy dose was prescribed 
to the planned target volume of the clinical target volume (PTVCTV), and 20 Gy in-
tegrated boost to the PTV of the gross tumor volume (PTVGTV). Treatment plans for 
IMB and VMAT were optimized for adequate target volume coverage and minimal 
organs at risk (OAR) dose. 

Results

The median PTVGTV/CTV receiving at least 95% of the prescribed dose was ≥ 99% with 
both techniques. The median volume PTVCTV that received 95% of the prescribed 
PTVGTV dose was 80.1% and 5.6% with IMB and VMAT, respectively. OAR doses were 
comparable with both techniques. 

Conclusion

MRI-guided single fraction radiotherapy with an integrated ablative boost to the 
GTV is dosimetrically feasible using VMAT. IMB is less suitable for clinical implemen-
tation due to PTVCTV overdosage. 
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Introduction

Radiotherapy planning has evolved during the past decade due to image-guided 
treatment. At our department, MRI-guidance is applied for high-dose rate brac-
hytherapy in cervical cancer patients due to MRI availability in the brachytherapy 
room. Furthermore, the MRI-linac, a hybrid system consisting of a 8 MV accelera-
tor and an integrated 1.5 Tesla MRI scanner, is currently being investigated at the 
Utrecht University Medical Center (UMCU) for several tumor sites [1]. For the field 
of breast oncology, we focus on the use of MRI-guided radiotherapy developments 
for early-stage breast cancer. The current treatment standard in early-stage breast 
cancer is breast-conserving therapy (BCT), consisting of breast-conserving surgery 
(BCS) followed by whole breast irradiation (WBI) with or without a boost [2, 3]. De-
spite its proven effectiveness [4], the protracted radiotherapy (RT) duration ranging 
from 3 to 7 weeks with a hypofractionated or conventional regimen, can provide 
a substantial treatment burden to selected patients. Post-operative accelerated 
partial breast irradiation (APBI) to the tumor bed offers a promising alternative to 
WBI in low-risk breast cancer patients due to its potential to reduce BCT duration. 
Furthermore, Palta et al have shown that APBI in preoperative setting can result in a 
treatment volume reduction that could accomplish further treatment acceleration 
[5]. When aiming for an alternative to BCT with minimal treatment burden, the role 
of RT could further be extended to a radiosurgical approach [6], comparable to a 
stereotactic treatment for certain lung or cerebral neoplasms. In case of a radiosur-
gical approach, accurate tumor localization is critical. Since tumor size on MRI is 
highly correlated to microscopic tumor size, MRI-guidance is required in addition to 
planning CT-scan, in order to adequately identify the tumor extent [7]. The purpose 
of this study was to evaluate the dosimetric potential for one MRI-guided single 
fraction ablative RT for early-stage breast cancer. We conducted a planning study 
by comparing a volumetric modulated arc therapy (VMAT) versus interstitial multi-
catheter brachytherapy (IMB) approach.

Materials and methods

Patient characteristics

This study included patients from the pre-existing NTR3198 study, which was ap-
proved by our institutional review board and results have been previously reported 
[8]. Patients eligible for inclusion were diagnosed with early-stage breast cancer and 
were scheduled for breast-conserving surgery and whole breast irradiation. Baseli-
ne characteristics of the 20 eligible patients are shown in Table 1. Patients under-
went a contrast-enhanced (CE) CT and CE-MRI in supine RT treatment position, with 
the arms in abduction above the head. Details on patient positioning and preope-
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rative imaging parameters were previously reported [8]. Patients with tumors up to 
30 mm were eligible for the current planning study, regardless of the distance from 
the tumor to the chest wall or skin. 

Target definition and organs at risk

All delineations (Figure 1) were performed using delineation software developed 
at our department Volumetool® [9]. Gross tumor volumes (GTVs) and organs at risk 
(OAR) were delineated by an experienced breast radiation oncologist on CE-CT, 
co-registered with CE-MRI (Figure 1). The GTV was uniformly expanded by 2 cm to 
create a clinical target volume (CTV), thereby excluding the skin and chest wall. For 
VMAT, both GTV and CTV were uniformly expanded by 3 mm to obtain the planning 
target volumes (PTV) PTVGTV and PTVCTV. For IMB planning, the PTVGTV and PTVCTV 
were equal to the GTV and CTV, respectively. The skin was excluded from the PTV. 
The ipsilateral breast was contoured using the additional CT/MRI compatible de-
marcation wire as placed by clinical examination. The lungs were automatically con-
toured. The skin was defined as the area within the first 5 mm under the ipsilateral 
breast surface, extended with a uniform 3.5 cm margin from the breast borders. The 
chest wall was delineated as one structure thereby including the bony structures 
(i.e. ribs, sternum, scapula) and muscles (i.e. intercostal, pectoral and (a part of the) 
rotator-cuff). The heart contour commenced below the pulmonary trunk bifurcati-
on and the lateral borders included the pericard [10].

Treatment plan acquisition

The preoperative planning CT-images and delineations were exported from Volu-
metool® into the planning software. Two radiotherapy dose levels were concomi-
tantly prescribed in one single fraction: 15 Gy to the PTVCTV and 20 Gy to the PTVGTV. 

Table 1 Tumor baseline characteristics

Characteristic Value Interquartile range
Side

left 9 (45%)
right 11 (55%)

Location in breast
lateral 13 (65%)
medial 4 (20%)
central 3 (15%)
Median clinical diameter (mm) 14.0 8.5-16.0

Median distance (mm)
to skin 10 6.3-19.5
to chest wall 9 6.0-22.3
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Figure 1 Planning target volumes & organs at risk delinea-

The 20 Gy single dose is equivalent to a 73.7 Gy dose in 2 Gy fractions (EQD2, α/β 
4.7), which results in a 100% 5 year tumor control probability for cT1N0 tumors [11]. 
The single 15 Gy dose corresponds to an EQD2 of 44.1Gy (α/β 4.7), which is equiv-
alent to the standard hypofractionated schedule at our institute consisting of 16 
fractions of 2.66 Gy. 
For IMB treatment planning, predominantly double and triple-plane implants were 
simulated into the PTV. The implants were inserted alternating in a triangular con-
figuration. IMB plans were generated using inverse planning with the OncentraB-
rachy 4.3® software (Elekta Ltd). In order to achieve a more conformal coverage of 
the PTV, some catheters were subsequently displaced. The spacing between the 
needles was below 20 mm. The VMAT plans were created using two partial arcs 
(clockwise and counter wise) with a total angle of 210 to 240°. Starting at an angle 
of 180°, VMAT plans were generated using Monaco 3.2® software (Elekta Ltd).
The plans were optimized for adequate target volume coverage whereas an as low 
as possible dose was aimed for the OARs. Adequate target volume coverage was 
defined as 99% or more of the planning target volume receiving at least 95% of the 
prescribed dose, thus PTVGTV receiving at least 19 Gy and PTVCTV receiving at least 
14.3 Gy. 
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Dose constraints in OARs were set to minimize the volume of normal tissue receiv-
ing the prescription dose without compromising target volume coverage. Dose 
constraints for the lung and heart were converted from the QUANTEC recommen-
dations to the corresponding single dose equivalent in 2 Gy fractions using an α/β 
of 3 Gy-1 [12]. The QUANTEC recommendation for both lungs, a mean lung dose < 7 
Gy (physical dose) was converted to a mean lung dose < 3.6 Gy in a single dose. In 
this study, a constraint of the mean ipsilateral lung dose < 3.6 Gy was maintained. 
In concordance to the standard of care at our department, the heart constraint was 
tightened to V5Gy < 10% (physical dose), and was added to the V25Gy < 10% (physical 
dose) QUANTEC recommendation. This implied V2.8Gy < 10% of the heart, in a sin-
gle dose delivery. The chest wall objective was extrapolated from studies on ste-
reotactic lung RT and associated chest wall pain [13]. The chest wall objective was 
formulated as D20cc < 16.3 Gy. Regarding an acceptable skin dose, there is limited 
availability on single dose constraints. Since 15 Gy was prescribed to the CTV and 
no restrictions on tumor location towards skin were maintained, a relative skin ob-
jective D1cc< 16 Gy (single dose) was formulated.    

Plan evaluation

The plans were evaluated with respect to target volume coverage, high dose volu-
mes, maximal dose and OAR dose. For the target volumes, high dose volume was 
defined as the percentage volume of the PTVCTV (with the exclusion of PTVGTV) re-
ceiving at least 19 Gy. The percentage volume of the ipsilateral breast receiving 15 
Gy outside the PTVCTV was also considered to be relevant for high dose volumes 
evaluation. In addition, the maximal doses for the PTVGTV/CTV were assessed. For the 
OARs, the mean ipsilateral lung dose, the V2.8Gy of the heart and the D1cc in the chest 
wall, skin and contralateral breast were evaluated. Moreover, the median number of 
required catheters in the IMB plans was calculated. 

Data analysis 

For each patient and each planning modality, median values on percentage PTV 
coverage, high dose volumes and OAR doses were evaluated. Non-parametric tes-
ting by using a Wilcoxon signed-rank test was performed to compare the paired 
variables between the two treatment modalities by using IBM SPSS Statistics 20 
(Chicago, IL, USA) with a significance level of α below 0.05.

Results

The median breast volume was 867.8 cc. A comparison of the baseline volumetric 
characteristics of the ipsilateral breast and PTVs for VMAT and IMB plans are pre-
sented in Table 2. The median PTVCTV was 1.3 times larger in VMAT plans by compa-
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rison to IMB plans. Table 3 illustrates the dosimetric parameters for the VMAT and 
IMB techniques. Figure 4 illustrates a representative dose-volume histogram for the 
VMAT and IMB plans in one patient. 

Table 2 Baseline volumetric characteristics

Characteristic
(n=20)

IMB VMAT

median range median  range
Volume PTVGTV (cc) 1.8 0.2-12.7 6.1 1.4 -24.3
Volume PTVCTV (cc) 74.8 44.4-147.4 100.9 61.6-183.2
Ratio PTVCTV to ipsilateral breast (%) 6.9 4.4-21.0 9.2 5.4-26.0

Table 3 Dosimetric parameters for IMB and VMAT treatment plans for a single dose ablative radio-
therapy, with a 20 Gy dose prescription to GTV and a 15 Gy dose prescription to the CTV. 

IMB VMAT
median range median range

PTV evaluation
Coverage

V19Gy PTVGTV (%) 100 98.7-100 99.7 98.9-100
V14.3Gy PTVCTV (%) 99.2 89.8-100 99.2 98.8-100
Number of catheters 9 7-14

High dose volumes
V19Gy PTVCTV without PTVGTV (%) 80.5 73.1-88.9 4.4 2.6-9.7
V15Gy ipsilateral breast without PTVCTV (%) 2.0 0.4-9.0 0.5 0-1.1.1
D1cc PTVGTV (Gy)* 60.0 29.7-64.0 21.8 20.7-23.7
D1cc PTVCTV (Gy) 119.0 82.8-198.6 20.2 19.6-21.6

OAR evaluation
D1cc contralateral breast (%) 0 0-0.8 0.9 0.2-3.2
D1cc skin (Gy) 15.8 4.5-21.6 15.2 10.2-18.3
D1cc chest wall (Gy) 14.6 4.1-21.4 15.5 6.1-19.7
Mean ipsilateral lung dose (Gy) 1 0-1.7 1.3 0.4-2.5
V2.8Gy heart (%) 0 0-1.3 0.3 0-5.9

VMAT volumetric modulated arc therapy, IMB interstitial multicatheter brachytherapy, V19 Gy 
percentage of certain volume receiving at least 95% of the prescribed dose (19 Gy), V14.3Gy 
percentage of certain volume receiving at least 95% of the prescribed dose (14.3 Gy) D1cc the 
maximum 1cc dose in a PTV or OAR, V2.8 Gy heart percentage volume of the heart receiving 2.8 
Gy, GTV gross tumor volume delineated on registered MRI-CT, CTV GTV+2cm, thereby excluding 
skin and chest wall, PTV planning target volume, PTVGTV GTV+3 mm, thereby excluding skin PTVCTV 
CTV+3 mm, thereby excluding skin, OAR  organs at risk, *  patients with a PTVGTV below 1 cc in IMB 
plans (n=7) were excluded from the analysis
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Target volume coverage

The median PTVGTV and PTVCTV receiving at least 95% of the prescribed dose was 
≥99% for both treatment modalities. Figure 2 illustrates representative isodoses and 
differences between an IMB versus VMAT treatment plan in one patient. Overall, 
in the 20 IMB plans a median number of 9 catheters (range 7-14) was required for 
adequate PTVCTV, and PTVGTV coverage. However, in 3 IMB plans, no adequate co-
verage was achievable due to an extremely lateral tumor location (n=2) or a tumor 
adjacent to the chest wall (n=1), not adequately accessible for interstitial catheter 
placement. For these IMB plans, the maximum achievable PTVCTV coverage was 89.8 
%, 96.4% and 96.7%, respectively.

Figure 3 Examples of extent of high dose volu-
mes in IMB plan 

	  Figure 2 Representative dose distribution IMB (A) versus VMAT (B) 
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High dose volumes

Figure 3 illustrates representative high dose volume distribution in an IMB treat-
ment plan. The PTVCTV (with the exclusion of PTVGTV), receiving 95% of the prescribed 
PTVGTV dose (V19 Gy) differed substantially, i.e. 4.4% and 80.5% for the VMAT and 
IMB plans, respectively. The percentage volume of the ipsilateral breast receiving 
15 Gy outside the PTVCTV was 0.5% and 2% in VMAT and IMB plans, respectively. The 
median PTVGTV was below 1cc in 7 IMB plans. Therefore, the median D1cc PTVGTV was 
evaluated in 13 patients, with 21.8 Gy and 60.0 Gy for VMAT and IMB plans, respec-
tively. The median D0.1cc dose was 36.5 Gy for the IMB plans.  

Figure 4 Representative dose volume histograms for a VMAT and IMB plan from one pa-

Dose to organs at risk

The median OAR dose values were compared. The heart dose was low and did 
not differ between the treatment modalities. The mean ipsilateral lung dose was 
comparable. The predefined chest wall objective D20cc < 16.3 Gy was achieved in all 
plans. The median D1cc to the skin was 15.2 Gy for the VMAT plans and 15.8 Gy for the 
IMB plans. The median D1cc to the contralateral breast was 0.9 Gy with VMAT and 0 
Gy with IMB. 
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Discussion 

A comparative planning study on single fraction treatment was performed to eva-
luate the dosimetric feasibility of MR-guided ablative radiotherapy for early-stage 
breast cancer. The VMAT treatment approach resulted in adequate target volume 
coverage for all cases. With IMB, adequate coverage was hindered in some cases 
with a lateral or adjacent to chest wall tumor location . In addition, Dmax and high 
dose volumes in both target volumes and ipsilateral breast were considerably lower 
with VMAT compared to IMB. The dose to the OAR was comparable between the 
two treatment approaches.  
To the best of our knowledge, no other comparative VMAT (or external beam RT) 
versus IMB planning studies have been performed to investigate a single fraction 
ablative RT approach. However, preoperative single fraction RT has previously been 
evaluated as feasible by Palta et al using a three-dimensional conformal radiation 
therapy (3D-CRT) planning technique. In 17 virtual plans, 15 Gy dose was delivered 
to T1 tumors [5]. The 15 Gy prescription dose was lower and the CTV 1.5 cm margin 
was less extensive compared to our planning study (20 Gy and 2 cm, respectively). 
In addition, Palta et al defined the skin as the first 3 mm of the breast surface whe-
reas in our study 5 mm was employed. Furthermore, tumors were located at least 
1 cm from the skin while our study had no restrictions regarding tumor location. 
Compared to our outcomes, the dosimetric results of Palta et al with respect to OAR 
dose were more favorable, in particular the skin dose (D1cc 9 Gy versus D1cc 15.2 Gy). 
Furthermore, Horton et al performed a phase I escalation protocol on radiosurgery 
IMRT based treatment. In this study breast cancer patients with T1 tumors were 
irradiated to a single dose of 15, 18 or 21 Gy followed by breast-conserving sur-
gery at two weeks after RT [6]. During a median follow-up of 6.5 months, no dose 
limiting toxicity was observed, along with good or excellent cosmetic outcome in 
all cases of preoperative partial breast irradiation. These encouraging preoperative 
clinical results are not in accordance with the observations by Pinnarò et al who eva-
luated single fraction partial breast 3D-CRT in post-operative setting. At a median 
follow-up of 3 years, a dose of 21 Gy significantly increased the treatment related 
toxicity and resulted in fair and poor cosmesis in 36% and 5% of the patients, res-
pectively [14]. These conflicting toxicity and cosmetic results between the study by 
Horton et al en Pinnarò et al could be attributed to a substantial reduction in ipsila-
teral breast tissue dose observed with preoperative versus post-operative APBI [5]. 
In the post-operative APBI study, grade 2 fibrosis or higher was associated with ≥ 
66 cc of the ipsilateral breast receiving more than 21 Gy [14]. Contrary, in our study, 
no cases of V21Gy > 66 cc of the breast volume were observed in the VMAT plans. 
This is most likely due to our two-dose level RT approach including a lower, 15 Gy 
prescribed dose to the PTVCTV. A V21Gy > 66 cc was noted in 6 IMB plans (30.0% of the 
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plans). In addition, Pinnarò et al observed that impaired cosmesis was correlated 
with a mean ipsilateral breast dose above 9 Gy. In our study, no VMAT plans acquired 
a mean ipsilateral breast dose above 9 Gy whereas this was the case in 2 IMB plans 
(10.0%).          
In the current study, the PTVCTV of the IMB plans had a large volume and numerous 
catheters were required for adequate coverage due to the extensive 2 cm margin 
from the GTV. A median of 80.5% of the PTVCTV received the prescribed dose for 
the PTVGTV, thus PTVCTV overdosage was observed. This can be attributed to a more 
complex catheter configuration for the two dose level RT approach. In VMAT plans 
substantially less overdosage was observed, with a median of 4.4% for the PTVCTV. 
However, delivering a single dose with IMB implied a considerable treatment vo-
lume reduction of 25.9 % by comparison with VMAT plans. Nevertheless, since the 
substantial PTVCTV overdosage associated with IMB can result in excessive toxicity, 
e.g. fibrosis or fat necrosis and decreased cosmetic results, we prefer the VMAT tech-
nique for implementing the single dose ablative RT in the clinical practice. 
An important aspect on the clinical applicability of the single dose ablative RT is 
local tumor control. The importance of managing high and low-risk patient crite-
ria is illustrated in the randomized controlled trials on intraoperative (IORT) single 
dose APBI versus WBI. The ELIOT trial evaluating post-lumpectomy single 21 Gy 
dose electron IORT showed an acceptable 5-year local recurrence (LR) of 1.9 % in 
good candidates but an 7.4% LR in possible candidates and 7.7% in patients with 
a contraindication for APBI according to Groupe Européen de Curie thérapie Eu-
ropean Society for Therapeutic Radiology and Oncology (GEC-ESTRO) [15]. When 
considering the delivery of APBI in low-risk patients, an utterly precise imaging me-
thod is crucial for targeting high-risk (breast or tumor) tissue only and minimizing 
the treatment volume in favor of toxicity and cosmesis. MRI-guidance in addition to 
mammography findings and histopathology features has the potential to accurate-
ly identify breast cancers of limited extent [7] and is therefore suitable for the de-
livery of the ablative treatment in clinical practice. Furthermore, in order to ensure 
accurate treatment delivery, the GTV was extensively expanded in our study, with 2 
cm for CTV formation. 
A drawback of this study regards the reproducibility of our planning study observa-
tions in the clinical practice, especially for IMB. The static CT-based catheter tracks in 
this IMB planning study tracks can differ from implants achievable in daily practice 
and, for example, adequate coverage could still be feasible for extremely laterally lo-
cated tumors. Nevertheless, PTVCTV overdosage due to two dose level RT approach, 
remains the main limiting factor for IMB implementation of single fraction ablative 
RT. Furthermore, in this comparative study, differences in dose calculation algorit-
hms between VMAT and IMB planning software are possible. In addition, we obser-
ved minor differences in OAR dose with VMAT and IMB plans despite statistically 
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significant differences evaluated with the Wilcoxon signed rank test. Therefore only 
the substantial dosimetric difference such as PTVCTV overdosage (80.5% with IMB 
versus 4.4% with VMAT) was considered clinically relevant.    
Finally, for the clinical implementation of a single fraction ablative RT, there is a lack 
of single dose OAR constraints. The linear-quadratic model is not applicable for frac-
tion sizes as high as 15-20 Gy and the conversion to an acceptable constraint for 
OARs is therefore limited. In particular for the skin, the permitted dose could not be 
easily determined given the limited amount of studies. In one post-operative single 
fraction APBI study, late toxicity such as grade 1 or 2 telangiectasia was observed in 
26.5% of the patients and was associated with a previous acute erythema episode 
[14]. Acute erythema correlated to the mean skin dose of 5.4 Gy. We therefore esti-
mate that high doses to the skin are reasonably tolerated. However a comparison 
with the mean skin dose in our study is impracticable due to differences in skin 
volume definition. We observed low median skin doses of 2.7 Gy and 2.2 Gy for 
IMB and VMAT plans and therefore anticipate acceptable skin toxicity. Nevertheless, 
OAR toxicity has to be confirmed in further clinical studies. 
In conclusion, we found that MRI-guided single fraction radiotherapy with an inte-
grated ablative boost to the GTV is dosimetrically feasible using VMAT. IMB is less 
suitable for clinical implementation due to PTVCTV overdosage. Within the develop-
ment of the MRI-linear accelerator, we will initiate a feasibility study that will focus 
on MRI-guided single fraction ablative RT using VMAT in selected early-stage breast 
cancer patient with low-risk on local recurrence.

The work described in this chapter was supported by a research grant from 
Pink Ribbon.
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Summary and general discussion

Treatment accuracy in radiotherapy can be defined as treating tumor cells with op-
timal sparing of the organs at risk. In clinical practice this definition can be trans-
lated into the objective of optimal tumor control and limited treatment-related 
toxicity. Radiotherapy target definition is most commonly performed on computed 
tomography (CT) imaging. However, magnetic resonance imaging (MRI) offers the 
advantages of high-contrast tissue characterization, response monitoring and mo-
tion analysis. Combining these advantages of MRI during radiation treatment would 
considerably increase treatment accuracy by decreasing uncertainties concerning 
target position and shape. Therefore, the Utrecht MRI-linac design features an 8 MV 
linear accelerator (Elekta AB, Stockholm, Sweden) mounted on a circular, continuo-
usly rotating gantry around a 1.5 T cylindrical MRI scanner with a split gradient coil 
(Philips, Best, The Netherlands). 

The MRI-linac has the potential to improve radiation treatment accuracy for various 
tumor sites. Breast cancer is the most common malignancy among women world-
wide. In the western world breast cancer is often detected at an early stage, and 
local treatment for most women consists of breast-conserving surgery followed by 
whole breast irradiation. However, in whole breast irradiation, treatment burden 
can be substantial due to the multiple treatment sessions. For this reason, accelera-
ted partial breast irradiation (APBI) is extensively studied worldwide. In APBI, only 
the tumor bed is irradiated since most breast cancer recurrences occur in this area. 
Since whole breast irradiation is omitted in APBI, accurate tumor bed definition is 
essential in order to prevent disease from recurring locally. Furthermore, other fac-
tors, such as large treatment volumes, can negatively influence treatment toxicity 
and cosmetic outcomes [1-4]. Considering the previously described advantages of 
MRI, an MRI-guided treatment could potentially improve breast-conserving treat-
ment by improving target definition and thereby possibly reducing treatment vo-
lumes. 

Therefore, this thesis addresses the potential for an MRI-guided radiation treatment 
in early-stage breast-cancer patients.

Since treatment volumes are known to affect treatment-related toxicity and cos-
metic results, treatment volumes in the current breast-conserving treatment were 
evaluated (Chapter 2). Subsequently, to establish whether a treatment by MRI-linac 
would be feasible and beneficial, several topics were explored. Firstly, the effect of 
the magnetic field on the skin dose for both whole breast and partial breast irradi-
ation was quantified (Chapter 3). Secondly, an MRI protocol in radiotherapy supine 
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position was developed (Chapter 4). Thirdly, the value of MRI for tumor bed defini-
tion was investigated in addition to standard planning CT (Chapter 4) or as a single 
modality (Chapter 5). Fourthly, pre-lumpectomy tumor delineation was studied on 
dynamic contrast enhanced CT and MRI (Chapter 6). Finally, the feasibility of an 
MRI-guided single ablative dose to the tumor was assessed (Chapter 7). 

Treatment volumes

For boost radiotherapy and especially for APBI, an accurate definition of the tumor 
bed is important. In breast tumor bed definition, the balance between including the 
tissue at risk with microscopic spread and excluding normal tissue, e.g. fibroglandu-
lar breast tissue, lung and heart, is delicate. While treating a smaller volume may put 
the patient at increased risk of local recurrence, irradiating a larger volume than ne-
cessary may put the patient at risk of increased treatment-related toxicity, including 
fibrosis, pain and reduced cosmetic outcome [1-4]. This volume effect might be of 
particular importance in APBI in which a higher dose per fraction is delivered. Fu-
rthermore, large volumes can cause low-risk patients aiming for APBI to be ineligible 
for this treatment due to the inability to meet the dose-volume constraints. Recent-
ly published results of the Canadian RAPID trial, in which patients were randomized 
between whole breast irradiation (42.5 Gy in 16 or 50 Gy in 25 daily fractions) and 
external beam APBI (38.5 Gy in 10 fractions, twice daily), showed increased rates 
of adverse cosmesis in patients treated with APBI at a median follow-up of 3 years 
[5]. Results of various single-arm APBI studies show conflicting results [6-11]. These 
adverse cosmetic results might be related to the treated volumes. 
Excision volume and the volume of the irradiated tumor bed region both influence 
treatment-related toxicity and cosmetic results in patients treated with breast-con-
serving therapy [1-4]. It would be expected that these treatment volumes would 
somehow be related to the size of the original tumor. Understanding this relation is 
important, since it can show us whether surgery or radiotherapy techniques should 
be further improved. Therefore, in Chapter 2, the relation between the microscopic 
tumor size and the volumes treated by surgery and boost radiotherapy was deter-
mined in 186 early-stage breast cancer patients treated with breast-conserving the-
rapy. Both surgical and radiotherapy treatment volumes did not relate to the tumor 
diameter. Different amounts of breast tissue were excised for similar tumor sizes. 
These results illustrate that it is not feasible to excise a tumor with fixed margins 
of healthy breast tissue. Moreover, it was shown that the relation between tumor 
size and excision volume was stronger related to tumor characteristics and surgi-
cal techniques. A slightly stronger association between microscopic tumor size was 
observed in palpable tumors and purely ductal or lobular carcinomas. The associ-
ation between the excision specimen and the radiotherapy target volume further 
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decreased when the surgeon performed full-thickness closure of the excision cavity 
walls. Furthermore, it was found that the volume of the excision specimen was more 
strongly related to breast size than to tumor size, which in turn might be explained 
by the surgical technique. To guarantee treatment of potential microscopic tumor 
cells in the, for instance, 1.5 cm margin around the tumor, a CTV margin expansi-
on of 1.5 cm is applied after definition of the tumor bed for radiation treatment 
planning. This margin is often reduced by the tumor-free resection margin width 
as measured at pathology investigation of the excision specimen. The lack of an 
association between the microscopic tumor size and the delineated tumor bed 
volume is not surprising. When delineating the radiotherapy target, the tumor is 
not in situ anymore and it was already found that the excised volume is not in pro-
portion to the microscopic tumor size. Furthermore, the postoperative tumor bed 
is prone to seroma and hematoma formation, which can increase target volumes. 
Moreover, soft-tissue tumor bed appearances cannot be properly visualized on 
standard planning CT. Additionally, full-thickness closure of the excision cavity be-
comes more widely practiced. Even though large seromas might be avoided by the 
use of full-thickness closure, radiotherapy target definition can be hindered due to 
less distinct tumor bed margins in the absence of seroma on the planning CT scan. 

Therefore, two options to improve the disproportionate treatment volumes are de-
scribed in this thesis. First, the value of MRI in definition of the postoperative the 
tumor bed was investigated. Therefore, the value of MRI in addition to standard 
CT-guided tumor bed definition was studied, as well as tumor bed definition on 
MRI-only. Second, the potential for a preoperative MRI-guided radiotherapy was 
described. 

Breast radiotherapy in the presence of a magnetic field

A future breast radiation treatment using the MRI-linac could provide high contrast 
image guidance directly during radiotherapy. However, before further exploring 
the possibilities for an MRI-guided breast radiotherapy, the effect of the magnetic 
field on the dose distribution had to be determined. In the presence of a magnetic 
field, secondary electrons emanating from the skin into air will be bent back, an ef-
fect which is known as the electron return effect (ERE) [12][13]. Since the ERE could 
result in a higher skin dose, skin toxicity and breast cosmesis could be negatively 
influenced in the case of treatment by MRI-linac. The expected effects of the ERE 
are dependent on the beam inclinations at the skin surface, which usually differ 
between whole breast irradiation and APBI. Other factors determining the possible 
induced effects of the ERE are the size of the radiation fields and the superficiali-
ty of targets. Therefore, the induced effects of the magnetic field were expected 
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to differ between whole breast irradiation and APBI. For that reason, a treatment 
planning study was performed in Chapter 3 to show the induced effects on the 
dose distribution in the presence of a magnetic field for both types of breast irra-
diation. For whole breast irradiation, standard tangential field treatment planning 
was performed, as well as a seven field technique in order to investigate whether 
the influence of the magnetic field decreased with the use of multiple beam direc-
tions. A significant increase in skin dose was observed for whole breast irradiation 
in both cases. Since this increased skin dose can lead to increased skin toxicity and 
decreased cosmetic outcomes, this observation impairs the clinical acceptability of 
treating patients with whole breast irradiation by MRI-linac. The direct application 
of whole breast irradiation in the MRI-linac therefore seems unlikely. However, for 
APBI, the impact of the magnetic field on skin dose was non-significantly increased. 
Moreover, the absolute dose values of the organs at risk were low and comparable 
to reported values in the literature without the presence of a magnetic field [14, 15]. 
Consequently, in the subsequent chapters we focused on MRI-guided radiotherapy 
in APBI and not in whole breast irradiation. 

Postoperative MRI-guided target definition

Post-lumpectomy CT-guided tumor bed delineation for boost radiotherapy or APBI 
is inconsistent among radiation oncologists [16-21]. These findings from the litera-
ture were confirmed by the results of the CT-guided tumor bed delineation series as 
described in Chapter 4 and Chapter 5, with a median conformity on CT of only 57% 
and 44%, respectively. Even though the introduction of surgical clips as markers for 
the tumor bed has shown to decrease interobserver variation, the high variability 
among observers still causes target definition to be one of the largest uncertain-
ties in the breast radiotherapy chain [18, 22]. A geographical miss would put the 
patient at increased risk of local recurrence, especially in APBI in which irradiation 
of the whole breast is omitted. Because there is no tumor to target, differentiation 
between target tissue and surrounding normal tissue on standard planning CT is 
problematic and cannot be validated by pathology studies. Since MRI has superior 
soft-tissue contrast compared to CT, the use of MRI in tumor bed definition was 
expected to improve differentiation between tumor bed and the surrounding tis-
sues, which could lead to an improved treatment accuracy accompanied by smaller 
treatment volumes. Therefore, in this thesis, the value of MRI for breast tumor bed 
definition was further explored. 

Before further investigating the value of MRI for tumor bed definition, an MRI pro-
tocol and MRI patient setup in supine radiotherapy position had to be developed. 
Standard diagnostic breast MRI is performed with the patient in prone position, 
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while most departments acquire planning CT imaging with the patient in supine 
radiotherapy position. A patient in radiotherapy position would not fit into a stan-
dard MRI scanner. Furthermore, the use of an anterior receive coil in supine position 
would deform the breast. In Chapter 4, acquisition of breast MRI with the patient 
in supine radiotherapy position was shown to be feasible by using a wide bore MRI 
scanner (Ingenia 1.5 T, Philips, Best, The Netherlands). Perspex coil supports were 
developed in order to avoid breast deformation. The following 3D high resolution 
MRI images were acquired pre- and postoperatively: T1 weighted (T1w) fast field 
echo (FFE) with and without fat suppression (Dixon). T2 weighted (T2w) turbo spin 
echo (TSE) with fat suppression (SPAIR). Furthermore, a preoperative dynamic series 
of CE T1w Dixon images was acquired.  

Subsequently, in Chapter 4, the value of MRI in addition to standard planning CT 
for tumor bed delineation was described. In this study, MRI was investigated as an 
imaging modality which provides information in addition to CT, rather than repla-
cing CT. 

The results presented in Chapter 4 show that the addition of both preoperative 
and postoperative MRI to standard CT-guided tumor bed delineation did not im-
prove delineation consistency among the 4 observers from the University Medical 
Center Utrecht in 14 patients, while target volumes increased. Also, preoperative 
contrast-enhanced CT did not show to improve tumor bed definition. Observers 
seemed to rather expand their delineation than reducing it based on additional in-
formation. This might be influenced by their experience with CT-guided tumor bed 
delineation, which makes them seem to favor their interpretation of the imaging 
modality with which they are most familiar. Observers were familiar with the use of 
diagnostic breast MRI in daily clinical practice. However, the postoperative breast 
shows different tissue-appearances on MRI compared to the diagnostic situation 
due the absence of a tumor and the presence of hematoma, seroma, surgical clips 
and architectural distortions caused by the surgical procedure. These postoperative 
changes should be carefully interpreted based on the different tissue characteristics 
as shown by the different sequences. 

The increase in tumor bed volume in our study is in line with findings described in 
the literature by Kirby et al. [23]. According to our study methodology, observers 
duplicated their CT-based delineation and adjusted this delineation based on the 
additional information provided by the registered MRI. This methodology was cho-
sen to avoid the influence of intraobserver variability. This methodology was diffe-
rent in our subsequent study as described in Chapter 5. In this chapter, the value 
of MRI in addition to CT as well as the value of MRI instead of CT was studied. Seven 
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observers, from the Sunnybrook Health Science Center, delineated a new contour 
on CT registered to MRI and on MRI-only in 20 patients, at least 2 weeks after com-
pletion of their former delineation session, and observers where blinded for their 
previous contour. In this setting, the consistency among observers on CTMRI-fusion 
or MRI-only was even found to be significantly lower compared to standard CT-gui-
ded tumor bed delineation. Conformity decreased to 39% on CTMRI-fusion and 
32% on MRI-only. This suggests that MRI added some degree of confusion rather 
than increasing the consistency among observers. This confusion could also be the 
result of limited observer experience with postoperative breast MRI. All observers 
were trained and instructed at the beginning of the study. However, more extensive 
training and perhaps also experience over time in interpreting the different tissue 
appearances on the various MRI sequences might improve study outcomes. In the 
current format, tumor bed contouring on MRI-only would decrease treatment ac-
curacy. Therefore, postoperative tumor bed contouring on MRI-only should not be 
implemented in today’s clinical practice. 

The decreased consistency in tumor bed definition on MRI-only found in this study 
is in line with findings by Giezen et al. [24]. However, in a study by Jolicoeur et al. 
MRI-guided tumor bed delineation was found to improve delineation consistency 
[25]. This contradiction might be caused by the difference in surgical closure tech-
niques among studies. Most patients in our study underwent full-thickness closu-
re, while Jolicoeur et al. excluded patients who underwent oncoplastic techniques, 
which probably included full-thickness closure as well. After suturing the cavity 
walls, seroma might follow the suturing lines, the shapes of which might be more 
subject to interpretive differences compared to clearly defined cavity walls in su-
perficially closed cavities. This hypothesis can be strengthened by the higher con-
formity of 66% on standard planning CT in the Jolicoeur study, which was already 
higher at baseline compared to our study. These findings suggest that it is the type 
of surgery that hinders tumor bed delineation to a large extent. Even though MRI 
offers an increased differentiation between the various soft-tissues surrounding the 
tumor bed, if tissues of the same origin, e.g. fibroglandular breast tissue, are sutu-
red together, it would be difficult to visualize the postoperative tumor bed even 
with MRI. Furthermore, the seroma or edema following suturing lines might lead to 
differences in interpretation. Perhaps if delineation guidelines would be extremely 
detailed on what to include and what not to include in the tumor bed delineation, 
and perhaps if observers would be trained intensively, consistency would improve. 
However, who should formulate this guideline on what to include and what not? 
There still is no reference standard with which to validate the, since there is no lon-
ger a tumor in situ. 
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Summarizing, our results show that, in its current format, MRI has no additional 
value in standard CT-guided postoperative tumor bed delineation. Moreover, the 
implementation of MRI as a single modality for tumor bed definition could signifi-
cantly reduce treatment accuracy. The key issue seems to be that there is no tumor 
to define as a target in the postoperative setting, and that target definition based 
on postoperative soft-tissue appearances is difficult, independent of the imaging 
modality being used. The use of MRI might be more advantageous in a preoperative 
treatment approach because of the presence of a tumor which can be visualized 
and characterized by the use of dynamic contrast enhanced sequences. Therefore, 
the following chapters concentrate on preoperative MRI-guided target definition.  

Preoperative MRI-guided target definition

While in the postoperative radiotherapy setting an MRI-guided treatment did not 
show to offer substantial advantages regarding target definition and treatment vo-
lumes, the use of MRI could be advantageous in a preoperative treatment approach 
with the tumor in situ. MRI has shown to have a high sensitivity for tumor detection 
[26]. Furthermore, in a study by Schmitz et al. the tumor diameter on MRI showed 
a good correlation with microscopic tumor size [27]. In the presence of a tumor, 
dynamic contrast-enhanced parameters can be used for target definition. For tu-
mor delineation, contrast-enhancement could result in a superior differentiation 
between the tumor and surrounding tissues. The results described in Chapter 6 
show that preoperative tumor delineation is consistent among 4 observers from 
the University Medical Center Utrecht, on both CT and MRI. Preoperative imaging of 
the tumor can be used in two different treatment approaches. The first is a preope-
rative treatment approach, which will be described below. Furthermore, preopera-
tive imaging could be used in addition to standard postoperative CT-guided tumor 
bed delineation by increasing the knowledge of the radiation oncologist about the 
original tumor location. However, the latter was not shown to increase delineation 
consistency, as presented in Chapter 4. 

The high consistency in preoperative tumor delineation among observers presen-
ted in Chapter 6, on both CT and MRI, is line with the results presented by Van 
der Leij et al. [28]. They investigated CT-guided preoperative tumor delineation. 
Furthermore, our results show that preoperative target volumes are small and less 
prone to outliers due to the absence of seroma formation. For a preoperative APBI 
treatment approach, these smaller target volumes could potentially decrease treat-
ment toxicity. Several recent postoperative APBI studies reported adverse cosmetic 
outcomes [5-11]. These outcomes could be related to large volumes receiving high 
doses, which would be avoidable in the preoperative setting. Furthermore, preope-
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rative APBI following the NSABP B-39 criteria dosimetrically showed to increase 
patient eligibility and decrease the dose to the normal tissues in a planning study 
performed by Nichols et al [29]. These advantages would ultimately influence the 
implementation of APBI in clinical practice. 

Our results, as described in Chapter 6, show that preoperative MRI was superior to 
CT in terms of tumor detection. Furthermore, more tumor spiculations and irregu-
larities were shown on MRI. As image quality further improves, the increased diffe-
rentiation between tumor and surrounding tissues can further increase delineation 
accuracy and thereby decrease target volumes. However, our results described in 
Chapter 6 show that volumes can also increase. Since more tumor branches were 
delineated on MRI, MRI-defined volumes were larger compared to CT-defined volu-
mes, especially after expansion of GTV to CTV. As techniques in MRI are continuo-
usly improving, high resolution MRI can lead to the visualization of (partial) CTV, as 
compared to the standard planning CT that visualizes only the GTV. The improving 
visualization will ultimately start to influence our perspectives on the definition of 
the GTV and the microscopic spread as accounted for by the CTV according to the 
ICRU recommendations [30].  

The superiority of MRI for tumor detection compared to CT is debatable, as descri-
bed in Chapter 6. Alternatives improving tumor detection on CT could be consi-
dered, like marking the tumor by fiducials or optimizing CT parameters. However, 
these options will not offer the other advantages of MRI like tumor characterization, 
segmentation, treatment response measurement, motion analysis and, ultimately, 
online treatment guidance.  

ABLATIVE study

As previously described, a preoperative MRI-guided irradiation of the tumor would 
be highly consistent and treatment volumes would be small and stable. These 
advantages, in combination with the high contrast image guidance of the target 
directly during radiotherapy in a future MRI-linac setting, could allow further tre-
atment acceleration. This treatment acceleration could potentially be further ex-
tended into a radiosurgical ablative approach as is performed in lung and brain can-
cer. In a recent conference abstract, Horton et al presented the results of a clinical 
phase I study designed to deliver a single ablative dose of 15, 18 or 21 Gy to tumors 
up to 1 centimeter in maximum diameter by intensity modulated radiotherapy 
(IMRT) followed by BCS two weeks later [31]. No dose-limiting toxicity was reported 
and cosmetic results were good to excellent.
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An ablative treatment approach would minimize treatment burden to the patient 
and treatment cost. Because of these benefits, the UMC Utrecht started the ABLATI-
VE project. In this project, the delivery of an MRI-guided single ablative radiothera-
py dose in early-stage, low risk breast cancer patients is investigated. Before starting 
a clinical trial, a planning study was commenced in 20 patients to test the dosime-
tric feasibility of a single ablative dose to the tumor. This planning study, in which 
both interstitial multicatheter brachytherapy and external beam radiotherapy plans 
using volumetric modulated arc therapy (VMAT) were acquired and compared, is 
described in Chapter 7. A 15 Gy dose was prescribed to the PTV of the CTV (PTVCTV) 
with an integrated boost of 20 Gy to the PTV of the GTV (PTVGTV). Interstitial multi-
catheter brachytherapy showed to be less suitable for this ablative approach. This 
was mainly due to the high number of catheters (median of 9 catheters) required 
for adequate coverage of the PTVGTV, while it also resulted in a common overdosage 
at the PTVCTV. The high number of catheters would decrease patient comfort during 
the procedure. Furthermore, the interstitial multicatheter approach would be less 
accessible compared to external beam radiotherapy, due to the required brachy-
therapy facilities and level of expertise. The dose in organs at risk was comparable 
between both treatment approaches.

Since this study showed a single ablative dose, by using a VMAT approach to be 
dosimetrically feasible, the clinical applicability will be further investigated in a cli-
nical trial. At the UMC Utrecht, we recently started the ABLATIVE [32]. In this study, 
the clinical feasibility of an MRI-guided, preoperative, single dose, ablative radiation 
treatment in low-risk patients will be investigated. The prescribed dose in this stu-
dy is similar to the planning study described in Chapter 7. The primary outcome 
will be the pathologic complete response rate at six months after treatment, when 
breast-conserving surgery will be performed. Secondary objectives will be toxicity, 
quality of life and cosmetic result. Within this APBI study, careful patient selection 
is crucial. Only patients with low-risk disease characteristics (e.g. patients age ≥ 60 
years, unifocal disease, tumor size ≤ 2 cm, non-lobular histological type, no lymph 
node metastases or indication for adjuvant systemic therapy) will be included in 
the study. The ultimate aim will be to treat the tumor precisely, while minimizing 
treatment burden to the patient with a good cosmetic outcome. If this single dose 
MRI-guided treatment demonstrates a complete pathologic response in combina-
tion with limited toxicity and good breast cosmesis in a sufficient proportion of the 
patients, the necessity of omitting breast-conserving surgery could be studied in 
the future. However, if the treatment would not turn out to be ablative while toxicity 
profiles, cosmesis and disease free survival rates are good, this preoperative treat-
ment by single dose could still be implemented in clinical practice as a replacement 
of the current 3-5 week treatment in selected patients. 
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Conclusions and future perspectives

The results of this thesis offer possible avenues for studying MRI-guided breast ra-
diotherapy in a future MRI-linac setting. MRI-guided preoperative target definiti-
on showed to be highly consistent and could be accompanied by small and stable 
treatment volumes. The prescription of a single ablative dose to the breast tumor 
and its surrounding CTV showed to be dosimetrically feasible by using a VMAT ap-
proach. Furthermore, this thesis shows that the use of MRI does not improve the 
poor consistency of the current postoperative CT-guided tumor bed definition. Mo-
reover, we showed that the use of postoperative MRI as a single imaging modality 
could significantly decrease consistency and treatment precision when implemen-
ted in its current format.

The findings outlined in this thesis showed that it was feasible to start the ABLATIVE 
trial. In this trial, the feasibility of an MRI-guided single ablative dose of 20 Gy to the 
tumor and 15 Gy to the surrounding clinical target volume will be investigated in 
low-risk, early-stage breast cancer patients. This study could be a first step towards a 
more accessible and patient-friendly treatment for selected early-stage breast can-
cer patients. 
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Het doel van radiotherapie is het vernietigen van kankercellen. Hierbij dienen de 
omliggende gezonde organen zoveel mogelijk gespaard te worden, om zo de 
bijwerkingen zoveel mogelijk te beperken. Dit evenwicht wordt bepaald door de 
nauwkeurigheid van de behandeling. Deze nauwkeurigheid wordt voor een groot 
deel bepaald door het zo precies mogelijk definiëren van het doelgebied dat be-
straald dient te worden. Het definiëren van het doelvolume wordt doorgaans uitge-
voerd door de radiotherapeut op een CT-scan. Deze CT-scan wordt voorafgaand aan 
de bestralingsbehandeling van de patiënt gemaakt, om zo een goed onderscheid 
te kunnen maken tussen het doelvolume en de omliggende weefsels. Aan de hand 
van de CT-scan wordt een bestralingsplan vervaardigd en wordt de patiënt meer-
dere dagen tot weken bestraald. Het aantal keren dat een patiënt bestraald moet 
worden, wordt het aantal fracties genoemd. Een groot nadeel van CT is dat het con-
trast tussen de verschillende weefsels niet optimaal is, waardoor de radiotherapeut 
het doelgebied niet altijd goed kan onderscheiden van de omliggende gezonde 
weefsels. MRI, daarentegen, is een beeldvormende techniek waarbij het contrast 
tussen de verschillende weefsels veel beter is. Daarnaast kan met MRI, zonder io-
niserende stralingsbelasting voor de patiënt, de beweging van het doelgebied en 
de omliggende organen in beeld worden gebracht en de reactie van tumoren op 
de behandeling worden geanalyseerd. Als we de voordelen van MRI zouden kun-
nen gebruiken tijdens de bestralingsbehandeling, zou dat de nauwkeurigheid van 
de behandeling kunnen verbeteren. Daarom heeft de afdeling Radiotherapie van 
het UMC Utrecht samen met Philips (Best, Nederland) en Elekta (Stockholm, Zwe-
den) een bestralingsapparaat ontwikkeld met geïntegreerde MRI-functionaliteit, 
de zogenaamde MRI-versneller. Deze MRI-versneller bestaat uit een 8 MV lineaire 
versneller die in een ring rondom een 1.5 Tesla MRI scanner draait. De MRI-versnel-
ler heeft de potentie om de radiotherapeutische behandeling te verbeteren voor 
verschillende tumorgebieden, waaronder baarmoederhalskanker, prostaatkanker 
en endeldarmkanker.

Borstkanker is de meest voorkomende vorm van kanker bij vrouwen wereldwijd. 
Omdat in de westerse wereld borstkanker vaak in een vroeg stadium wordt gedi-
agnosticeerd, kan een groot deel van deze vrouwen behandeld worden middels 
een borstsparende operatie gevolgd door radiotherapie van de gehele borst. Deze 
vorm van radiotherapie kan echter als te belastend worden ervaren door patiën-
ten, omdat ze meerdere weken lang, iedere dag behandeld moeten worden. Om 
deze reden wordt wereldwijd momenteel de zogenoemde ‘partiële borstbestraling’ 
onderzocht, waarbij alleen het gedeelte van de borst bestraald waar de tumor oor-
spronkelijk heeft gezeten, het zogenoemde ‘tumorbed’. Door het kleinere bestra-
lingsvolume bij de partiële borstbestraling kan de bestralingsdosis per fractie wor-
den verhoogd en hoeft de patiënt minder  bestralingsfracties te ondergaan. Omdat 
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bij deze partiële borstbestraling de bestraling van de rest van de borst achterwege 
wordt gelaten, is het nauwkeurig definiëren van het tumorbed essentieel ter voor-
koming van het lokaal teruggroeien van tumorweefsel.

Naast het terugkomen van borstkanker ter plaatse van het oorspronkelijke tumor-
bed, streeft men bij de borstsparende behandeling naar minimale bijwerkingen 
en een zo goed mogelijk cosmetisch resultaat. Aangezien grote doelvolumina de 
bijwerkingen en cosmetiek negatief beïnvloeden, is het belangrijk de bestralings-
volumina zo klein mogelijk te houden. Gezien de bovengenoemde voordelen van 
MRI, zou een MRI-geleide bestraling de borstsparende behandeling van borstkan-
kerpatiënten kunnen verbeteren. MRI zou onder andere het definiëren van het 
doelvolume, in dit geval het tumorbed, nauwkeuriger kunnen maken en daarmee 
de bestralingsvolumina verkleinen.

In dit proefschrift worden de mogelijkheden beschreven voor een MRI-geleide be-
straling bij patiënten met vroeg-stadium borstkanker.

In Hoofdstuk 2 zijn de behandelvolumina binnen de huidige borstsparende be-
handeling geëvalueerd. Binnen deze behandeling wordt continu naar een balans 
gestreefd: Het behandelen van een te klein doelgebied geeft een verhoogde kans 
op het lokaal recidiveren van de ziekte, terwijl een te groot doelvolume kan leiden 
tot meer bijwerkingen aan de omliggende organen en een slechter cosmetisch re-
sultaat. Het volume van het borstweefsel dat is verwijderd door de chirurg en de 
grootte van het bestraalde tumorbed beïnvloeden beiden de toxiciteit en cosme-
tiek van de borstsparende behandeling. Daarom werd de relatie bestudeerd tussen 
de grootte van de tumor en de geëxcideerde en bestraalde tumorbed-volumina bij 
186 patiënten met vroeg-stadium borstkanker, behandeld middels borstsparende 
behandeling. Zowel de geëxcideerde volumina als de bestraalde volumina bleken 
niet gerelateerd te zijn aan de grootte van de oorspronkelijke tumor. Verschillen-
de hoeveelheden borstweefsel werden verwijderd voor gelijke tumorgroottes. Het 
volume van het geëxcideerde borstweefsel bleek sterker gerelateerd te zijn aan de 
grootte van de borst dan aan de tumorgrootte. Daarnaast bleek dat de relatie tus-
sen de tumorgrootte en het geëxcideerde volume beïnvloed werd door het  wel 
of niet palpabel zijn van de tumor. De relatie tussen het geëxcideerde volume en 
het bestraalde tumorbed-volume bleek bovendien te worden beïnvloed door de 
chirurgische techniek die werd uitgeoefend.

Alvorens te onderzoeken of een bestralingsbehandeling met de MRI-versneller bij 
deze patiëntengroep voordelen zou bieden, werd in Hoofdstuk 3 onderzocht of de 
aanwezigheid van een magneetveld tijdens de borstbestraling invloed heeft op de 
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verdeling van de bestralingsdosis in de huid. Middels een planningsstudie werden 
zowel de gehele borstbestraling als de partiële borstbestraling onderzocht. Deze  
twee behandelingen verschillen van elkaar wat betreft de hoeken van de bestra-
lingsbundels ten opzichte van het huidoppervlak, de grootte van de bestralings-
velden en de diepte van de doelvolumina. Voor de gehele borstbestraling is zowel 
een standaard schampveldentechniek als een zeven-bundel techniek bestudeerd 
om zo vast te stellen of de invloed van het magneetveld afnam bij het gebruik van 
meerdere bundelrichtingen. Een significante toename van de huiddosis werd waar-
genomen voor beide technieken. Omdat de toegenomen huiddosis kan leiden tot 
meer huidtoxiciteit en slechtere cosmetische resultaten, zou de implementatie van 
de MRI-versneller voor een bestralingsbehandeling van de gehele borst tot toena-
me van bijwerkingen kunnen leiden. Het toekomstig inzetten van de MRI-versneller 
voor de gehele borstbestraling is daarom niet aantrekkelijk. Voor een partiële borst-
bestraling bleek de huiddosis echter niet significant verhoogd in de aanwezigheid 
van een magneetveld. Daarbij was de stralingsdosis in de omliggende risico-orga-
nen laag en vergelijkbaar met waarden die in de literatuur staan beschreven in stu-
dies zonder magneetveld. Zodoende is de focus in de volgende hoofdstukken ko-
men te liggen op de partiële borstbestraling en niet op de gehele borstbestraling.
Voor een partiële borstbestraling is het van belang het te bestralen tumorbed 
nauwkeurig te definiëren. In de literatuur is beschreven dat definitie van het tu-
morbed op de standaard planning-CT, die wordt verricht voor het maken van het 
bestralingsplan, grote variabiliteit toont onder radiotherapeuten. Daarom werd in 
Hoofdstuk 4 en Hoofdstuk 5 onderzocht of MRI de nauwkeurigheid van de inteke-
ning van het tumorbed kon verhogen. Alvorens dit te kunnen onderzoeken, werd 
een nieuw MRI scanprotocol ontwikkeld voor patiënten in de bestralingshouding. 
De standaard diagnostische MRI-mamma wordt namelijk uitgevoerd met de pati-
ent in buikligging, terwijl de meeste radiotherapie-instituten de planning-CT in de 
bestralingshouding in rugligging maken omdat de bestraling in rugligging wordt 
uitgevoerd.

In Hoofdstuk 4 wordt het vervaardigen van MRI van de borsten bij de patiënt in de 
bestralingshouding in rugligging beschreven. Hierbij wordt een MRI-scanner met 
een extra grote opening gebruikt (Ingenia 1.5 T, Philips, Best, The Netherlands). Er 
werden steunen van Plexiglas ontwikkeld ter ondersteuning van de spoelen, om 
zo deformatie van de borst te voorkomen. De volgende 3D MRI beelden met hoge 
resolutie werden vervaardigd, zowel pre- als postoperatief: T1-gewogen (T1w) fast 
field echo (FFE) met en zonder vetsuppressie (Dixon) en T2-gewogen turbo spin 
echo (TSE) met vetsuppressie (SPAIR). Daarnaast werd een preoperatieve serie T1w 
beelden vervaardigd met het gebruik van gadolinium contrast. Vervolgens werd 
de waarde van MRI in aanvulling op de standaard planning-CT bestudeerd voor 
het intekenen van het tumorbed. Op standaard CT was de overeenstemming tus-
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sen de 4 radiotherapeuten uit het UMC Utrecht mediaan slechts 57%. Deze waarde 
verbeterde niet na het toevoegen van zowel pre- als postoperatieve MRI, terwijl de 
volumina toenamen.  
In aanvulling op Hoofdstuk 4, waar de waarde van MRI als toevoeging op CT werd 
onderzocht, werd in Hoofdstuk 5 ook de waarde van MRI als enige beeldvormende 
modaliteit voor het intekenen van het tumorbed onderzocht. Zeven radiotherapeu-
ten werkzaam in het Sunnybrook Health Science Center, Toronto, Canada, definieer-
den een doelgebied op zowel CT, CTMRI-fusie en MRI-alleen bij 20 patiënten. Er zat 
minstens 2 weken tussen de inteken-sessies en intekenaars werden geblindeerd 
voor hun eerder gedefinieerde doelvolumina. In deze setting was de consisten-
tie onder radiotherapeuten op CTMRI-fusie of MRI-alleen lager dan de standaard 
CT-geleide definitie van de doelvolumina. De overeenstemming nam af van 44% 
op CT tot 39% op CTMRI-fusie en 32% op MRI-alleen. Dit suggereert dat MRI een 
bepaalde mate van verwarring veroorzaakte, in plaats van het verduidelijken van 
het doelgebied en het verhogen van de overeenstemming. Evenals in hoofdstuk 2, 
werd ook in dit hoofdstuk de invloed van de chirurgische techniek bij de resultaten 
betrokken. Bij het merendeel van de patiënten zijn de wanden van de excisieholte 
door de chirurg geapproximeerd, wat de definitie van het tumorbed substantieel 
lijkt te beïnvloeden. In deze patiëntencategorie zal daarom de definitie van het tu-
morbed op alleen MRI de nauwkeurigheid van de behandeling verkleinen. Om deze 
reden dient een puur MRI-geleide definitie van het doelvolume niet in zijn huidige 
vorm te worden  geïmplementeerd in de huidige klinische praktijk. 
De bovenbeschreven resultaten tonen dat het postoperatieve tumorbed niet 
nauwkeuriger kan worden gedefinieerd met behulp van MRI. Dit zou in grote mate 
verklaard kunnen worden door het feit dat er geen tumor is om te definiëren. Dit 
maakt het intekenen van een doelvolume gebaseerd op weke-delenveranderingen 
in de borst gecompliceerd, ongeacht de beeldvormende techniek. 

In Hoofdstuk 6 werd daarom de nauwkeurigheid van een preoperatieve definitie 
van het doelvolume onderzocht. In een preoperatieve setting is er een tumor in 
situ als doelvolume voor de bestraling, welke logischerwijs beter gedefinieerd kan 
worden op de beeldvorming. Mogelijk zou MRI bij de tumordefinitie meerwaarde 
kunnen bieden ten opzichte van CT, gezien de hoge sensitiviteit van MRI voor tu-
mordetectie. Daarnaast is bekend uit de literatuur dat de tumordiameter op MRI 
goed correleert met de daadwerkelijke microscopische tumorgrootte zoals ge-
meten bij pathologisch onderzoek.  De resultaten in dit hoofdstuk laten zien dat 
preoperatieve tumordefinitie consistent is onder 4 radiotherapeuten werkzaam 
binnen het UMC Utrecht, op zowel CT als MRI. Daarnaast zijn de preoperatieve doel-
volumina veel kleiner en minder gevoelig voor uitschieters dan we gezien hebben 
bij de standaard postoperatieve series. Dit is mede het gevolg van de afwezigheid 
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van seroomvorming, zoals in de postoperatieve situatie het geval is. Deze kleine 
preoperatieve doelvolumina zouden in het geval van een partiële borstbestraling 
de bijwerkingen van de behandeling mogelijk kunnen verminderen, de cosmetiek 
kunnen verbeteren, verdere hypofractionering mogelijk maken en hiermee meer 
patiënten in aanmerking kunnen laten komen voor een borstsparende behande-
ling. Daarnaast lieten de resultaten in dit hoofdstuk zien dat tumordetectie beter 
was op preoperatieve MRI dan op CT. Tevens toonde MRI meer sprieterige uitlopers. 
Deze uitlopers zorgden er bij expansie van de intekening naar het klinisch doelvo-
lume (CTV) wel voor dat de MRI-gedefinieerde CTV’s significant groter werden dan 
de CT-gedefinieerde CTV’s.

Gezien de bevindingen in hoofdstuk 6 en het feit dat MRI mogelijkheden biedt voor 
tumorkarakterisatie, segmentatie, responsmetingen en bewegingsanalyse, werd 
de mogelijkheid van een preoperatieve MRI-geleide behandeling van borstkan-
kerpatiënten verder onderzocht. Door de kleine preoperatieve behandelvolumina 
zou de bestralingsbehandeling mogelijk gehypofractioneerd kunnen worden (met 
een hogere fractiedosis in minder fracties) tot mogelijk zelfs een eenmalige abla-
tieve dosis. Een ablatieve behandeling zou de belasting voor de patiënt kunnen 
verkleinen en mogelijk ook de kosten kunnen verlagen. Daarom is in Hoofdstuk 7 
de dosimetrische haalbaarheid van een preoperatieve eenmalige MRI-geleide be-
stralingsbehandeling onderzocht, met een hoge dosis op de borsttumor. In deze 
planningsstudie werd zowel een inwendige bestraling middels interstitiële mul-
ticatheter brachytherapie als een uitwendige bestraling middels de zogenaamde 
volumetric modulated arc therapy (VMAT) onderzocht. Hierbij werd een dosis tot 
20 Gy voorgeschreven op de primaire tumor en een dosis tot 15 Gy op de omlig-
gende 2 cm aan borstweefsel met hierin mogelijke tumoruitbreiding. De resultaten 
van deze studie laten zien dat een eenmalige MRI-geleide ablatieve bestralingsbe-
handeling middels VMAT dosimetrisch haalbaar is. De multicatheter brachytherapie 
techniek bleek dosimetrisch minder geschikt, vanwege een groot aantal naalden 
nodig voor het behalen van een adequate coverage van de tumor. Dit ging gepaard 
met een overdosering in de omliggende 2 cm aan borstweefsel. De dosis in de om-
liggende organen was vergelijkbaar tussen de twee technieken. Om deze reden is 
een vervolgstudie gestart, waarbij de haalbaarheid van deze uitwendige bestra-
lingsbehandeling in patiënten met vroeg-stadium borstkanker, wordt onderzocht.  

In Hoofdstuk 8 worden de belangrijkste bevindingen samengevat en in het per-
spectief van de literatuur, dagelijkse praktijk en toekomst geplaatst. 
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