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a b s t r a c t
Background and purpose: Accelerated partial breast irradiation (APBI) may benefit from the MR-Linac for
target definition, patient setup, and motion monitoring. In this planning study, we investigated whether
prone or supine position is dosimetrically beneficial for APBI on an MR-Linac and we evaluated patient
comfort.
Materials and methods: Twenty-patients (9 postoperative, 11 preoperative) with a DCIS or breast tumor
<3 cm underwent 1.5 T MRI in prone and supine position. The tumor or tumor bed was delineated as GTV
and a 2 cm CTV-margin and 0.5 cm PTV-margin were added. 1.5 T MR-Linac treatment plans (5  5.2 Gy)
with 11 beams were created for both positions in each patient. We evaluated the number of plans that
achieved the planning constraints and performed a dosimetric comparison between prone and supine
position using the Wilcoxon signed-rank test (p-value <0.01 for significance). Patient experience during
scanning was evaluated with a questionnaire.
Results: All 40 plans met the target coverage and OAR constraints, regardless of position. Heart Dmean was
not significantly different (1.07 vs. 0.79 Gy, p-value: 0.027). V5Gy to the ipsilateral lung (4.4% vs. 9.8%
median, p-value 0.009) and estimated delivery time (362 vs. 392 s, p-value: 0.003) were significantly
lower for prone position. PTV coverage and dose to other OAR were comparable between positions.
The majority of patients (13/20) preferred supine position.
Conclusion: APBI on the MR-Linac is dosimetrically feasible in prone and supine position. Mean heart
dose was similar in both positions. Ipsilateral lung V5Gy was lower in prone position.
Ó 2021 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 165 (2021) 193–199 This is
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

In recent trials, external beam (accelerated) partial breast irradiation ((A)PBI) was presented as an alternative for whole breast
irradiation (WBI) in low-risk breast cancer patients, showing similar local recurrence rates to WBI [1,2]. PBI reduces the irradiated
volume and treatment-related toxicity. APBI additionally reduces
overall treatment duration, and thus patient burden. Currently,
also neoadjuvant APBI is being investigated [3–7] with the aim to
further reduce toxicity compared to adjuvant APBI through
improved target definition with the tumor still in situ. This results
in even smaller irradiated volumes [8–10], which might further
decrease treatment-induced toxicity.
APBI may benefit from using a hybrid magnetic resonance
imaging (MRI)-radiotherapy system, a linear accelerator or 60Co
sources combined with an MRI scanner [11–14]. MRI appeared to
⇑ Corresponding author at: UMC Utrecht, Heidelberglaan 100, 3584CX Utrecht,
The Netherlands.
E-mail address: M.L.GrootKoerkamp-3@umcutrecht.nl (M.L. Groot Koerkamp).

be important to detect a breast tumor and to define its irregularities [9]. In studies investigating neoadjuvant APBI, MRI is often
used for definition of the gross tumor volume (GTV) [3,4,6]. In
the adjuvant PBI setting, the benefit of MRI for target delineation
is less clear [15–18], but initial clinical experiences on hybrid systems reported benefits for patient setup on the lumpectomy cavity
and motion monitoring [19–22].
Because oncological outcomes for low-risk breast cancer
patients are excellent, improvements in treatment techniques for
breast cancer focus on reducing long-term toxicity. PBI in prone
position may reduce dose to organs-at-risk (OAR) compared to
PBI in supine position, i.e., reduce the dose to the ipsilateral lung,
ipsilateral breast, and heart [23–26]. Yet, increased dose to the
heart and contralateral breast compared to supine position have
also been reported [24,25]. The limited evidence, evaluated for
the conventional linacs, shows heterogenous results on which
treatment position is favorable. Charaghvandi et al. have shown
that both prone and supine single-fraction PBI are dosimetrically
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feasible on the MR-Linac and suggested that prone position may be
favorable for some OAR [27]. However, as the evaluation was performed using two different patient populations for the two positions, the positions could not be directly compared in the same
patient.
In this study, we investigated in the same patient whether
prone or supine treatment position is dosimetrically beneficial
for APBI on a 1.5 T MR-Linac. Additionally, we evaluated patient
comfort for both positions.
Methods and materials
Patients
This MR imaging study was approved by the institutional
review board of the University Medical Center (UMC) Utrecht (trial
number NL56683.041.16). Twenty women (Table 1) diagnosed
with a ductal carcinoma in situ (DCIS) or invasive breast cancer
gave written informed consent to participate. All women were
referred to the radiotherapy department of the UMC Utrecht for
preoperative and/or postoperative consultation for adjuvant radiotherapy. Eleven patients participated in this study prior to any
treatment and nine patients participated during the adjuvant
radiotherapy period after breast-conserving surgery. A tumor
>3 cm or large seroma were exclusion criteria. For this planning
study, multifocal or node-positive disease were no exclusion criteria. In one preoperative patient with a multifocal tumor, we considered only the largest tumor focus as target.
Fig. 1. Setup for MR imaging in supine position (a) and prone position* (b). The
inset shows the setup of the flexible loop coils for the ipsilateral breast. *Image (b)
shows the MR-Linac and dedicated MR-Linac coil instead of the MRI scanner and
receiver coil that were used in the current study. The scanner and coils that were
used in both prone and supine position are shown in (a) and the inset in (b).

Patient positioning and imaging
Between July 2017 and February 2020, all patients underwent
1.5 T MRI (Ingenia, Philips, The Netherlands) in supine and prone
radiotherapy position (Fig. 1). In supine position, patients were
positioned on the ThoraxSupport (MacroMedics, The Netherlands).
Supine MRI was acquired with a 16-elements anterior receiver coil,
placed on two coil bridges to prevent deformation of the breasts
and body contour, and a 16-elements posterior receiver coil

located in the scanner table. In prone position, patients were positioned on an in-house developed support with parts provided by
Orfit Industries (Belgium). The ipsilateral breast was hanging freely
without touching the table top and the contralateral breast was
pulled aside and resting on the support. Prone MRI was acquired
with the receiver coil in the scanner table, a flexible loop surface
coil on each side of the ipsilateral breast, and, when it fitted inside
the MRI bore, the anterior receiver coil placed on the back of the
patient.
In both positions, we acquired a 3D T1-weighted (T1w) spoiled
gradient echo scan (SPGR) with multi-echo DIXON reconstruction
(mDIXON) [28] in all patients and a diffusion-weighted (DW-)
MRI with apparent diffusion coefficient map in 17/20 patients.
We acquired an additional fast SPGR scan for body contour visualization in ten prone patients for whom the anterior receiver coil
did not fit. Scan parameters are presented in appendix A. Median
time difference between start of scanning in supine and prone
position was 34 minutes (range: 29–52 min), except for three
patients in whom the MR images in supine and prone position
were acquired on different days (6–13 days apart). Median duration of scanning in each position was 22 min (18–32 min).

Table 1
Baseline patient characteristics.
All (n = 20)
Age (median [range]) (years)

56 (45–72)

BMI (median [range]) (kg/m2)

24.3 (20.2–36.5)

Timing of MRI
Preoperative
Postoperative

11 (55%)
9 (45%)

Tumor side
Left
Right

9 (45%)
11 (55%)

Tumor location
Lateral
Medial
Central

10 (50%)
4 (20%)
6 (30%)

Tumor stage*
T0
Tis
T1
T2

1 (5%)
2 (10%)
10 (50%)
7 (35%)

Nodal stage*
N0
N1
N2
No SNB

14 (70%)
3 (15%)
1 (5%)
2 (10%)

Delineations
Delineations were performed using in-house developed software [29]. The gross tumor volumes (GTVs) were delineated by a
dedicated breast radiation oncologist (FvdL) on the water-image
of the T1w MRI, with co-registered DW-MRI. Co-registered inphase T1w MRI, fast SPGR scans or clinically acquired planningCT or non-co-registered diagnostic imaging were consulted when
necessary and available. In preoperative patients, the GTV was
defined as the visible tumor, and in postoperative patients, the

BMI: body mass index; SNB: sentinel node biopsy.
*
Tumor stage and nodal stage present cT and cN stage for preoperative patients
and pT and pN stage for postoperative patients.
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For each scan, we generated an intensity modulated radiotherapy plan with 7 MV beam energy, 11 coplanar beams, and a maximum of 70 segments, in the presence of a 1.5 T magnetic field. In
supine position, beam angles were 300°–140° for left-sided breast
cancer and 220°–60° for right-sided breast cancer. In prone position, beam angles were 100°–300° for left-sided breast cancer
and 60°–260° for right-sided breast cancer. Beam angles were
equally spaced, 20°apart. Angles of beams entering through the
cryostat pipe (5°–25°) or high-density couch structures were
adjusted to avoid these structures. We used a 3 mm3 isotropic grid
size and 3.0% statistical uncertainty per segment for the Monte
Carlo-based dose calculation.
The prescribed dose was 26 Gy in 5 fractions [33]. Plans were
optimized to meet the following constraints for the PTV:
D90% > 95%, D2% < 105%, and Dmean of 99–101%. The V26Gy of
the ipsilateral breast had to be <30% and the V15Gy <60%. Constraints for the OAR are shown in Table 2.

GTV was defined as the tumor bed including seroma and all visible
surgical clips. The contours of the ipsilateral and contralateral
breast were delineated by several dedicated breast radiation oncologists and a dedicated breast physician assistant. The body contour
and OAR (lungs and heart according to the boundaries provided by
Feng et al. [30]) were delineated by a researcher (MGK). A skin contour was defined as the first 5 mm below the breast surface with
extensions up to 35 mm outside the breast according to Van Heijst
et al. [31]. Clinical target volumes (CTVs) were created by 2 cm
expansion of the GTVs, excluding the skin and staying inside the
ipsilateral breast, and planning target volumes (PTVs) were created
by 5 mm expansion of the CTV, excluding the skin, according to
Bosma et al. [4]. All final contours were approved by a single dedicated breast radiation oncologist (FvdL).
Treatment planning
Synthetic CTs for dose calculation were created by assigning
bulk-density to the body (relative electron density (RED) 1.00),
lungs (0.327), ipsilateral breast (RED 0.934), and GTV (RED
0.991). The RED values were taken from the average computed
tomography (CT) densities of a previously conducted synthetic
CT evaluation [32]. The MRIs, delineations, and assigned densities
were imported into the dedicated MR-Linac treatment planning
system (TPS; Monaco v5.51.10, Elekta AB, Sweden).

Plan evaluation and statistical analysis
For both prone and supine position, we evaluated the number of
plans meeting the constraints. The conformity of the dose was
evaluated by the conformity index CI95% defined as the 95%isodose–volume divided by the PTV–volume [34]. We compared
the number of segments, number of monitor units (MU) and the

Table 2
Planning constraints and results comparing target volumes, dosimetric parameters and treatment delivery parameters between prone and supine treatment position.
Parameter

Constraint

Supine
Median (range)

Prone
Median (range)

p-Value

4.2 (0.8–8.6)
103 (34–182)
161 (61–269)
927 (210–1622)

4.0 (0.4–8.3)
111 (15–223)
166 (34–319)
960 (224–1628)

0.008*
0.040
0.070
<0.001*

25.74–26.26
>24.70
<27.30
>98%
–

25.83 (25.75–26.11)
24.90 (24.72–25.31)
26.76 (26.44–27.20)
99.2% (98.1–99.9%)
1.15 (1.01–1.31)

25.90 (25.76–26.22)
24.93 (24.70–25.51)
26.83 (26.63–27.30)
99.0% (98.0–100%)
1.16 (1.03–1.38)

0.019
0.841
0.021
0.823
0.898

<30%
<60%

7.1% (2.6–16.5%)
39.3% (15.1–59.6%)

8.5% (3.3–24.8%)
41.0% (18.2–58.9%)

0.027
0.349

<2%
<10%
<20%

0.0% (0.0–0.5%)
1.5% (0.1–6.2%)
9.8% (3.8–17.9%)

0.0% (0.0–0.2%)
0.5% (0.0–4.8%)
4.4% (0.0–15.4%)

–
0.017
0.009*

<5

1.25 (0.57–2.10)

1.01 (0.26–1.82)

0.021

<1%
<2%
<3%

0.0% (0.0–0.0%)
0.0% (0.0–0.0%)
0.0% (0.0–1.8%)

0.0% (0.0–0.0%)
0.0% (0.0–0.0%)
0.0% (0.0–0.0%)

–
–
–

<1%
<2%
<5%
<2

0.0%
0.0%
0.0%
0.79

0.0%
0.0%
0.0%
1.07

(0.0–0.0%)
(0.0–0.4%)
(0.0–4.9%)
(0.29–1.82)

–
–
–
0.027

<1

0.37 (0.15–0.76)

0.53 (0.17–0.77)

0.030

–
–

24.67 (22.32–25.74)
7.0% (2.8–16.2%)

24.59 (20.68–26.77)
7.2% (1.9–16.7%)

0.985
0.388

69 (66–70)
1705 (1453–2197)
392 (342–436)

69 (62–70)
1648 (1159–2044)
362 (307–431)

Volumes (ml)
GTV
CTV
PTV
Ipsilateral breast
PTV coverage
Mean dose (Gy)
D98% (Gy)
D2% (Gy)
V95%
CI95%
Dose to OAR
Ipsilateral breast
V26Gy
V15Gy
Ipsilateral lung
V20Gy
V10Gy
V5Gy
Both lungs
Dmean (Gy)
Contralateral lung
V20Gy
V10Gy
V5Gy
Heart
V20Gy
V10Gy
V5Gy
Dmean (Gy)
Contralateral breast
Dmean
Skin
D2%
V80%
Treatment delivery
Number of segments
Number of MU
Estimated delivery time (s)

(0.0–0.0%)
(0.0–0.0%)
(0.0–2.6%)
(0.22–1.55)

Parameters with median values of 0 were not statistically tested.
*
Statistically significant (p-value <0.01).
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The DVHs in Fig. 2 show that advantage of either prone or
supine position for dose to OAR differed across patients. The differences may be associated with tumor location inside the breast and
the individual patients’ anatomy. In patients with a medial tumor
(e.g., patient A), we observed a lower dose to the heart in supine
position, whereas the most beneficial position to spare the lungs
differed across these patients. In some patients with a tumor that
moved further away from the chest wall in prone position (e.g.,
patient B), we observed that prone position was favorable for both
the dose to the heart and the lungs. In patients with a lateral tumor
(e.g., patient C), we generally observed a lower dose to the heart in
supine position and a lower dose to the lungs in prone position,
consistent with the results for the full patient population.
The results of the treatment delivery parameters provided by
the TPS are shown in Table 2. The number of segments used in
the treatment plans was comparable between prone and supine
position. Both the number of MUs (median: 1705 vs. 1648, pvalue 0.005) and the estimated delivery time (median: 392 vs.
362 s, p-value 0.003) were significantly lower for the prone
position.
Patient experience during scanning is shown in Fig. 4 and was in
favor of supine position. For supine position, patients commented
on numbness in a leg and on pain, discomfort or cold arms caused
by the position of the arms above the head. For prone position,
patients commented on an uncomfortable head support, numb or
tingling arms, uncomfortable or painful pressure spots on shoulders, sternum, ribs or axilla, or on discomfort caused by the
headphones.

treatment delivery time as estimated by the TPS. All constraints
and parameters were compared between prone and supine position using the non-parametric Wilcoxon signed-rank test (RStudio
version 1.0.143, Rstudio Team, USA). To take into account multiple
testing, p-values <0.01 were considered significant.

Patient experience evaluation
After MR imaging, we asked the patients to complete a questionnaire to evaluate patient experience. Patients indicated if they
experienced any pain, discomfort, or anxiety during MRI scanning
at a 4-point scale (none; mild; moderate; severe) and indicated
their preference for either prone or supine position.
Results
GTV volumes were smaller in prone position, but CTV and PTV
volumes were comparable between both positions (Table 2). Median PTV volume was 161 ml (range: 61–269 ml) in supine position
and 166 (34–319 ml) in prone position. Ipsilateral breast volume
was significantly larger (p-value: <0.001) in prone than in supine
position: median of 960 ml (224–1628 ml) and 927 ml (210–
1622 ml), respectively.
All 40 plans met the target coverage and OAR constraints,
regardless of position. Dose distributions and dose–volume histograms (DVH) for three patients are shown in Fig. 2. Dosimetric
results are presented in Table 2 and Fig. 3. The volume of the ipsilateral breast receiving 26 Gy was lower in supine compared to
prone position: 7.1% vs. 8.5%, but not significant (p-value 0.027).
The CI95% was comparable for both positions. The mean dose to
the heart and the contralateral breast were lower in supine position than in prone position: 0.79 Gy vs. 1.07 Gy and 0.37 Gy vs.
0.53 Gy respectively, but the differences were not significant (both
p-values 0.027). V5Gy to the ipsilateral lung was significantly
lower in prone position: 9.8% vs. 4.4%, p-value 0.009. Mean dose
to both lungs (1.25 Gy vs. 1.01 Gy, p-value 0.024) was in favor of
prone position, but not significant. Dose to the skin was comparable for both positions.

Discussion
In this planning study we evaluated whether prone or supine
position is dosimetrically beneficial for APBI on an 1.5 T MRLinac. All treatment plans for both positions met all planning constraints and the dosimetric parameters were comparable for both
positions. Only V5Gy to the ipsilateral lung was significantly lower
in prone than in supine position, though the constraint was clearly
met in both positions. The benefit of prone or supine position for

Fig. 2. Dose distributions and DVHs (prone: solid lines; supine: dotted lines) of three different patient examples: (A) a medial tumor close to the chest wall; (B) a central
tumor far away from the chest wall in prone position; (C) a lateral tumor close to the chest wall.
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Fig. 3. Boxplots showing V26 Gy to the ipsilateral breast, V5Gy to the ipsilateral lung, and mean dose to the heart and the contralateral breast for prone vs. supine position.
Only ipsilateral lung V5Gy was statistically significantly different between both positions (p < 0.01).

Fig. 4. Answers to the questionnaire evaluating patient experience during scanning.

The dosimetric feasibility of both prone and supine position for
APBI on an MR-Linac was previously shown by Charaghvandi et al.
[27] and is confirmed by our results. Contrary to Charaghvandi
et al., we were able to perform pairwise comparisons between both
positions in the same patient. The lower dose to the lung that we
found for prone compared to supine position is in line with the
results of Charaghvandi et al. [27] and with four studies comparing
both treatment positions for conventional linacs [23–26]. Our
results regarding the dose to the heart suggested a favor of supine

individual patients is most likely related to multiple factors, such
as tumor location inside the breast, distance from the tumor to
the chest wall and to the heart in both positions, and breast size.
The number of MUs and estimated delivery time were in favor of
prone position. The difference in GTV volume was significant, but
was considered as clinically not relevant since absolute differences
were minimal. Most patients preferred supine position. These
results show that APBI on a 1.5 T MR-Linac is dosimetrically feasible in both prone and supine position.
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the size of the patient cohort was limited. A larger patient population is necessary to investigate correlations between factors that
may determine the benefit of either position for individual
patients.
As both positions are dosimetrically feasible, the preference for
one of them may be guided by the experience of the treating center, the ease of patient setup, the individual patient’s anatomy and
tumor location, or preference of the patient. Patient experience in
prone position may be improved by further development of the
prone patient support using the feedback provided through the
questionnaires.

position, but were not significantly different to prone position. This
is contrary to the results of Charaghvandi et al., who suggested a
lower V2.8 Gy to the heart in prone position ( 3.2%) [27], but similar to the findings of Yu et al. who found a higher Dmean (+1.5 and
+0.9 Gy) and V5 (+0.1%) to the heart in prone position [25]. Patel
et al. and Kirby et al. found no differences for dose to the heart
between both positions, though Kirby et al. reported a benefit for
cardiac sparing for women with breasts >1000 cm3 and a disadvantage with breasts 1000 cm3 [23,24]. We could not formally evaluate the effect of breast size due to the limited size of the patient
cohort. We visually observed that breast size seemed not related to
difference in mean heart dose, while the benefit of prone position
regarding lung dose seemed greater with larger breast size. In the
end, we can confirm the findings of Charaghvandi et al. that neither
prone nor supine position was clearly beneficial for the dose to the
heart, skin, ipsilateral breast and contralateral breast. The shorter
delivery time we found for prone position was also reported by
Charaghvandi et al. [27]. Together with the lower number of MUs
in prone position, this is likely due to a shorter pathlength between
the beam entry site and the PTV in prone compared to supine
position.
A strength of this study is that each patient underwent both
prone and supine MRI. Therefore, pairwise comparisons of the
dosimetric results could be performed. Additionally, the evaluations were performed using MRI without CT, showing the feasibility of an MR-linac workflow with MRI as sole imaging modality.
This study has some limitations. Firstly, the GTVs were delineated on non-contrast enhanced MRI. In preoperative patients, this
made it difficult to visualize the extent of the tumor and distinguish it from glandular breast tissue. Contrast-enhanced MRI is
recommended for radiotherapy treatment purposes [35] and contrast administration may be necessary for neoadjuvant APBI on
an MR-Linac. Ex vivo experiments have shown that MRI contrast
agents seemed to remain stable after irradiation [36], but further
in vivo studies are necessary to evaluate if irradiation after contrast
administration is safe. In postoperative patients, the surgical clips
used for tumor bed delineation are harder to distinguish on MRI
than on CT. Both issues impeded GTV delineation. Secondly, the
body contour was not fully captured in the MRI in a few patients
in prone position. This was caused by the limited signal-to-noise
ratio at the posterior side of the patient (e.g., Fig. 2C) because the
anterior receiver coil did not fit inside the MR bore. In these
patients, the missing body contour was delineated combining
information from different scans acquired in the same session
and using interpolation from well-visible parts. Because the beam
angle setup was such that no treatment beams entered through the
posterior side of the patient in prone position, this has most likely
not influenced the results. Thirdly, in four patients a virtual collision error caused by overlap of the body contour and the virtual
MR-Linac coil was initially raised by the TPS. The error could be
prevented by decreasing the space between the freely hanging
breast and the table top to the distance that the breast did just
not touch the table top. Though Charaghvandi et al. reported that
all their patients would have fit [27], our experience is that MR
imaging of larger patients or patients with large breast can be difficult and that often the anterior coil does not fit. These issues
clearly illustrate some difficulties for performing prone radiotherapy on the MR-Linac that were also raised previously [14].
Fourthly, the geometric accuracy of the MRI was not taken into
account in the current evaluation. Before treating breast cancer
patients on the MR-Linac the influence of geometric distortions
and necessary corrections should be further evaluated, especially
in patients with a lateral tumor in supine position or anterior
tumor in either position. Fifthly, the electron streaming effect
was not considered. This may affect treatments in both positions,
but can be effectively shielded using bolus material [37,38]. Finally,

Conclusion
APBI on the MR-Linac is dosimetrically feasible in both prone
and supine position. Mean dose to heart was not significantly different between both positions. V5Gy to the ipsilateral lung was the
only parameter that differed statistically between prone and
supine position, in favor of prone position. The advantage for either
supine or prone position depended on the patient anatomy and
tumor location in the breast. The majority of the patients preferred
supine position over prone position.
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