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Background and purpose: With daily, MR-guided online adapted radiotherapy (MRgART) it may be possi-
ble to reduce the PTV in pelvic RT. This study investigated the potential reduction in normal tissue com-
plication probability (NTCP) of MRgART compared to standard radiotherapy for high-risk prostate cancer.
Materials and methods: Twenty patients treated with 78 Gy to the prostate and 56 Gy to elective pelvic
lymph nodes were included. VMAT plans were generated with standard clinical PTV margins.
Additionally to the planning MR, patients had three MRI scans during treatment to simulate an
MRgART. A reference plan with PTV margins determined for MRgART was created per patient and
adapted to each of the following MRs. Adapted plans were warped to the planning MR for dose accumu-
lation. The standard plan was rigidly registered to each adaptation MR before it was warped to the plan-
ning MR for dose accumulation. Dosimetric impact was compared by DVH analysis and potential clinical
effects were assessed by NTCP modeling.
Results: MRgART yielded statistically significant lower doses for the bladder wall, rectum and peritoneal
cavity, compared to the standard RT, which translated into reduced median risks of urine incontinence
(DNTCP 2.8%), urine voiding pain (DNTCP 2.8%) and acute gastrointestinal toxicity (DNTCP 17.4%).
Mean population accumulated doses were as good or better for all investigated OAR when planned for
MRgART as standard RT.
Conclusion: Online adapted radiotherapy may reduce the dose to organs at risk in high-risk prostate can-
cer patients, due to reduced PTV margins. This potentially translates to significant reductions in the risks
of acute and late adverse effects.
� 2021 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 167 (2022) 165–172 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Prostate cancer is one of the most commonmalignancies among
males worldwide (age-standardised incidence rate 30.7/100.000 in
2020), especially in Western Europe and North America with high
incidence rates, e.g. 75.6/100.000 Danish men in 2020 [1,2]. The 5-
year survival rate was 90.3% in Denmark (2014–2018) [3] and
97.8% in the USA (2016) [1], but late adverse effects from the treat-
ment are a cause for concern for the patients’ quality of life (QoL)
[4,5]. According to a recent systematic review by Moris et al, loca-
lised or locally advanced high-risk disease were diagnosed in 17–
31% of all prostate cancer patients [6]. For these patients, three
treatment tracks are recommended by the European Association
of Urology, as they offer similar overall survival: 1) 76–78 Gy for
the prostate and 46–50 Gy for the pelvic lymph nodes given as
external beam radiotherapy (EBRT), with 2–3 years of androgen
deprivation therapy (ADT), 2) high dose rate (HDR) brachytherapy
to the prostate with 45 Gy EBRT to the pelvic lymph nodes or 3)
radical prostatectomy and lymph node dissection combined with
postoperative radiotherapy (RT) [7]. Regardless of the treatment
modality chosen, the risk of adverse effects is present [6]. In RT,
relationships between dose to organs at risk (OAR) and specific
adverse effects have been established. Late adverse effects of the
bladder and rectum are the most common in prostate patients
[8,9]. Schaake et al. have found that the risk of hematuria, urinary
incontinence, and pain during urination was related to specific
high dose levels received by the bladder wall or bladder substruc-
tures [9]. The same group found that the risk of late rectal bleeding
was related to the volume of the rectum receiving 70 Gy [8]. Acute
gastrointestinal (GI) toxicity is often linked to the V45 Gy to the
peritoneal cavity and this may be predictive of late GI toxicity as
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well [10,11], although the precise dose-volume-effect relationship
is debated [12].

In standard EBRT, a high-dose clinical target volume (CTV1),
consisting of the prostate and proximal 2 cm of the seminal vesi-
cles, and an elective, low dose volume (CTV2) including the pelvic
lymph nodes [6,13] are irradiated with a planning target volume
(PTV) margin added to account for inter- and intra-fractional
changes and setup errors. Over the years, the introduction of static
and dynamic intensity-modulated RT (IMRT and VMAT), as well as
image-guided RT (IGRT) techniques have increasingly improved
treatment accuracy, making it possible to reduce the irradiated
volume and rates and severity of adverse effects [14–16]. However,
the daily match is made on the prostate, at the caudal end of the
field. Thereby, the interfraction variation of the position of the
lymph node region can be large and requires a large PTV margin.
The magnitude of PTV margins can vary depending on treatment
technique and clinical practice [17].

A treatment modality, becoming increasingly clinically avail-
able, is the MR-linac (MRL) [18]. One of the main benefits associ-
ated with magnetic resonance (MR) guided radiotherapy is the
potential to adapt the treatment plan based on daily acquired
images with high soft-tissue contrast, relative to standard cone-
beam CT (CBCT) based radiotherapy [19,20]. Thereby inter-
fraction setup error is eliminated, and hence the PTV may be
reduced. Thus, the toxicity related to irradiation of healthy tissue
can potentially be reduced and thereby increase patients’ QoL after
curative treatment [6]. Intermediate-risk prostate cancer patients
are among the routinely treated malignancies by MRL [21–24].
Currently, there are no reports in the literature of high-risk cancers
with the inclusion of pelvic lymph nodes being treated with MR-
guided adaptive RT (MRgART), although the large target volume
could allow for large absolute dose reductions. This modality also
introduces some challenges, as the daily adaptive workflow
requires adjustment of the daily target and OAR structures due
to inaccuracies in the deformable image registration (DIR) [25–
27]. Furthermore, the current clinical version of the high-field
MRL can only perform irradiation with step-and-shoot IMRT at a
fixed collimator angle, which may set limitations to the treatment
plan quality [28,29]. Yet, it has previously been demonstrated that
the plan quality does not necessarily decrease for high-risk pros-
tate cancer patients, although treatment delivery time may
increase [30].

This planning study aimed to estimate the differences in risk of
treatment toxicity between standard CBCT based RT and MRgART
from accumulated treatment dose plans with PTV margins
required for high-risk prostate cancer on the high-field MRL.
Methods and materials

Patients

Two cohorts of patients were investigated in this study. The PTV
margins required on the MRL were investigated on cohort 1, 40
consecutive patients treated for localised prostate cancer with
60 Gy in 20 fractions or 42.7 Gy in 7 fractions at the Elekta Unity
MRL (Elekta AB, Stockholm, Sweden) at Odense University Hospi-
tal. These patients had given written consent to data extraction
through enrolment in the MOMENTUM protocol [31]. Pre- and
post-treatment images of five fractions for each patient were
examined. Cohort 2 consisted of 20 consecutive high-risk prostate
cancer patients referred for curatively intended radiotherapy with
78 Gy for the prostate and 56 Gy for elective lymph nodes in 39
fractions at Odense University Hospital, were included for a paired
planning study between standard and MR-adapted treatment.
Patients with prosthetic hip implants were not eligible due to
image artefacts. Additional to the standard clinical planning MR
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and CT scans, three MR scans were acquired for each of these
patients during the treatment (10th, 20th and 30th fraction ± 2)
to simulate the scans acquired for the daily plan adaptation during
MRgART (session scans) in this study. These patients gave signed
consent to participate upon written and oral information. The
ethics board of the Region of Southern Denmark granted permis-
sion for patient accrual and data extraction (Project-ID: S-
20170143).
Imaging

Images used for margin calculations were acquired during
treatment on the Elekta Unity MRL by the integrated 1.5 T MR
scanner as T2w 3D images with a 40x45 cm2 Field of view (FOV),
25 cm scan length, 151 ms echo time, 1400 ms repetition time,
90� flip angle, 1.1x1.1 mm2 pixel size and 2 mm slice thickness.

MR scans used for adaptive dose planning were scanned on a
Philips Ingenia 1.5 T MR scanner (Philips Medical Systems BV, Best,
The Netherlands) with an oncology setup (flat tabletop, standard
fixation devices and anterior coil bridge) to facilitate scanning in
the treatment position. All four MR scans used for contouring
and planning were acquired with a T2w 3D protocol with 40x40
cm2 FOV, 30 cm scan length, 216 ms echo time, 1800 ms repetition
time, 90� flip angle, 0.5 � 0.5 mm2 pixel size and 2 mm slice
thickness.

Planning CT images were acquired on either a Toshiba Aquillon
One (Canon Medical Systems Corporation, Otawara, Japan) or a
Philips Big Bore Brilliance CT (Philips Medical Systems BV, Best,
The Netherlands) with a 50 cm FOV, 1 mm2 pixel size and 3 mm
slice thickness.
Structure delineation

The following OARs were delineated on each image set accord-
ing to clinical standard: Bladder, rectum, bilateral femoral heads,
penile bulb and peritoneal cavity. The bladder wall, rectum wall,
anal canal, and trigone (triangular section of the bladder wall
between the urethras and ureter) were delineated for NTCP evalu-
ation. CTV1 was delineated on the T2-weighted MR as the prostate
gland including the proximal 2 cm of the seminal vesicles for MRL
reference plans, while for standard RT it was delineated on CT as
the primary image and MR as secondary. CTV2 was defined accord-
ing to RTOG guidelines as the lymph nodes adjacent to the com-
mon, external and internal iliac arteries from the sacral
promontory to the proximal part of the prostate, as well as the
proximal part of the pre-sacral lymph nodes [32]. It was defined
on CT for the clinical plans and rigidly transferred to all the
patients’ MR scans to maintain its volume, and avoid intra-
observer bias. Tissue densities were defined for dose calculation
onMR by assigning the average bulk densities for bony and soft tis-
sue from each patients’ CT, similar to our clinical practice [21].
PTV margins

Margins for MRgART plans were determined from measure-
ments of the intra-fractional motion of the 200 investigated frac-
tions from the difference in position of target volumes between
the initial MR scan acquired for plan adaptation and a post-
treatment scan. Margins required for CTV1 and CTV2 were deter-
mined separately, as their motion was assumed independent of
each other. The CTV2 intra-fractional motion was measured from
the positional difference of four bony landmarks, as a surrogate
for the pelvic lymph node region: The sacral promontory, pubic
symphysis, right and left ischial spines. The beam penumbra of
the Unity MRL plans was determined and delineation uncertainty
was assumed to be 2 mm and was considered a random error for
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MRgART in the calculation of the PTV margin using van Herk’s mar-
gin recipe [33]. Further details of the calculation of PTV margins
can be found in Appendix A.

The PTV1 margins for standard RT were as those used clinically
in our department – uniform expansion of 7 mm. The basis for
these clinical margins is based on an investigation of the intra-
fractional prostate motion, determined from CBCT match on
intra-prostatic fiducials and assuming a 2 mm systematic delin-
eation error [34]. The applied clinical PTV1 margins are in line with
margins reported in the literature [17]. As CTV1 and CTV2 move
independently, and CTV1 is the primary focus for the CBCT match
in our clinic, the PTV2 margin should likely be larger than the PTV1
margin. Hinton et al. have reported that adding a further 7–9 mm
margin to the PTV1 margin was required to sufficiently cover the
elective lymph node region [35]. In our clinic and in this planning
study, we have used a PTV2 margin around the CTV2 of 5 mm R-L,
7 mm A-P and 12 mm S-I. The decision for using these margins
clinically is mainly based on the clinical experience of balancing
the sparing of OAR with the need for re-simulations due to setup
errors.
Standard plan generation

Standard RT plans were created according to our clinical stan-
dard in Pinnacle v16.2 (Philips Medical, Best, The Netherlands)
with the use of Autoplan, as full rotation VMAT arcs with 180 con-
trol points. The minimum segment size was 4 cm2, and the mini-
mum number of monitor units was 2 MU. Target and OAR
constraints and optimisation prioritizing are shown in Appendix
B. The prescribed dose was 78 Gy to PTV1 and 56 Gy to PTV2, both
in 39 fractions. Required PTV coverage was 74.1 Gy (95% of 78 Gy)
to 95% of PTV1imrt (PTV1 - (Rectum + 2 mm)) and 53.2 Gy (95% of
56 Gy) to 95% of PTV2. The treatment plan strategy was to apply
the clinical Autoplan template (Table C1, Appendix C) and allow
for minor manual post-Autoplan optimization, as in the clinical
setting. The patients were treated on standard linacs with daily
CBCT based IGRT (standard RT). However, a new plan was created
for each patient by a single planner, without the time pressure of
clinical planning to minimize potential bias, following the RATING
guideline [36].The plans were generated blinded to the MRgART
plans and with the same information as in the clinical setting.
The RATING scoring card for the current study is given in Appendix
D. The finished plans were transferred to MIM 6.9.2 (MIM Software
Inc., Beachwood, OH, USA) where treatment delivery in a clinical
setting was simulated using a semi-automated workflow. The plan
was first transferred to each session scan with a translation-only
match on the prostate on each of the patients’ three session scans
and secondly, the dose was warped onto the planning MR, as illus-
trated in Fig. 1.
Adaptive dose planning

Reference plans were generated in Monaco 5.40 (Elekta AB,
Stockholm, Sweden) with a locally developed template with a set
of default plan objectives and constraints on OAR (Table C2, Appen-
dix C). A 9 beam configuration with up to 80 segments, minimum
4 cm2 segments size and 5 MU, 3 mm dose grid spacing and 1% sta-
tistical uncertainty per calculation was used. The applied margins
for PTV1 were 3 mm R-L, 4 mm S-I and 5 mm A-P and for PTV2
a 2 mm uniform margin (see Appendix A). The planning strategy
was to apply the template and then subsequently adjust the OAR
constraints until a satisfactory compromise between target cover-
age and dose to OAR was reached.

Simulating the clinical workflow, the reference plan was
adapted to each of the patients’ three session scans by the
Adapt-to-shape (ATS) workflow (Fig. 1). An oncologist manually
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edited all structures prior to the plan optimisation, which was per-
formed in one attempt with adjustment of IMRT constraints when
necessary. Image sets, structures plans and dose for both the refer-
ence plan and adapted plans were transferred to MIM 6.9.2 for
dose accumulation.
Dose accumulation

The three plans, each representing a third of the full treatment,
were accumulated on the planning MR scan for the standard RT
and MRgART, respectively. A deformation vector field (DVF)
obtained by deformable image registration of the session MR scan
to the planning MR was applied to the relevant dose cube, as illus-
trated in Fig. 1. The resulting doses were then accumulated, creat-
ing an estimate of the total dose distribution from standard RT and
MRgART. The process was repeated for each set of organ-specific
deformations.

The generally used Multi-modality DIR algorithm applied a
free-form transformation optimized with a Gauss-Newton method
[37]. However, differences in bladder and rectum required individ-
ual, contour-based deformation, which was a gradient descent
optimized free-form transformation [37]. Validation of the
contour-based DIR algorithm and individual image deformations
is described in further detail in Appendix E.

Dose-volume histograms (DVH) and extraction of other relevant
information from the accumulated plans were accomplished in
Matlab 2021b (Mathworks, Natick, MA, USA).
NTCP calculation

Normal tissue complication probability (NTCP) models were
chosen from the literature for six clinical endpoints evaluated in
this study [8,9,11,38]. Except for one model, the general formula
used for calculation of the NTCP was a standard sigmoid function:

NTCP ¼ ð1þ e�SÞ�1 ð1Þ

where the S is specific for the given clinical endpoint and its critical
dose. The endpoints were CTCAE 3.0 grade � 2 of urinary voiding
pain (S = -3.87 + 0.021 ∙ V75(trigone) [9]), grade � 2 urinary incon-
tinence (S = -9.87 + 0.1015 ∙ Dmean(trigone) [9]), grade � 1 hema-
turia (S = -3.45 + 0.028 ∙ V75(bladder wall) [9]), grade � 2 rectal
bleeding (S = -8.09 + 0.32 ∙ V70(anorectum) [8]) and grade � 2 proc-
titis (S = 1.2 ∙ V15(anal canal) � 0.03 ∙ age � 0.13) [38]). The model
for acute proctitis was based on treatment over 25 fractions and
V15 was adjusted to the biologically equivalent V15.2 for the 39
fractions used here (a/b = 10). The final endpoint evaluated was
RTOG grade � 2 acute GI toxicity (comprising diarrhea, abdominal
pain and mucous discharge). The model from Roeske et al. was:

NTCP ¼ 1

1þ V50=Vð Þk
ð2Þ

where V50 ¼ 410cm3, V is the volume receiving 45 Gy and k ¼ 3:2
[11]. Their model was based on treatment over 25 fractions, and
V was adjusted to 47.4 Gy for biologically equivalence (a/b = 10).

The evaluated OARs were delineated according to the method-
ology described in these publications to ensure the validity of
applied NTCP models. The internal motion in the peritoneal cavity
may be large and deforming the individual fraction doses to the
planning MR will unlikely yield realistic dose distributions and
therefore simple DVH summation was used for this OAR. Compar-
ison of the accumulated doses was done by summarising the frac-
tion DVH’s per treatment regime.



Fig. 1. Reference MRL plans created on the planning MR were adapted to each of the patients’ three session scans (green arrows) while standard plans were transferred and rigidly matched on the prostate (purple arrows). The
deformation vector field (DVF) generated by DIR of the session MR to the planning MR (pMR) was then applied to the dose cube to transfer the dose distribution to the planning MR (green and purple arrows). Finally, the three
session doses were accumulated with equal weights for standard RT and MRgART, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Statistical methods

Differences in relevant doses between treatment regimes were
evaluated for statistical significance with a Wilcoxon signed-rank
test, using a significance level of 0.05. For population mean DVH’s
the p-value was calculated per dose level to indicate larger regions
with p-values below 0.05, as conceptualised in Bertelsen et al. [39].
Results

Target coverage of all plans met the local planning constraints
(see Appendix B). The population median of V95% for PTV1imrt
Fig. 2. Population mean DVH for individual structures of accumulated treatment plans. St
in grey. (For interpretation of the references to colour in this figure legend, the reader i

Table 1
Population mean dose and their standard deviation to evaluated structures from
MRgART plans and standard plans, respectively. The p-value from Wilcoxon signed-
rank test indicates the level of statistical significance between treatment types.

Structure MRgART (SD) [Gy] Standard RT (SD) [Gy] p

Bladder 37.0 (18.3) 50.4 (13.6) < 0.001
Bladder wall 41.0 (20.1) 52.7 (14.9) < 0.001
Trigone 70.9 (7.2) 74.4 (5.6) < 0.001
Rectum 34.6 (16.0) 43.4 (16.6) < 0.001
Rectum wall 39.0 (17.4) 46.7 (16.3) < 0.001
Anal canal 12.1 (6.8) 11.6 (6.3) 0.19
Peritoneal cavity 20.0 (16.4) 29.3 (17.7) < 0.001
Penile bulb 7.6 (2.4) 7.8 (2.4) 0.14
Right femoral head 19.3 (6.1) 31.2 (5.4) < 0.001
Left femoral head 21.1 (6.5) 30.5 (5.4) < 0.001
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was 99.4% (range 99.3–100%) for the 20 standard RT plans. The
median V95% for the 60 MRgART plans was 99.0% (range 98.1–
99.7%). The population median V95% coverage of PTV2 was 97.7%
(range 96.4–99.3%) for standard plans and 98.8% (range 96.2–
99.6%) for MRgART plans. The mean total PTV volume with stan-
dard margins was 1060 cm3 while with MRgART margins it was
reduced to 569 cm3. An example of the visual difference of the
PTV margins and dose distribution is shown for one patient in
Appendix F.

Comparison of the population mean doses for the evaluated
OAR showed statistically significant differences in doses to the
bladder (including bladder wall and trigone), rectum (including
rectum wall), the peritoneal cavity and bilateral femoral heads,
all favouring the MRgART treatment (Table 1). No significant differ-
ences were found in doses to the anal canal or penile bulb. While
population mean doses were generally lower for MRgART treat-
ments, the SD’s were lower for the standard RT, indicating a more
consistent dose planning performance.

From the population mean DVH’s for the individual organs are
shown in Fig. 2, it is seen that MRgART consistently provided less
irradiation for all OAR, except the penile bulb and anal canal. The
populationmedian absolute volume of the peritoneal cavity receiv-
ing 45 Gy or more was for MRgART V45 = 155 cm3 and
V45 = 287 cm3 for standard RT (p < 0.001).

The NTCP for each specific clinical endpoint, as specified was
calculated by applying dosimetric values extracted from each
patient’s accumulated treatment plans. For each treatment type
andard RT is shown in red, MRgART in blue and the p-value as a function of the dose
s referred to the web version of this article.)



Fig. 3. Boxplots showing the distribution of the patients’ NTCP for investigated clinical endpoints. The population median value is indicated by a horizontal line and 25–75%
percentiles by the blue box. Whiskers indicate the range of data within 1.5 times the interquartile range. Data points exceeding 1.5 times the interquartile range are
considered outliers and marked with a red+. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Population median NTCP resulting from standard RT and MRgART. The p-value from Wilcoxon signed-rank test indicates the level of statistical significance between the NTCP of
the two treatment types.

MRgART Standard RT
Endpoint Dose-vol. criteria Population median Population median p

NTCP [%] NTCP [%]

Urinary voiding pain Trigone V75 5.2 8.0 <0.001
Urinary incontinence Trigone Dmean 8.6 11.4 <0.001
Hematuria Bladder wall V75 3.7 4.2 <0.001
Rectal bleeding Rectum V70 0.07 0.1 0.048
Proctitis Anal canal V15.2 15.3 13.5 0.21
Acute GI toxicity Peritoneal cav. V47.4 1.9% 19.3% <0.001
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and endpoint, the population median NTCP values were calculated
(Table 2). Statistically significant differences occurred primarily in
the endpoints related to the peritoneal cavity and bladder dose and
were all in favour of MRgART. Relative reductions in complication
probability of 91% for acute GI toxicity, 42% for urinary voiding
pain, 25% for urinary incontinence and 12% for hematuria were
observed. No difference was seen in the risk of proctitis.

The boxplots shown in Fig. 3 summarize the population medi-
ans and quartile ranges of the calculated NTCP’s. The difference
in rectal bleeding NTCP was borderline statistically significant,
and on average very low for either treatment (<1%). However, for
three outlier patients (15% of the population), the anorectal dose
and NTCP were much larger for standard RT (8%, 44% and 50%,
respectively) than for MRgART (all < 1%). These patients all exhib-
ited large anatomical variations, causing increased anorectal dose
from the un-adapted standard plan. NTCP values calculated for
the individual patients are shown as scatter plots in Appendix G.

The RATING score for the plan comparison of this study was 95
(Appendix D).
Discussion

This study has demonstrated that high-field MRgART has the
potential to reduce the dose to the peritoneal cavity, rectum and
bladder, and thereby the risk of both acute and late adverse effects,
as a consequence of reduced PTV margins. By reducing the inter-
fractional setup errors and influence of anatomical variation
through daily plan adaptation, it is possible to reduce the PTV mar-
gins for high-risk prostate cancer RT with MRgART. Reductions are
larger for the elective lymph node region, due to its close tie to the
170
pelvic bone, which appears to be very stable during a treatment
session. The large margins in the craniocaudal direction required
in standard RT become redundant with daily plan adaptation.
Comparing the DVH’s indicates that the reduction in the PTV mar-
gins translates into statistically significant reductions in dose to
the surrounding OAR, namely the bladder, rectum and peritoneal
cavity for most dose levels. This difference here related to the
use of high-field MRgArt, might not be unique to MR-linac but
could potentially also be achieved using other adaptive techniques
capable of visualizing the target similar to what is possible using
the MR-linac [20,40,41]. Furthermore, initial reports have indi-
cated that the rate of late adverse effects may be reduced if treated
with proton therapy compared to standard EBRT [42]. However,
the results of randomised clinical trials are insufficient for firm
conclusions [43].

The NTCP models selected to evaluate the late toxicity show
that the observed reductions in dose do translate into statistically
significant reductions in the probability of experiencing pain dur-
ing voiding, hematuria and urinary incontinence, as defined by
Schaake et al. [9]. Dose reductions to the rectum and anal canal
were less pronounced and reductions in NTCP of late rectal bleed-
ing and acute proctitis cannot be confirmed for the population.
However, for 3 patients with large variations in the rectal filling,
clinically relevant reductions in NTCP of rectal bleeding were seen.
A plausible reason, that larger reductions in dose are seen in the
cranial OAR is that reductions in PTV2 are larger than PTV1, which
is in the caudal part of the target.

The clinical impact of reduced dose to the peritoneal cavity was
assessed using an older NTCP model based on a relatively small
number of gynaecological patients. Hence, the resulting risk calcu-
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lations are associated with some uncertainty. However, as
described in the QUANTEC organ-specific paper and a review paper
by Jadon et al., there is little agreement between different studies
regarding the critical doses and related volumes [10,12]. In the
investigated patients, the clinical planning constraint correspond-
ing to a complication risk of 10% (V45 < 200 cm3) was not met
by the population median by standard RT (V45 = 287 cm3). In con-
trast, the population median from MRgART was below
(V45 = 155 cm3), translating to reduced risk of acute RTOG grade
2 toxicity to approximately a tenth of standard RT, which may
again be predictive of the late GI toxicity [10]. It is important to
stress that the reported NTCP gains are closely related to the mar-
gin used in this study and would be different in clinics using differ-
ent margins.

Although mean OAR doses were smaller in MRgART than stan-
dard RT, the reverse was the case for their SD. As this is also the
case for the reference MRL plans, it may indicate that the auto
planning technique applied for standard RT plans creates more
consistent plan quality. Thus, when such automated tools become
available for MRL planning, it is likely that MRgART plan quality
will improve further.

The impact of the different dose calculation methods used for
MRgART and standard RT plans has not been evaluated in this
study. However, it has been demonstrated that dose calculations
in the pelvis with only a few densities or even assigned with uni-
form density differs only slightly from CT-based calculations
[44,45].

Even though the DVH of each patient’s adapted plan might be
similar; they can not directly be averaged to obtaind the accumu-
lated dose since positions of hot and cold spots can vary between
the individual plans. Thus, the accuracy of the deformable registra-
tions performed of the images and subsequently attached dose
cubes is critical to the credibility of the accumulated doses. It
became clear that it was not possible to reach a deformation that
was acceptable throughout the whole pelvis, and organ-specific
deformations were performed for the bladder and rectum. How-
ever, an accurate warping of each voxel and dose calculation point
can likely never be achieved. The accuracy of the contour-specific
deformations was similar to the IOV, which at least indicates that
the surface structures are deformed as well as can be expected
(see Appendix E).

The NTCP models applied in this study are based on doses to
OAR calculated in the reference plans. These doses are unlikely to
be the truly delivered doses over a treatment course. Furthermore,
they are based on clinician ratings (CTCAE 3.0 and RTOG), which
may be prone to underreporting adverse effects compared to e.g.
patient-reported outcomes [46,47]. Thus, whether these models
are in principle valid for MRgART is debatable, and when data from
ART becomes more abundant, the models should be re-evaluated.
Nonetheless, the reduced NTCP in bladder-related endpoints and
reduced dose to the peritoneal cavity might well be sufficient argu-
ments for referring high-risk prostate cancer patients to daily
MRgART rather than standard RT and increase their overall QoL.

The results of modeled complication risks in this study should
be validated by a randomised clinical trial. In the present investiga-
tion, a 39 fraction MRgART has been assumed to directly compare
with our standard RT. Since treatment re-planning and delivery are
more time-consuming than standard RT [21], hypo-fractionated
treatment regimens are more feasible on an MRL, e.g. 60 Gy in
20 fractions. However, the differences in dose reported here will
still apply.

In conclusion, high-risk prostate cancer patients will potentially
experience significantly less acute gastrointestinal toxicity as well
as reduced late toxicity to the bladder when treated with daily
MRgART, as the safety margins can be reduced in comparison to
171
standard RT. The results of this study warrants validation in a clin-
ical trial.
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