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Abstract

Aims: Prostate morphological changes during external beam radiotherapy are poorly understood. Excellent soft-tissue visualisation offered by magnetic
resonance image-guided radiotherapy (MRIgRT) provides an opportunity to better understand such changes. The aim of this study was to quantify prostate
volume and dimension changes occurring during extreme and moderately hypofractionated schedules.

Materials and methods: Forty prostate cancer patients treated on the Unity 1.5 Tesla magnetic resonance linear accelerator (MRL) were retrospectively reviewed.
The cohort comprised patients treated with 36.25 Gy in five fractions (n = 20) and 60 Gy in 20 fractions (n = 20). The volume of the delineated prostates on
reference planning computed tomography (fused with MRI) and daily T2-weighted 2-min session images acquired on Unity were charted. Forty planning
computed tomography and 500 MRL prostate volumes were evaluated. The mean absolute and relative change in prostate volume during radiotherapy was
compared using a paired t-test (P value <0.01 considered significant to control for multiple comparisons). The maximum dimension of the delineated prostate
was measured in three isocentric planes.

Results: Significant prostate volume changes, relative to MRL imaging fraction 1 (MRL#1), were seen at all time points for the five-fraction group. The peak mean
relative volume increase was 21% (P < 0.001), occurring at MRL#3 and MRL#4 after 14.5 and 21.75 Gy, respectively. Prostate expansion was greatest in the
superior—inferior direction; the peak mean maximal extension was 5.9 mm. The maximal extension in the left—right and anterior—posterior directions
measured 1.1 and 2.2 mm, respectively. For the 20-fraction group, prostate volume increased relative to MRL#1, for all treatment time points. The mean relative
volume increase was 11% (P < 0.001) at MRL#5 after 12 Gy, it then fluctuated between 8 and 13%. From MRL#5 to MRL#20, the volume increase was significant
(P < 0.01) for 12 of 16 time points calculated. The peak mean maximal extension in the superior—inferior direction was 3.1 mm. The maximal extension in the
left—right and anterior—posterior directions measured 1.7 and 3.7 mm, respectively.

Conclusion: Significant prostate volume and dimension changes occur during extreme and moderately hypofractionated radiotherapy. The extent of change was
greater during extreme hypofractionation. MRIgRT offers the opportunity to reveal, quantify and correct for this deformation.

© 2022 The Authors. Published by Elsevier Ltd on behalf of The Royal College of Radiologists. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction associated with improved biochemical control and lower
rates of toxicity [4—7]. More recently, international interest

Prostate cancer accounted for 22.2% of all male cancers ~ and experience of magnetic resonance image-guided
in Europe in 2020 [1]; a large number of these men will radiotherapy (MRIgRT) in prostate cancer has grown. MRI
have received external beam radiotherapy (EBRT) to treat gives superior soft-tissue visualisation compared with
localised cancer. Advances in EBRT delivery over the past ~ computed tomography, as a result reducing inter-observer
20 years have resulted in safer, more effective treatments contouring variability [8] and producing more precise
[2,3]. These advances include image-guided radiotherapy, ~ volumes [9].
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MRIgRT provides an exciting opportunity to examine the
effect of radiotherapy on prostate morphology at every
fraction. Prostate morphological changes during EBRT are
not well understood. Significant prostate swelling during
extreme hypofractionated radiotherapy has been reported.
However, only one study has examined this during daily
MRIgRT [10]; analysis in the others was limited to two time
points, in the middle and at the end of treatment [11,12]. For
conventionally fractionated schedules, prostate volume is
described as increasing transiently before reducing [13—15],
although data assessment time points are again limited.

Identifying and correcting for changes in prostate shape
and size during radiotherapy is intrinsic to a real-time
adaptive MRI-guided workflow. However, at present,
limited availability of adaptive technology means that most
patients are treated without adaptive strategies. Having a
better understanding of prostate deformation, gleaned
through MRIgRT, provides an opportunity to assess the
resulting impact on EBRT, irrespective of the workflow
adopted. This becomes even more crucial for extreme
hypofractionated schedules, less forgiving of set-up
inaccuracies.

Therefore, the aim of this study was to quantify prostate
volume and dimension changes that occur at each fraction
of extreme and moderately hypofractionated radiotherapy,
with the purpose of presenting better insight into prostate
deformation during EBRT. This was possible as the cohort
included were treated using MRIgRT.

Materials and Methods

The prostate volumes of 40 patients who underwent
prostate radiotherapy on the Unity 1.5 Tesla magnetic
resonance linear accelerator (MRL; Elekta, Stockholm,
Sweden) [16] at The Royal Marsden NHS Foundation Trust
(Sutton, UK) were included. The cohort included 20 patients
treated consecutively with 60 Gy in 20 fractions between
July 2019 and November 2020 and 20 patients treated
consecutively with 36.25 Gy in five fractions (including 40
Gy to prostate clinical target volume [CTV] with no margin,
as per PACE trial) [17] between March 2020 and May 2021.
As per our standard MRL practice, a 5 mm (3 mm posterior)
margin was grown around the prostate and proximal 1-2
cm of the seminal vesicle CTV, depending on clinical risk
group; to create planning target volume (PTV)_6000cGy
and PTV_3625cGy for the 20 and five-fraction groups,
respectively.

Patients gave permission to use their images for research
as part of radiotherapy consent. Some patients within this
cohort were also recruited to the PRISM (NCT03658525),
PERMIT (NCT03727698) or PACE-C (NCT01584258) trials.
Prostate contouring methodology was standard across all
patients and was carried out by clinical oncologists.

For planning and treatment, all patients were positioned
supine with head support, arms across chest and knee and
ankle fixation using the Combifix™ baseplate system (Civco
Radiotherapy, Orange City, lowa, USA). For planning and
treatment, patients were given bladder and rectal

preparation to achieve a comfortably full bladder and
empty rectum as per local standard clinical practice. Five-
fraction regimens were delivered on alternate days over 2
weeks, excluding weekends, whereas 20-fraction regimens
were delivered daily over 4 weeks, excluding weekends.

Pre-treatment prostate volumes were delineated on
computed tomography (Siemens Healthineers AG, Erlan-
gen, Germany), with slice thickness <2 mm, for all patients.
T2-weighted dedicated planning 1.5 Tesla MR-images
(Siemens Aera) were fused with the planning computed
tomography to inform contouring for 39 of the 40 patients.
Pre-treatment computed tomography-based prostate
delineation, using fused MRI, was carried out in RayStation
(RaySearch Laboratories, Stockholm, Sweden). All contours
were reviewed, modified (as required) and approved by a
consultant clinical oncologist as per standard local practice.

During radiotherapy, the prostate was delineated using
Monaco (Elekta) on Elekta T2-weighted 2-min 1 mm slice
thickness session images, acquired during each treatment
session before radiotherapy delivery and utilised to develop
the online daily adapted plan. Six clinical oncologists
delineated this patient cohort online on a rota basis. Each
was experienced in MRI prostate delineation and had their
contouring skills peer reviewed and quality assured by the
lead clinician before independently contouring on the MRL.
In total, 40 reference planning computed tomography
contours and 500 MRL treatment contours were evaluated
(Table 1).

Data were analysed by fractionation group; the five-
fraction and 20-fraction groups will henceforth be
addressed as 5#MRIgRT and 20#MRIgRT, respectively. For
each patient, the ‘prostate_only’ volume (cm?), delineated
as the prostate excluding the seminal vesicles, as calculated
by the radiotherapy planning system, was recorded from
the planning computed tomography scan and for every MRL
radiotherapy fraction. Delineated prostate volume and
prostate volume change relative to the baseline MRL vol-
ume (MRL#1) was calculated. To test whether the average
change in prostate volume at the various time points was
significant, a two-tailed paired t-test was used and a P-value
< 0.01 considered significant (to control for multiple
comparisons).

Prostate volume changes were also divided into ‘small
prostate’ and ‘large prostate’ subgroups; patients were
grouped relative to their prostate volume being less than or
greater than the median prostate volume at MRL#1. For the
5#MRIgRT group only, prostate volume changes were also
analysed by patient’s androgen deprivation therapy (ADT)
status. To test subgroup significance, a two-tailed unpaired
t-test was used and a P-value of <0.01 considered
significant.

In addition, the maximum dimension of the delineated
prostate in mm was measured in three planes; left—right
(Xmax), superior—inferior (Ymax) and anterior—posterior
(Zmax), using a greatest extent approach [11]. This was
achieved by drawing two rectangular boxes around the
longest and widest extent of the ‘prostate_only’ volume on
coronal and sagittal views, utilising Monaco contouring
tools. The Xmax, Ymax and Zmax values are therefore the
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sides of the smallest rectangular prism that precisely con-
tains the delineated prostate.

Results

The characteristics for the cohort are presented in Table
2.

Statistically significant differences in prostate volumes
relative to MRL#1 were seen at all time points for the
5#MRIgRT group (Figure 1a). Volume differences also
occurred in the 20#MRIgRT group (Figure 1b), first reaching
significance at MRL#5 but not consistently achieving this
for subsequent time points. Supplementary data with
standard deviations and significance values are presented
in Supplementary Tables S1 and S2.

5#MRIgRT

The mean prostate volume as delineated on planning
computed tomography (fused with planning MRI) was 6%
larger than the MRI-delineated prostate volume at MRL#1.
The relative volume difference was not statistically signifi-
cant (P = 0.046). Significant prostate swelling relative to
MRL#1 was seen at every treatment time point. The mean
relative volume increase observed was 14% (P < 0.001) at
MRL#2 after 7.25 Gy, rising to a maximum volume increase
of 21% (P < 0.001) at MRL#3 and MRL#4 after 14.5 Gy and
21.75 Gy, respectively. The mean relative volume dropped
slightly to 16% (P < 0.001) at MRL#5 after 29 Gy. The median
prostate volume was 39 cm?>; there was no significant dif-
ference in mean relative volume change between small and
large prostate subgroups (Figure 2).

Fourteen patients (70%) were on ADT at the time of
radiotherapy; the median ADT duration prior to radio-
therapy start was 4 months. When grouped by ADT status,
the peak mean relative volume increase was 22% (P < 0.001)
at MRL#3 and MRL#4 for the ADT group and 19% (p < 0.005)
at MRL#3 for the no-ADT group (Figure 2). A trend for the
ADT group to swell more is apparent but mean relative
volume differences between the ADT and no-ADT groups
were not significant.

Prostate expansion was greatest in the superior—inferior
(Ymax) direction, with an increase in mean maximum
dimension of 4.3—5.9 mm from fraction 2 to fraction 5
(Figure 3). Left—right (Xmax) and anterior—posterior

Table 1
Number of prostate contours reviewed

(Zmax) extension was less, with a peak mean maximum
change of 1.1 and 2.2 mm, respectively, at MRL#4; both
dimensions appeared to reduce at fraction 5 (Figure 3).

20#MRIgRT

The mean prostate volume as delineated on planning
computed tomography (fused with planning MRI) was 3%
smaller than the MRI-delineated prostate volume at MRL#1.
The relative volume difference was not statistically signifi-
cant (P = 0.31). Prostate swelling relative to MRL#1 was
found from MRL#2 until the end of radiotherapy, first
reaching significance at MRL#5. The mean relative volume
increase observed was 11% (P < 0.001) at MRL#5 after 12 Gy,
and subsequently fluctuated between 8% and 13%. From
MRL#5 to MRL#20, swelling was significant (P < 0.01) for
12 of 16 time points calculated.

There was no systematic significant difference in mean
relative volume change between those smaller than or
larger than the median volume. However, significant dif-
ferences between the groups (P < 0.01) were seen for
MRL#15 (42 Gy) and MRL#19 (54 Gy), with the small
prostate subgroup experiencing greater relative volume
gains (Figure 4). All patients were on ADT at the time of
radiotherapy; the median ADT duration prior to radio-
therapy commencement was 4 months.

Prostate expansion fluctuated more for the 20#MRIgRT
group than for the 5#MRIgRT group (Figure 5). As per the
5#MRIgRT group, the greatest change in dimension during
radiotherapy (excluding planning computed tomography)
was in the superior—inferior (Ymax) direction, with the
increase in mean maximum dimension ranging from 0.3 to
3.1 mm (Figure 5) during radiotherapy, with a median
change in maximum dimension of 2.3 mm. The expansion
range was greater in the anterior—posterior (Zmax) direc-
tion (0—3.7 mm) but the median change in maximum di-
rection was less, 1.2 mm. Left—right (Xmax) changes were
modest, with a range of —0.3 to 1.7 mm and a median
change in maximum direction of 0.2 mm.

Discussion

This study revealed statistically significant prostate
swelling during both extreme and moderately hypo-
fractionated radiotherapy schedules. A significant increase

Number of Number of CT Number of T2-weighted 2-min
patients volumes included MRI volumes included
Patients who received 36.25 Gy in 5 fractions 20 20 100
on the MRL
Patients who received 60 Gy in 20 fractions 20 20 400
on the MRL
Total 40 40 500
Total prostate volumes included 540

CT, computed tomography; MRI, magnetic resonance imaging; MRL, magnetic resonance linear accelerator.
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Table 2
Patients’ baseline characteristics

5-Fraction MRIgRT group (n = 20)

20-Fraction MRIgRT group (n = 20)

Age (years)

Median (range) 71 (58—-82)
Tumour stage

T2 18

T3 2

Gleason grade

3+3 1

3+4 16

4+3 3

4+4 0

4+5 0
Presenting PSA (ng/ml)

Mean (SD) 8.1(4.9)
Prostate volume at diagnosis (MRI) cm?

Mean (SD) 48.50 (25.81)
ADT

Yes 14

No 6

ADT duration prior to EBRT commencement (n = 14)
Median months 4
Radiotherapy planning MRI

Yes 20

No 0

Duration from planning CT to MRL#1

Median days 21

Age (years)

Median (range) 72 (57-81)
Tumour stage

T2 14

T3

Gleason grade

3+3 0

3+4 11

4+3 6

4+ 4 1

4+5 2
Presenting PSA (ng/ml)

Mean (SD) 9.3 (3.1)
Prostate volume at diagnosis (MRI) cm®

Mean (SD) 38.55(17.22)
ADT

Yes 20

No 0

ADT duration prior to EBRT commencement (n = 20)
Median months 4
Radiotherapy planning MRI

Yes 19

No 1

Duration from planning CT to MRL#1

Median days 17

ADT, androgen deprivation therapy; CT, computed tomography; EBRT, external beam radiotherapy; MRIgRT, magnetic resonance imaging-
guided radiotherapy; MRL#1, magnetic resonance linear accelerator fraction 1; PSA, prostate-specific antigen; SD, standard deviation.

in prostate volume when using extreme hypofractionation
has previously been reported [10,11]. Patients in the report
by Gunnlaugsson et al. [11] were prescribed 42.7 Gy in
seven fractions (6.1 Gy/fraction); a prostate cancer o/f ratio
of 3 Gy was assumed. They reported a mean relative volume
increase of 14% on MRI, acquired mid-schedule (EQD2 = 33
Gy) and 9% at the end of radiotherapy (EQD2 = 67 Gy). The
degree of prostate swelling was greater in our study for
patients prescribed 36.25 Gy in five fractions (7.25 Gy/
fraction, with 8 Gy per fraction to the CTV) compared with
those receiving treatment in 20 fractions. A maximum
mean relative volume increase of 21% was seen at MRL#3,
assuming an a,/p of 3 Gy; EQD2 at this time point was 30 Gy,
very similar to the dose causing maximum swelling in the
earlier study [11]. Also akin to previous findings, prostate
swelling in our extreme hypofractionation group seemed to
decline towards the end of the course [11].

Research now supports that the «/p ratio of prostate
cancer is around 2 Gy [18]. Recalculating with a a/B of 2 Gy
results in the maximum swelling being seen after a EQD2 of
33.53 Gy in our study and 37.06 Gy by Gunnlaugsson and
colleagues [11]. The availability of MRI at every fraction, as
opposed to one mid-treatment time point, allowed us to
identify a previously unnoticed trend for prostate volume
increase to plateau from MRL#3 to MRL#4 before a decline
in volume. This plateau was not apparent in a recent study
also examining prostate volume changes during extreme
hypofractionated MRIgRT [10]. Patients in this cohort (n =

20) received 40 Gy in five fractions over 2 weeks. Akin to
our findings, they report consistent prostate swelling with
peak volume expansion seen at fraction 4 after 24 Gy.
However, the extent of change was less with a median
volume increase of 15.1% relative to baseline MRI [10].

Variations in radiotherapy prescription, imaging pa-
rameters and time points, radiotherapy planning software,
radiotherapy delivery and study contouring methodology
exist between our study and the two previously reported
[10,11], probably accounting for some disparity between
findings. Despite these confounding factors, all three inde-
pendently reported significant prostate swelling during
extreme hypofractionated radiotherapy, supporting the
generalisability of this phenomenon.

The 21% increase in relative prostate volume observed in
our 5#MRIgRT group is consistent with prostate brachy-
therapy studies comparing pre- and post-implant volumes
[19—21]. Interestingly, brachytherapy studies predomi-
nantly discuss swelling in relation to trauma caused at
implantation rather than as an effect of radiation dose
[19—22]. Contrary to brachytherapy research findings, there
was no trend in our 5#MRIgRT group for smaller volume
prostates to experience the greatest relative increase in
volume [20,21]. In the 20#MRIgRT group, significantly
greater relative prostate volume increases were seen in the
small prostate group across two time points.

One, single patient case study was found to assess pros-
tate volume changes during a moderately hypofractionated
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Fig 1. Mean (standard deviation) absolute prostate volume (cm?)
during (a) five-fraction magnetic resonance image-guided radio-
therapy and (b) 20-fraction magnetic resonance image-guided
radiotherapy. MRL, magnetic resonance linear accelerator.

regimen as per our 20#MRIgRT group [23]. A maximum
prostate volume increase of 27% relative to planning MRI was
noted at fraction 9 (24 Gy); by fraction 20 this had reduced to
3% [23]. Although such a marked volume increase was not
shown in our 20#MRIgRT cohort, fluctuation in prostate
volume and a final prostate volume greater than baseline
occurred in both studies.

Further data is available considering prostate volume
changes during conventionally fractionated radiotherapy
[13—15]. An increase in prostate volume during treatment
was found; however, unlike our 20#MRIgRT cohort, pros-
tate swelling occurred transiently before shrinking below
the baseline volume [13—15]. Previous studies delivered
1.8—2.0 Gy daily over 38—45 fractions; the overall treat-
ment duration was approximately double our 20#MRIgRT
group. Comparing their findings alongside our 20#MRIgRT
and 5#MRIgRT results may further support the view that
radiotherapy fraction size and course duration impact
swelling extent. Comparing against these studies is, how-
ever, limited by their reliance on fiducial markers [13],
computed tomography imaging [14] and non-daily assess-
ment [14,15] to deduce prostate volume changes.

S 1220

Planning CT #1(0Gy)

#2(7.25 Gy)

#3(145Gy)  #4(2175Gy)  #5(29Gy)

Timepoint
~—&— Small prostate group ~—&— Large prostate group

No ADT group

= All patients

ADT group

Fig 2. Mean relative prostate volume (relative to magnetic resonance
linear accelerator fraction 1 [MRL#1]) for five-fraction magnetic
resonance image-guided radiotherapy.
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Fig 3. Change in mean Xmax, Ymax and Zmax dimension over five-
fraction magnetic resonance image-guided radiotherapy, relative to
mean prostate Xmax, Ymax and Zmax at magnetic resonance linear
accelerator fraction 1.
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Fig 4. Mean relative prostate volume (relative to magnetic resonance
linear accelerator fraction 1 [MRL#1]) for 20-fraction magnetic
resonance image-guided radiotherapy.

Neoadjuvant ADT may be a confounding factor when
comparing prostate volume changes across studies, as
prostate shrinkage in the range of 20—50% of the initial
volume is reported after 3 months of ADT [14]. Across our
cohort, 85% (34/40) of patients had neoadjuvant ADT; the
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Fig 5. Change in mean Xmax, Ymax and Zmax dimension over 20-
fraction magnetic resonance image-guided radiotherapy, relative to
mean prostate Xmax, Ymax and Zmax at magnetic resonance linear
accelerator fraction 1.

median ADT duration pre-MRL#1 was 4 months. The
degree of prostate shrinkage from diagnostic MRI (pre-
ADT) to MRL# 1 was modest; 9% and 7% for the 5#MRIgRT
and 20#MRIgRT groups, respectively. This value may be
distorted by variations in the prostate measuring tech-
nique used (ellipsoid volume calculation versus organ
delineation) and variable diagnostic MRI slice thickness.

Significant increases in prostate volume have been seen
in patients receiving hypofractionated radiotherapy
without ADT [11] and here also shown with ADT. Prostate
volume changes in the 5#MRIgRT group were not signifi-
cantly influenced by the patient’s ADT status. However, the
results do suggest that those on ADT (n = 14) experience at
least as much swelling as those not on ADT (n = 6). This is
contradictory to the findings of Ma and colleagues [10] who
reported that patients on ADT (n = 6) had significantly
reduced prostate swelling than those not on ADT (n = 14).
We consider the number of ADT naive patients in our cohort
too small to establish the true impact of ADT on prostate
volume during radiotherapy, but our results reveal that
swelling deformation is a risk for all patients irrespective of
ADT status.

Incongruent to early published literature that reports
computed tomography-delineated prostate volumes
35—40% greater than MRI-delineated volumes [24—26],
only modest differences of +6% and —3% between
computed tomography- and MRI-delineated volumes pre-
sented for our 5#MRIgRT and 20#MRIgRT cohorts, respec-
tively. Poor soft-tissue contrast on computed tomography
compared with MRI contributes to delineation un-
certainties [21]; fusing computed tomography images with
MRI reduces uncertainty and CTV compared with computed
tomography alone [27]. Ninety-eight per cent of patients in
this study had a dedicated planning MRI fused with
computed tomography to aid initial prostate delineation
[28]. Alongside this, those contouring were experienced in
prostate MRI anatomy and how it relates to computed to-
mography anatomy; this has been shown to reduce volume
variations between modalities [8].

Prostate dimension changes were greatest in the
superior—inferior direction for both cohorts. A potential
reason is that the prostate—bladder interface provides less
resistance against prostate swelling [13] than the obtu-
rator internus muscles, rectum and pelvic floor muscles.
The pelvic floor sits inferior to the prostate apex. There-
fore, this theory would suggest that superior—inferior
swelling is predominantly superior at the prostate
—bladder interface. A limitation of the methodology
used is that this concept cannot be confirmed as true or
false; only the change in plane dimension was deter-
mined, not the direction. As a result, we cannot be sure if
the deformation seen in the superior—inferior direction is
superiorly, inferiorly or evenly spread. In addition, the
potential effect of prostate rotation on the extension
measurement cannot be quantified nor accounted for
with this methodology.

It could be argued that the significant change seen in the
superior—inferior direction was as a result of prostate con-
touring uncertainty being greatest at the apex and base
[29]. The decision to use clinical contours rather than re-
contouring offline by one expert, as carried out in previ-
ous studies [10,11], could also be seen as a limitation,
acknowledging inter-observer variability in prostate con-
touring. In response we suggest that as the clinical online
contours were created by six different observers over a
course of treatment, any systematic under- or over-
contouring by one observer would be mitigated.

Variations in bladder and rectal volume between frac-
tions was not quantified. However, these are commonplace
during prostate radiotherapy [30,31] and may be a con-
founding factor. Pressure exerted on the prostate by the
bladder and rectum increases with filling and may influence
prostate dimension, particularly in the superior—inferior
and anterior—posterior planes. Future work will adapt the
maximum dimension calculation methodology to examine
the prostate centroid direction of change during radio-
therapy. This combined with assessment of bladder and
rectal filling will allow a greater understanding of swelling
direction.

The impact of superior—inferior prostate dimension
extension on image registration methodology should also
be considered. Where prostate soft-tissue registration is
used, superior—inferior alignment guided by the
prostate—bladder interface is usual, as this boundary is
easier to distinguish than the prostate apex. If the pros-
tate dimension has increased, aligning to one extreme of
the volume, as per this method, would result in swollen
prostate tissue being positioned inferiorly. This would
increase the risk of under-dosing prostate tissue at the
inferior extent of the volume if daily adaption was not
used. Fiducial marker matching may offer a solution to
distribute increased prostate volume more evenly during
registration, resulting in better tissue coverage. However,
this is only true if prostate swelling is distributed evenly.

We have shown statistically significant changes in this
patient cohort; the question is how clinically significant
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these prostate volume changes are? Deformation is
implicitly accounted for by an online adaptive strategy;
therefore, no residual deformation error needs to contribute
to the CTV—PTV margin [32]. Most prostate cancer patients,
however, do not have online daily adapted radiotherapy; for
these patients, prostate volume deformation error should
be considered in the CTV—PTV margin. Our results indicate
that the CTV—PTV margin contribution due to deformation
is anisotropic and needs to be greater for extreme hypo-
fractionation prostate schedules, with up to 3 mm indicated
for the 5#MRIgRT group. A similar margin extension of
1.5—3 mm, to compensate for prostate swelling, was pre-
viously suggested [11].

However, swelling of the prostate during treatment has
not been explicitly accounted for in the past, and
biochemical control rates after five- and seven-fraction
regimens remain excellent [33,34]. It is conceivable that
the PTV margin has functioned as a ‘prostate swelling
margin’ ensuring reasonable CTV coverage. In addition, we
know that local recurrence is rare, and almost exclusively
occurs in the dominant lesion within the prostate [35,36].
Hence, margins should not be expanded to account for this
swelling in risk groups that already have high rates of cure.
The data does suggest that for higher risk patients, with
lower cure rates, prostate margins should not be further
reduced and/or adaptive radiotherapy should be used to
ensure good target coverage.

Radiotherapy acutely increases obstructive voiding uri-
nary symptoms [8,37]. The aetiology of these symptoms is
not fully understood, but prostate swelling, as described
here, may be a causative factor. A limitation of the dataset
presented is that it does not include patient toxicity data.
Correlation between prostate swelling and obstructive
voiding symptoms will be examined in future work. Corti-
costeroids have had variable success reducing the risk of
acute urinary retention following prostate brachytherapy
[38,39], but are not routinely prescribed during EBRT. If
future work finds a relationship between prostate swelling
and obstructive voiding symptoms, action to reduce
swelling, such as prescribing corticosteroids, could be
considered.

Excellent soft-tissue contrast generated by MRIgRT sys-
tems enables online contouring and plan adaption, which
can account for prostate volume and dimension changes as
presented by this study. Further work could be carried out
to establish if volume and dimension changes can be
visualised and quantified reliably on novel cone beam
computed tomography-guided real-time adaptive systems.
In the absence of technology facilitating real-time adaption,
a scheduled adaptive approach [40] could be used, with a
replan scheduled after fraction 2 and fraction 4 for five- and
20-fraction treatments, respectively, to account for peak
swelling seen in subsequent fractions.

Conclusion

This study indicates statistically significant prostate
volume and dimension changes during both extreme and

moderately hypofractionated EBRT. The extent of change
measured was greater during 5#MRIgRT, with a peak in
mean relative volume of 21%. This is only the second study,
known to us, to report volume changes on MRI over each
fraction, revealing previously unappreciated deformation
trends.

Prostate dimension changes were greatest in the
superior—inferior direction, perhaps due to less pelvic floor
resistance. Real-time adaptive radiotherapy workflows are
ideal for managing volume and dimension changes as pre-
sented by this study. However, where not available;
scheduled adaptive strategies, CTV—PTV margin consider-
ations and fiducial marker registration may offer some
advantage.

Ethics Statement

The patient cohort were consented to ethics approved
trials, which specifically ask for consent to use anonymised
data for research (PERMIT, PACE and PRISM). Patients also
gave consent for their medical images to be used for
‘research and audit, for example evaluating new planning
methods and technologies’ as part of their standard radio-
therapy consent. With these measures in place, ethics re-
view specific to this piece of work was deemed not required
by our multidisciplinary team having consulted the Health
Research Authority decision tool.

Conflicts of Interest

A.C. Tree reports a relationship with Elekta AB that in-
cludes: funding grants.

Acknowledgements

We acknowledge National Health Service funding to the
NIHR Biomedical Research Centre at The Royal Marsden
and The Institute of Cancer Research. The views expressed
in this publication are those of the author(s) and not
necessarily those of the National Health Service, the Na-
tional Institute for Health Research or the Department of
Health and Social Care. The Institute of Cancer Research is
supported by Cancer Research UK Programme Grant
C33589/A28284. S.E. Alexander is funded by Cancer
Research UK Programme Grant C33589/A28284 - Adaptive
Data-driven Radiation Oncology. A.C. Tree acknowledges
research funding from Elekta and Cancer Research UK
Grant C7224/A28724. H.A. McNair is funded by a National
Institute for Health Research and Health Education En-
gland (HEE/NIHR), Senior Clinical Lecturer award (ICA-
SCL-2018-04-ST2-002).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.clon.2022.03.022

Please cite this article as: Alexander SE et al., Prostate Volume Changes during Extreme and Moderately Hypofractionated Magnetic Resonance
Image-guided Radiotherapy, Clinical Oncology, https://doi.org/10.1016/j.clon.2022.03.022



https://doi.org/10.1016/j.clon.2022.03.022

8

S.E. Alexander et al. / Clinical Oncology xxx (xxxx) xXx

References

(1]
(2]

[3

[4

[5

6

[7

[8

[9

(10]

(11]

[12]

[13]

[14]

Available at:European cancer information 2021 https://ecis.jrc.
ec.europa.eu. [Accessed 27 November 2021].

Tree AC, Alexander EJ, Van As NJ, Dearnaley DP, Khoo V. Bio-
logical dose escalation and hypofractionation: what is there to
be gained and how will it best be done? Clin Oncol 2013;25:
483—498. https://doi.org/10.1016/j.clon.2013.05.003.

Murray ], Tree AC. Prostate cancer — advantages and disad-
vantages of MR-guided RT. Clin Transl Radiat Oncol 2019;18:
68—73. https://doi.org/10.1016/j.ctro.2019.03.006.

Singh ], Greer PB, White MA, Parker ], Patterson |, Tang CI,
et al. Treatment-related morbidity in prostate cancer: a
comparison of 3-dimensional conformal radiation therapy
with and without image guidance using implanted fiducial
markers. Int | Radiat Oncol Biol Phys 2013;85:1018—1023.
https://doi.org/10.1016/].ijrobp.2012.07.2376.

Gill S, Thomas ], Fox C, Kron T, Rolfo A, Leahy M, et al. Acute
toxicity in prostate cancer patients treated with and without
image-guided radiotherapy. Radiat Oncol 2011;6:1—7. https://
doi.org/10.1186/1748-717X-6-145.

Zelefsky M]J, Kollmeier M, Cox B, Fidaleo A, Sperling D, Pei X,
et al. Improved clinical outcomes with high-dose image
guided radiotherapy compared with non-IGRT for the treat-
ment of clinically localized prostate cancer. Int | Radiat Oncol
Biol Phys 2012;84:125—129. https://doi.org/10.1016/j.ijrobp.
2011.11.047.

Murray ], Griffin C, Gulliford S, Syndikus I, Staffurth ],
Panades M, et al. A randomised assessment of image guided
radiotherapy within a phase 3 trial of conventional or hypo-
fractionated high dose intensity modulated radiotherapy for
prostate cancer. Radiother Oncol 2020;142:62—71. https://doi.
org/10.1016/j.radonc.2019.10.017.

Henderson D, Tree A, Harrington K, van As N. Dosimetric
implications of computerised tomography-only versus mag-
netic resonance-fusion contouring in stereotactic body
radiotherapy for prostate cancer. Medicines 2018;5:32. https://
doi.org/10.3390/medicines5020032.

Pathmanathan AU, Schmidt MA, Brand DH, Kousi E, van As NJ,
Tree AC. Improving fiducial and prostate capsule visualization
for radiotherapy planning using MRI. J Appl Clin Med Phys
2019;20:27-36. https://doi.org/10.1002/acm2.12529.

Ma TM, Neylon ], Casado M, Sharma S, Sheng K, Low D, et al.
Dosimetric impact of interfraction prostate and seminal
vesicle volume changes and rotation: a post-hoc analysis of a
phase III randomized trial of MRI-guided versus CT-guided
stereotactic body radiotherapy. Radiother Oncol 2022;167:
203—-210. https://doi.org/10.1016/j.radonc.2021.12.037.
Gunnlaugsson A, Kjellén E, Hagberg O, Thellenberg-
Karlsson C, Widmark A, Nilsson P. Change in prostate volume
during extreme hypo-fractionation analysed with MRI. Radiat
Oncol 2014;9:1—6. https://doi.org/10.1186/1748-717X-9-22.
Vanhanen A, Reinikainen P, Kapanen M. Radiation-induced
prostate swelling during SBRT of the prostate. Radiother Oncol
2021;161:5644—S645. https://doi.org/10.1016/s0167-8140(21)
07090-0.

King BL, Butler WM, Merrick GS, Kurko BS, Reed JL, Murray BC,
et al. Electromagnetic transponders indicate prostate size in-
crease followed by decrease during the course of external
beam radiation therapy. Int J Radiat Oncol Biol Phys 2011;79:
1350—1357. https://doi.org/10.1016/j.ijrobp.2009.12.053.
Sanguineti G, Marcenaro M, Franzone P, Foppiano F, Vitale V.
Neoadjuvant androgen deprivation and prostate gland
shrinkage during conformal radiotherapy. Radiother Oncol

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

2003;66:151-157.
00031-8.

Nichol AM, Brock KK, Lockwood GA, Moseley DJ, Rosewall T,
Warde PR, et al. A magnetic resonance imaging study of
prostate deformation relative to implanted gold fiducial
markers. Int J Radiat Oncol Biol Phys 2007;67:48—56. https://
doi.org/10.1016/].ijrobp.2006.08.021.

Raaymakers BW, Jiirgenliemk-Schulz IM, Bol GH, Glitzner M,
Kotte ANT]J, van Asselen B, et al. First patients treated with a 1.
5 T MRI-Linac: clinical proof of concept of a high-precision,
high-field MRI guided radiotherapy treatment. Phys Med Biol
2017;62(23):L41. https://doi.org/10.1088/1361-6560/aa9517.
Brand DH, Tree AC, Ostler P, van der Voet H, Loblaw A, Chu W,
et al. Intensity-modulated fractionated radiotherapy versus
stereotactic body radiotherapy for prostate cancer (PACE-B):
acute toxicity findings from an international, randomised,
open-label, phase 3, non-inferiority trial. Lancet Oncol 2019;
20:1531-1543. https://doi.org/10.1016/S1470-2045(19)
30569-8.

Dearnaley D, Syndikus I, Mossop H, Khoo V, Birtle A,
Bloomfield D, et al. Conventional versus hypofractionated
high-dose intensity-modulated radiotherapy for prostate
cancer: 5-year outcomes of the randomised, non-inferiority,
phase 3 CHHIP trial. Lancet Oncol 2016;17:1047—1060.
https://doi.org/10.1016/S1470-2045(16)30102-4.

Sloboda RS, Usmani N, Pedersen ], Murtha A, Pervez N, Yee D.
Time course of prostatic edema post permanent seed implant
determined by magnetic resonance imaging. Brachytherapy
2010;9:354—-361. https://doi.org/10.1016/j.brachy.2009.09.
008.

Beydoun N, Bucci JA, Chin YS, Malouf D. lodine-125 thin seeds
decrease prostate swelling during transperineal interstitial
permanent prostate brachytherapy. ] Med Imag Radiat Oncol
2014;58:109—116. https://doi.org/10.1111/1754-9485.12102.
Chung E, Stenmark MH, Evans C, Narayana V, McLaughlin PW.
Greater postimplant swelling in small-volume prostate
glands: implications for dosimetry, treatment planning, and
operating room technique. Int J Radiat Oncol Biol Phys 2012;
82:1944—-1948. https://doi.org/10.1016/j.ijrobp.2011.03.024.
Martinez AA, Pataki I, Edmundson G, Sebastian E, Brabbins D,
Gustafson G. Phase II prospective study of the use of
conformal high-dose-rate brachytherapy as monotherapy for
the treatment of favorable stage prostate cancer: a feasibility
report. Int ] Radiat Oncol Biol Phys 2001;49:61—69. https://doi.
org/10.1016/S0360-3016(00)01463-2.

Clough A, Bridge P, Hales R, McDaid L, Choudhury A, Eccles CL.
An unusual case of oedematous prostate volumetric changes
observed over the course of radiotherapy on the MR linear
accelerator. | Med Imag Radiat Sci 2021;52:147—151. https://
doi.org/10.1016/j.jmir.2020.11.019.

Hentschel B, Oehler W, Strauf@ D, Ulrich A, Malich A. Defi-
nition of the CTV prostate in CT and MRI by using CT-MRI
image fusion in IMRT planning for prostate cancer. Strah-
lenther Onkol 2011;187:183—190. https://doi.org/10.1007/
s00066-010-2179-1.

Doemer A, Chetty I, Glide-Hurst C, Nurushev T, Hearshen D,
Pantelic M, et al. Evaluating organ delineation, dose calcula-
tion and daily localization in an open-MRI simulation work-
flow for prostate cancer patients. Radiat Oncol 2015;10:1-9.
https://doi.org/10.1186/s13014-014-0309-0.

Rasch C, Barillot I, Remeijer P, Touw A, Van Herk M,
Lebesque JV. Definition of the prostate in CT and MRI: a multi-
observer study. Int J Radiat Oncol Biol Phys 1999;43:57—66.
https://doi.org/10.1016/S0360-3016(98)00351-4.

https://doi.org/10.1016/S0167-8140(03)

Please cite this article as: Alexander SE et al., Prostate Volume Changes during Extreme and Moderately Hypofractionated Magnetic Resonance
Image-guided Radiotherapy, Clinical Oncology, https://doi.org/10.1016/j.clon.2022.03.022



https://ecis.jrc.ec.europa.eu
https://ecis.jrc.ec.europa.eu
https://doi.org/10.1016/j.clon.2013.05.003
https://doi.org/10.1016/j.ctro.2019.03.006
https://doi.org/10.1016/j.ijrobp.2012.07.2376
https://doi.org/10.1186/1748-717X-6-145
https://doi.org/10.1186/1748-717X-6-145
https://doi.org/10.1016/j.ijrobp.2011.11.047
https://doi.org/10.1016/j.ijrobp.2011.11.047
https://doi.org/10.1016/j.radonc.2019.10.017
https://doi.org/10.1016/j.radonc.2019.10.017
https://doi.org/10.3390/medicines5020032
https://doi.org/10.3390/medicines5020032
https://doi.org/10.1002/acm2.12529
https://doi.org/10.1016/j.radonc.2021.12.037
https://doi.org/10.1186/1748-717X-9-22
https://doi.org/10.1016/s0167-8140(21)07090-0
https://doi.org/10.1016/s0167-8140(21)07090-0
https://doi.org/10.1016/j.ijrobp.2009.12.053
https://doi.org/10.1016/S0167-8140(03)00031-8
https://doi.org/10.1016/S0167-8140(03)00031-8
https://doi.org/10.1016/j.ijrobp.2006.08.021
https://doi.org/10.1016/j.ijrobp.2006.08.021
https://doi.org/10.1088/1361-6560/aa9517
https://doi.org/10.1016/S1470-2045(19)30569-8
https://doi.org/10.1016/S1470-2045(19)30569-8
https://doi.org/10.1016/S1470-2045(16)30102-4
https://doi.org/10.1016/j.brachy.2009.09.008
https://doi.org/10.1016/j.brachy.2009.09.008
https://doi.org/10.1111/1754-9485.12102
https://doi.org/10.1016/j.ijrobp.2011.03.024
https://doi.org/10.1016/S0360-3016(00)01463-2
https://doi.org/10.1016/S0360-3016(00)01463-2
https://doi.org/10.1016/j.jmir.2020.11.019
https://doi.org/10.1016/j.jmir.2020.11.019
https://doi.org/10.1007/s00066-010-2179-1
https://doi.org/10.1007/s00066-010-2179-1
https://doi.org/10.1186/s13014-014-0309-0
https://doi.org/10.1016/S0360-3016(98)00351-4

(27]

(28]

[29]

(30]

(31]

(32]

(33]

S.E. Alexander et al. / Clinical Oncology xxx (xxxx) xxx 9

Villeirs GM, Van Vaerenbergh K, Vakaet L, Bral S, Claus F, De
Neve W], et al. Interobserver delineation variation using CT
versus combined CT + MRI in intensity-modulated radio-
therapy for prostate cancer. Strahlenther Onkol 2005;181:
424—430. https://doi.org/10.1007/s00066-005-1383-x.
Salembier C, Villeirs G, De Bari B, Hoskin P, Pieters BR, Van
Vulpen M, et al. ESTRO ACROP consensus guideline on CT-
and MRI-based target volume delineation for primary radi-
ation therapy of localized prostate cancer. Radiother Oncol
2018;127(1):49—61.  https://doi.org/10.1016/j.radonc.2018.
01.014.

Litgendorf-Caucig C, Fotina I, Stock M, Potter R, Goldner G,
Georg D. Feasibility of CBCT-based target and normal struc-
ture delineation in prostate cancer radiotherapy: multi-
observer and image multi-modality study. Radiother Oncol
2011;98:154—161.  https://doi.org/10.1016/j.radonc.2010.11.
016.

Mullaney LM, O’Shea E, Dunne MT, Finn MA, Thirion PG,
Cleary LA, et al. A randomized trial comparing bladder vol-
ume consistency during fractionated prostate radiation ther-
apy. Prac Radiat Oncol 2014;4(5):e203—e212. https://doi.org/
10.1016/j.prro.2013.11.006.

Pearson D, Gill SK, Campbell N, Reddy K. Dosimetric and
volumetric changes in the rectum and bladder in patients
receiving CBCT-guided prostate IMRT: analysis based on daily
CBCT dose calculation. J Appl Clin Med Phys 2016;17(6):
107—117. https://doi.org/10.1120/jacmp.v17i6.6207.

Tudor GSJ, Bernstein D, Riley S, Rimmer Y, Thomas SJ, van
Herk M, et al. Geometric uncertainties in daily online IGRT:
refining the CTV-PTV margin for contemporary photon
radiotherapy. Br Inst Radiol 2020, https://www.bir.org.uk/
publications/geometric-uncertainties.aspx.  [Accessed 27
November 2021].

Widmark A, Gunnlaugsson A, Beckman L, Thellenberg-
Karlsson C, Hoyer M, Lagerlund M, et al. Ultra-hypofractio-
nated versus conventionally fractionated radiotherapy for

(34]

(35]

(36]

(37]

(38]

(39]

[40]

prostate cancer: 5-year outcomes of the HYPO-RT-PC rando-
mised, non-inferiority, phase 3 trial. Lancet 2019;394:
385—395. https://doi.org/10.1016/S0140-6736(19)31131-6.
Meier RM, Bloch DA, Cotrutz C, Beckman AC, Henning GT,
Woodhouse SA, et al. Multicenter trial of stereotactic body
radiation therapy for low- and intermediate-risk prostate
cancer: survival and toxicity endpoints. Int J Radiat Oncol Biol
Phys 2018;102:296—303. https://doi.org/10.1016/j.ijrobp.2018.
05.040.

Chopra S, Toi A, Taback N, Evans A, Haider MA, Milosevic M,
et al. Pathological predictors for site of local recurrence after
radiotherapy for prostate cancer. Int | Radiat Oncol Biol Phys
2012;82:441—448. https://doi.org/10.1016/j.ijrobp.2011.05.035.
Arrayeh E, Westphalen AC, Kurhanewicz ], Roach 3rd M,
Jung A], Carroll PR, et al. Does local recurrence of prostate
cancer after radiation therapy occur at the site of primary
tumor? Results of a longitudinal MRI and MRSI study. Int J
Radiat Oncol Biol Phys 2012;82:787—793. https://doi.org/10.
1016/j.ijrobp.2011.11.030.

Arscott WT, Chen LN, Wilson N, Bhagat A, Kim ]S, Moures RA,
et al. Obstructive voiding symptoms following stereotactic
body radiation therapy for prostate cancer. Radiat Oncol 2014;
163:1-9. https://doi.org/10.1186/1748-717X-9-163.

Mierzwa ML, Barrett WL, Redmond K, Shirazi R, Kastl A,
Kumar N, et al. Randomized trial to assess the efficacy of
intraoperative steroid use in decreasing acute urinary reten-
tion after transperineal radioactive iodine-125 implantation
for prostate cancer. Cancer 2008;113:2605—2609. https://doi.
org/10.1002/cncr.23905.

Sacco DE, Daller M, Grocela JA, Babayan RK, Zietman AL.
Corticosteroid use after prostate brachytherapy reduces the
risk of acute urinary retention. BJU Int 2003;91:345—349.
https://doi.org/10.1046/j.1464-410X.2003.04082 .

The Royal College of Radiologists. On target 2: updated
guidance for image-guided radiotherapy. Radiother Board
2021:182.

Please cite this article as: Alexander SE et al., Prostate Volume Changes during Extreme and Moderately Hypofractionated Magnetic Resonance
Image-guided Radiotherapy, Clinical Oncology, https://doi.org/10.1016/j.clon.2022.03.022



https://doi.org/10.1007/s00066-005-<?thyc=10?>1383-x<?thyc?>
https://doi.org/10.1016/j.radonc.2018.01.014
https://doi.org/10.1016/j.radonc.2018.01.014
https://doi.org/10.1016/j.radonc.2010.11.016
https://doi.org/10.1016/j.radonc.2010.11.016
https://doi.org/10.1016/j.prro.2013.11.006
https://doi.org/10.1016/j.prro.2013.11.006
https://doi.org/10.1120/jacmp.v17i6.6207
https://www.bir.org.uk/publications/geometric-uncertainties.aspx
https://www.bir.org.uk/publications/geometric-uncertainties.aspx
https://doi.org/10.1016/S0140-6736(19)31131-6
https://doi.org/10.1016/j.ijrobp.2018.05.040
https://doi.org/10.1016/j.ijrobp.2018.05.040
https://doi.org/10.1016/j.ijrobp.2011.05.035
https://doi.org/10.1016/j.ijrobp.2011.11.030
https://doi.org/10.1016/j.ijrobp.2011.11.030
https://doi.org/10.1186/1748-717X-9-163
https://doi.org/10.1002/cncr.23905
https://doi.org/10.1002/cncr.23905
https://doi.org/10.1046/j.1464-410X.2003.04082.x
http://refhub.elsevier.com/S0936-6555(22)00177-7/sref40
http://refhub.elsevier.com/S0936-6555(22)00177-7/sref40
http://refhub.elsevier.com/S0936-6555(22)00177-7/sref40

	Prostate Volume Changes during Extreme and Moderately Hypofractionated Magnetic Resonance Image-guided Radiotherapy
	Introduction
	Materials and Methods
	Results
	5#MRIgRT
	20#MRIgRT

	Discussion
	Conclusion
	Ethics Statement
	Conflicts of Interest
	Acknowledgements
	Appendix A. Supplementary data
	References


