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Radiation-induced prostate swelling during SBRT of the prostate
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ABSTRACT
Background: Reduced planning target volume (PTV) margins are commonly used in stereotactic body
radiotherapy (SBRT) of the prostate. In addition, MR-only treatment planning is becoming more com-
mon in prostate radiotherapy and compared to CT-MRI-based contouring results in notable smaller
clinical target volume (CTV). Tight PTV margins coupled with MR-only planning raise a concern
whether the margins are adequate enough to cover possible volumetric changes of the prostate. The
aim of this study was to evaluate the volumetric change of the prostate and its effect on PTV margin
during 5x7.25Gy SBRT of the prostate.
Material and Methods: Twenty patients were included in the study. Three MRI scans, first prior to
treatment (baseline), second after third fraction (mid-treatment) and third after fifth fraction (end-treat-
ment) were acquired for each patient. Prostate contours were delineated on each MRI scan and used
to assess the prostate volume and maximum prostate diameter on left-right (LR), anterior-posterior
(AP) and superior-inferior (SI) directions at baseline, mid- and end-treatment.
Results: Median (IQR) change in the prostate volume relative to the baseline was 12.0% (3.1, 17.7)
and 9.2% (2.0, 18.9) at the mid- and end-treatment, respectively, and the change was statistically sig-
nificant (p¼ 0.004 and p¼ 0.020, respectively). Compared to the baseline, median increase in the max-
imum LR, SI and AP prostate diameters were 0.8, 2.3 and 1.5mm at mid-treatment, and 0.5, 2.5 and
2.3mm at end-treatment, respectively.
Conclusion: If prostate contouring is based solely on MRI (e.g., in MR-only protocol), additional margin
of 1–2mm should be considered to account for prostate swelling. The study is part of clinical trial
NCT02319239.
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Background

Recent clinical studies have proven the feasibility of stereo-
tactic body radiotherapy (SBRT) in the treatment of localized
prostate cancer and it can be considered as an appropriate
treatment modality for low-risk and intermediate-risk pros-
tate cancer [1–4]. SBRT for high-risk prostate cancer is still
recommended only under controlled trials due to lack of
clinical evidence [5], but the overall number of SBRT treat-
ments is expected to increase rapidly.

High fraction doses of SBRT and close proximity to critical
organs such as rectum and bladder require increased preci-
sion in treatment planning and treatment execution.
Therefore, modern treatment techniques with steep dose
gradients and reduced treatment margins of 3 to 5mm are
recommended and commonly used in prostate SBRT [3,6].

Magnetic resonance (MR) imaging provides better soft tis-
sue contrast than computed tomography (CT) enabling more
accurate definition of the prostate [7,8] and is generally a
prerequisite for prostate SBRT planning. Standard way is to
use both MR and CT: MR for the target and organ at risk
(OAR) delineation and the CT image for the dose calculation
as it provides the required electron density information. CT

and MR images are registered usually using intra-prostatic
gold fiducial markers (FM). However, the CT-MR registration
includes uncertainties and is associated with an error on the
order of 2mm [9,10]. This error should be taken into account
when applying planning target volume (PTV) margins for
clinical target volume (CTV). Often the anatomy differs
between CT and MR images due to separate scanning instan-
ces and MR-based prostate definition may have to be
adjusted to include prostate borders seen in CT image
[11,12]. These limitations could be avoided by implementing
MR-only treatment planning where CT scan is replaced with
synthetic CT (S-CT) constructed from MR images scanned at
the same imaging session as the planning MR images. MR-
only planning has been introduced already for many years
ago [13] and along with technological advancements it has
gained special interest during the last decade [14–16]. MR-
only based radiotherapy for prostate cancer has been clinic-
ally implemented [17–20] and owing to the emergence of
commercial solutions for S-CT generation [21–24], it can be
anticipated that the use of MR-only planning will increase.

Increased accuracy of MR-only protocol encourages to
adapt the technique also for prostate SBRT. However, accur-
ately delineated target volume coupled with reduced PTV
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margins raises a question of adequacy of the margins as the
current knowledge on treatment efficiency is resulting from
treatments executed with CT-based or CT-MR-based plan-
ning. Prostate volume is significantly smaller when delinea-
tion is based on MRI or combined use of MRI and CT instead
of CT only: the reported ratio of the prostate volume
between CT and MRI is 1.2–1.5 and the differences in pros-
tate contours can be up to 6–8mm at the apex and base of
the prostate and smaller elsewhere [7,11,25,26]. When apply-
ing tight PTV margins around MR-only derived prostate,
changes in prostate shape and size or prostate intrafraction
motion, or the combination of both, may compromise target
dose coverage at the treatment.

King et al. [27] utilized intraprostatic transponders to cal-
culate prostate volumes at various time points throughout a
conventionally fractionated treatment course and found that
the prostate volume increases for most patients during the
initial phase of the course after which it decreases signifi-
cantly by the last day of the treatment. Maximum increase
averaging 6.1% occurred at a median of seven days into the
treatment [27]. Gunnlaugsson et al. [28] observed significant
prostate swelling during and after an extremely hypofractio-
nated treatment and came to a conclusion that the swelling
would require up to 2mm extra margin if prostate was
defined solely on MRI. The patients of the study were treated
according to HYPO-RT-PC study protocol with 7� 6.1 Gy frac-
tions, large 7mm PTV margins and CTV delineation based on
CT [28]. The purpose of the current study was to examine
prostate volume changes and evaluate their effect on PTV
margins when using more common 5� 7.25 Gy fractionation
and modern treatment technique with tighter 5mm PTV
margins – and confirm the results of Gunnlaugsson et al. [28]
at the same time.

Material and methods

Patients and treatment planning

Twenty prostate patients treated between April 2016 and
October 2017 were included in the study, which was part of
a clinical trial (ClinicalTrials.gov NCT02319239). Inclusion crite-
ria for the trial were: men up to 85 years of age with a
biopsy-proven localized T1c-T2cN0M0 prostate carcinoma
with one or two of the following intermediate risk factors:
T2b-T2c, Gleason score 7 or prostate specific antigen (PSA)
10–20 ng/mL. Prostate cancer–specific exclusion criteria were
the need for androgen deprivation therapy (ADT) or trans-
urethral resection of the prostate (TURP). Other exclusion cri-
teria included hip prosthesis, previous pelvic RT and another
active malignancy in the previous five years. Median (range)
age of the patients in this study was 70 (63–75) years with
mean (range) psa of 9.98 (4.3–19.1) ng/mL. Four patients had
Gleason score 3þ 3, fifteen 3þ 4 and one 4þ 3.

Patients were treated according to our clinical protocol
for prostate SBRT, with 5� 7.25Gy fractionation using two-
arc volumetric modulated arc therapy (VMAT) technique and
10MV flattening filter free (FFF) beams. Treatments were car-
ried out with Varian TrueBeam STx linac (Varian Medical
Systems, Palo Alto, CA). Three gold seed fiducial markers

(FM) (Gold lock 3, Beam Point AB, Sweden) were implanted
into the prostate median 8 days prior to planning MRI and
CT. CTV was prostate and the proximal 5mm of seminal
vesicles (SV). The delineation was based on both the plan-
ning MRI and the CT images, both having 2mm slice thick-
ness. The PTV was formed adding 5mm isotropic margin
around the CTV. Target and risk organ delineation as well as
dose optimization and calculation were made with Eclipse
treatment planning system (TPS) (Varian Medical Systems,
Palo Alto, CA), version 13.6. Dose was normalized so that the
PTV mean dose was 100% of prescribed dose. Dose to the
95% volume of the PTV had to be at least 95% of the pre-
scribed dose and maximum allowed PTV dose was 105% of
the prescribed dose. Simultaneously, urethra region was
spared by optimizing 7Gy per fraction to urethra planning
risk volume (PRV). Urethra PRV was formed by drawing 8mm
diameter circular margin around the center point of the
urethra on each axial MRI slice. Treatment localization con-
sisted of CBCT for checking of bladder and rectum filling sta-
tus after which the position was confirmed and if necessary
adjusted for intrafraction prostate motion with FM based
orthogonal kV imaging. Additional kV-image pair was
acquired between the treatment arcs for checking and
adjusting of any intrafraction motion occurred during the
first treatment arc.

Prostate volume analysis

Changes in prostate volume during the treatment course
were assessed by analyzing MRI images: in addition to the
planning MRI (baseline), two additional MRI scans were
acquired after the third (mid-treatment) and fifth (end-treat-
ment) fractions. The MRI system used was 3 T Siemens Trio-
Tim. Axial T2-weighted turbo spin echo (TSE) images (FOV
200� 200mm, resolution 0.625� 0.625mm, 2mm slice thick-
ness) were used for the prostate contouring and the con-
touring was done by the same radiation oncologist for all
patients and images. The delineation was carried out in
Eclipse TPS (Varian Medical Systems, Palo Alto, CA) as for the
treatment planning. For prostate volume analysis, the pros-
tate was contoured as prostate gland only, without the SVs
and the contouring was done similarly for baseline, mid-
treatment and end-treatment MRI scans each, totaling 60 dif-
ferent prostate structures. To reduce possible variation in
contouring over time, the contouring was carried out in two
working periods, dedicated solely for this purpose. Volume
and maximum diameter of the prostate in anterior-posterior
(AP), superior-inferior (SI) and left-right (LR) directions were
recorded from the contoured images. The volume and max-
imum diameters from mid- and end-treatment MRI images
were compared to the values obtained from the baseline
MRI images. To check possible bias in contouring, 10 ran-
domly selected MRI images were re-contoured by the same
radiation oncologist in a subsequent session and the
obtained volumes were compared to previously assessed val-
ues. Wilcoxon signed rank test was used to test the signifi-
cance of the differences in prostate volume and maximum
diameter relative to the baseline. Kruskal–Wallis test was
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used to test whether the swelling of the prostate was aniso-
tropic. Normality of the volume and maximum diameter dis-
tributions was tested with Shapiro–Wilk test. Significance
level in all tests was p< 0.05.

Results

Mean (±SD) prostate volumes were 37.6 ± 11.7, 41.9 ± 14.1
and 40.7 ± 13.3 cm3 at baseline, mid-treatment and end-treat-
ment, respectively (Figure 1). Median (interquartile range
(IQR) in brackets) change in prostate volume relative to the
baseline was 12.0% (3.1, 17.7) and 9.2% (2.0, 18.9) at the
mid- and end-treatment, respectively. Mean (±SD) change in
the volume was 11± 13% and 8±13% at the mid- and end-
treatment, respectively. The change in prostate volume was
statistically significant at the mid- (p¼ 0.004) and end-treat-
ment (p¼ 0.020). Prostate volumes at baseline, mid-treat-
ment and end-treatment for each individual patient are
shown in Table 1. Compared to the baseline, prostate vol-
ume was larger for 16 and 15 patients after the third and
fifth fractions, respectively (Figure 2). Figure 3 presents rela-
tive prostate volume at mid- and end-treatment as a func-
tion of baseline prostate volume. Correlation between initial
prostate volume and changes in prostate volume was not
found. Prostate volumes assessed from 10 randomly selected
and re-contoured MRI images correlated well with the ini-
tially determined values (coefficient of determination R2 ¼
0.987) (Supplementary Figure S1). Mean difference between
re-contoured and initially determined volumes was �0.7 cm3

(�1.2%), which correspond to �0.2mm mean change (range
�1.4mm, 1.0mm) in prostate diameter, if prostate was
assumed as a sphere.

Compared to the baseline, median increase in the max-
imum LR, SI and AP prostate diameters were 0.8 (�0.3, 2.0)
(p¼ 0.135), 2.3 (0.9, 4.0) (p¼ 0.025) and 1.5 (0.0, 3.5) mm
(p¼ 0.009) at mid-treatment, and 0.5 (�1.6, 1.5) (p¼ 0.686),
2.5 (0.0, 4.0) (p¼ 0.038) and 2.3 (0.4, 2.7) mm (p¼ 0.010) at
end-treatment, respectively (IQR in brackets) (Figure 4). Mean
(±95% CI) increase in the maximum LR, SI and AP diameters
were 0.7 ± 0.9, 1.7 ± 1.4 and 1.7 ± 1.1mm at mid-treatment

Figure 1. Prostate volume at baseline, mid- and end-treatments. The box limits
represent the median and 25th and 75th percentiles and the cross shows the
mean value. The whiskers extend up to the largest values that are less than or
equal to 1.5 times the interquartile range or down to the smallest values that
are larger than 1.5 times the interquartile range. Dots outside the whiskers rep-
resent outliers.

Table 1. Prostate volumes assessed from MRI images prior to treatment
(baseline) and after the third (mid-treatment) and fifth (end-treatment) frac-
tions for each patient.

Baseline
Mid-treatment End-treatment

Patient
Volume
[cm3]

Volume
[cm3]

Relative
volume

Volume
[cm3]

Relative
volume

1 34.0 37.9 1.11 35.0 1.03
2 43.8 43.0 0.98 45.0 1.03
3 32.1 38.0 1.18 34.0 1.06
4 45.9 61.4 1.34 55.8 1.22
5 32.3 37.5 1.16 40.2 1.24
6 33.0 32.8 0.99 30.9 0.94
7 33.6 36.8 1.10 35.2 1.05
8 36.4 37.7 1.04 43.2 1.19
9 43.3 50.3 1.16 51.7 1.19
10 28.8 32.9 1.14 32.4 1.13
11 34.0 27.0 0.79 26.1 0.77
12 28.3 29.9 1.06 28.2 1.00
13 31.5 32.0 1.02 29.3 0.93
14 32.3 35.7 1.11 34.0 1.05
15 53.3 68.9 1.29 61.8 1.16
16 20.6 23.2 1.13 24.1 1.17
17 65.9 62.2 0.94 59.2 0.90
18 32.9 40.7 1.24 40.9 1.24
19 63.1 74.1 1.17 73.6 1.17
20 27.3 36.3 1.33 33.8 1.24
Mean 37.6 41.9 1.11 40.7 1.08
SD 11.7 14.1 0.13 13.3 0.13
Median 33.3 37.6 1.12 35.1 1.09

Mid- and end-treatment volumes relative to the baseline are also presented.
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Figure 2. Change in prostate volume relative to baseline (¼1) for each
patient (n¼ 20).

Figure 3. Prostate volume at the mid- and end-treatment relative to the base-
line, as a function of baseline prostate volume.
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and 0.2 ± 1.0, 1.9 ± 1.4 and 1.5 ± 0.9mm at end-treatment,
respectively. All directions and mid- and end-treatment con-
sidered, in 90% (108/120) of the cases, swollen prostate
would have been covered with 2mm additional isotropic
margin. Based on the Kruskal–Wallis test, there was not sig-
nificant difference in prostate swelling (maximum diameter
change) between different directions neither at the mid-
treatment (p¼ 0.158), nor at the end-treatment (p¼ 0.064).

Discussion

The results of this study indicate that the prostate volume
increases during the 5� 7.25 Gy ultrahypofractionated treat-
ment and the increase is statistically significant. The
increased volume at the mid-treatment seems to decrease
toward the end of the treatment but is still larger than at
the planning phase, prior to treatment. These results confirm
the findings of Gunnlaugsson et al. [28] about the prostate
volume increase during the 7� 6.1 Gy ultrahypofractionated
treatment. Compared to the baseline, they observed 14%
mean increase at mid-treatment and 9% mean increase at
end-treatment. The findings of this study are very similar,
with 11% mean (12% median) and 8% mean (9% median)
volume increase at mid- and end-treatment, respectively. In
a recent article, Ma et al. studied prostate volume changes
during MRI-guided ultrahypofractionated treatment with
5� 8Gy fractionation, and found median volume increase of
0.1, 9.0, 12.1, 15.1 and 14.2% at fractions 1–5, respectively
[29]. As in our study (Figure 3), volume increase did not
depend on baseline volume, which itself was significantly
affected if hormonal treatment was used [29]. On the other
hand, the use of ADT was associated with significantly
smaller volume increase than without ADT [29]. Compared to
our study, Ma et al. found larger prostate swelling at end-
treatment. It can be pondered whether this is due to larger
dose per fraction used in their study. Median prostate swel-
ling of 9.1–9.5%, depending on the observer, between the
first and subsequent fractions during 5� 7.25 Gy prostate
treatment has been reported also in another study using
MRI-linac for the treatment [30].

Previous findings of prostate volume increase in conven-
tionally fractionated prostate radiotherapy [27] indicate, that
the radiation-induced prostate swelling is not only related to
the high doses per fraction but the phenomenon seems to
be greater with ultrahypofractionation. The swelling of the
prostate seems to reach its maximum at the 3rd–4th fraction
of 5-fraction ultrahypofractionated treatment given every
other day which correspond to the findings with conven-
tional fractionation given every day [27–29]. The cause of the
radiation-induced prostate swelling is not clear, but it may
be associated with inflammation [29].

Based on the analysis of the maximum prostate diameters,
the increase was largest at SI and AP directions and a bit
smaller in LR direction. However, the differences between the
directions were not statistically significant and agree with previ-
ous findings of isotropic increase in prostate volume [29]. Also
the scale of the observed maximum diameter change was simi-
lar to previous findings, although Gunnlaugsson et al. observed
no change in lateral maximum prostate diameter [28,29].
Gunnlaugsson et al. suggested that up to 2mm margin exten-
sion could be needed to account for prostate swelling [28]. On
the other hand, the dosimetric analysis of Ma et al. showed
that despite the changes in prostate volume, 2mm PTV margin
was enough to secure at least 95% of the target volume to
receive 95% of the prescription dose for 94% of the fractions.
However, for proximal 1 cm of SVs, this criterion was fulfilled
only for 59% of fractions [29]. SV interfractional motion and
deformation larger than that of prostate are known phenom-
ena and generally require larger margins than prostate gland
[31–34]. SVs were not included in the prostate volume analysis
in the current study. The analysis of Ma et al. ignores other fac-
tors affecting treatment margins and dose coverage such as
prostate intrafraction motion or the accuracy of the technical
equipment used for treatment localization and irradiation [29].
However, all of these factors add to the total geometric uncer-
tainty of the treatment and should be considered carefully,
when applying PTV margins in ultrahypofractionated prostate
radiotherapy. This is especially important when converting
from CT-MR-based planning to MR-only treatment planning, as
the same margin would cover smaller volume in MR-only and

Figure 4. Change in maximum prostate diameter at mid- and end-treatment, relative to the baseline. The box limits represent the median and 25th and 75th per-
centiles and the cross shows the mean value. The whiskers extend up to the largest values that are less than or equal to 1.5 times the interquartile range or down
to the smallest values that are larger than 1.5 times the interquartile range. Dots outside the whiskers represent outliers.
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would not be as forgiving as for CT-MR-based planning.
Margins required to account for intrafraction prostate motion
depend greatly on localization method used and the duration
of the treatment [35–37]. Intrafraction imaging or electromag-
netic tracking and beam gating could be used to reduce the
treatment margins and mitigate the effect of prostate motion.
However, only recently introduced MR-linacs could provide
exact information also from the prostate shape and size in
treatment situation and if necessary, can be used for on-line
adaptive radiotherapy [38,39]. The problem in daily adaptive
planning is that it is still very time consuming and its benefit is
counteracted by the volume changes in bladder and rectum
and prostate intrafraction motion [40]. For now, MR-linacs are
not widely available, but future development of the MRI-linacs
and adaptive planning procedures could lead to wider imple-
mentation of the technique.

Additional margins needed to cover the prostate swelling
can roughly be approximated by assuming prostate as a
sphere. Its radius corresponding to a mean baseline volume
observed in this study (37.6 cm3) would be 2.08 cm. Increase
of 10% and 15% in volume results in 2.15 cm and 2.18 cm
radiuses, respectively. In other words, 1mm extra margin
would cover 15% prostate swelling in this ideal case. In this
study, in 90% of the cases, prostate contours would have
been covered with 2mm additional isotropic margin, if the
prostate swelling was assumed to be symmetrical about the
main direction axes. As the magnitude of the swelling
depends on the phase of the treatment course, the extra
margin should be time dependent. Choosing a fixed margin
could be suboptimal with regard to OAR exposure at the first
1–2 fractions. Altogether, when considering MR-only based
treatment planning for ultrahypofractionated prostate radio-
therapy, additional margin of 1-2mm should be considered
to account for prostate swelling.

As the larger margin size increases the dose to the nearby
OARs, the margin should be kept as low as possible by accur-
ate treatment localization, intrafraction imaging and shorten-
ing the treatment time by using modern treatment
techniques such as VMAT and FFF beams. As the prostate
intrafraction motion is non-Gaussian and its probability
increases with time, optimal treatment margins would be
non-isotropic, based on the observed motion pattern and dur-
ation of the treatment if intrafraction imaging-based beam
gating is not an option [35,41,42].

Large variation was characteristic of both the measured
change in prostate volume and maximum diameter, which
could indicate the difficulty of defining prostate contours
even from the MRI images. Prostate or patient motion during
the imaging affects negatively the MR image quality and this
was seen with two patients (patient number 17 and 18). For
patient number 11, a notably smaller prostate volume than at
the baseline was measured at the mid- and end-treatments.
The patient had almost empty bladder at the baseline MR,
whereas it was extremely full at the mid- and end-treatment
MR scans. This could have caused pressure on the prostate
resulting in a compressed volume. However, more detailed
analysis of prostate deformation was out of scope of
this study.

One of the limitations of the study was small sample size
which was due to limited MRI resources. Another limitation was
that the delineation was made by single oncologist, and there-
fore, we could not determine the effect of inter-observer vari-
ability on the observed prostate volume changes. On the other
hand, this ensured that the measured prostate volumes for sin-
gle patient were not affected by the inter-observer variation.
Possible bias in contouring was checked by re-contouring ten
randomly selected MRI images and comparing the obtained
prostate volumes to initially determined values. Newly and ini-
tially assessed values correlated well, which suggests that the
results obtained in this study are not biased. Small differences
between the values can be explained by intraobserver variabil-
ity, which can be as large as 3mm at various points (e.g., pros-
tate apex or base of the SVs) around the prostate [7].
Dosimetric effect of the volume changes were not assessed in
this study, but as mentioned before, accurate simulation of the
dosimetric effect would require motion-including dose recon-
struction [43], which was out of scope of this study. Future
investigation would include the determination of the combined
effect of prostate volumetric changes and intrafraction prostate
motion on prostate dose coverage.

Conclusions

The findings of this study indicate that the prostate volume
increases during the 5� 7.25Gy ultrahypofractionated radio-
therapy treatment and the change in the volume is statistic-
ally significant. Swelling of the prostate was less pronounced
in LR direction than in SI and AP directions but statistically sig-
nificant differences between the directions were not found.
Additional 1–2mm margin to cover the prostate swelling
should be considered, especially if the treatment planning is
MR-only based. However, the uncertainty related to the pros-
tate swelling should be taken into account when determining
appropriate margins regardless of the planning method used.
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