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Intra-fractional bladder motion and margins in adaptive radiotherapy
for urinary bladder cancer
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Background. The bladder is a tumour site well suited for adaptive radiotherapy (ART) due to large inter-fractional
changes, but it also displays considerable intra-fractional motion. The aim of this study was to assess target coverage
with a clinically applied method for plan selection ART and to estimate population-based and patient-specific
intra-fractional margins, also relevant for a future re-optimisation strategy.

Material and methods. Nine patients treated in a clinical phase II ART trial of daily plan selection for bladder can-
cer were included. In the library plans, 5 mm isotropic margins were added to account for intra-fractional changes.
Pre-treatment and weekly repeat magnetic resonance imaging (MRI) series were acquired in which a full three-dimensional
(3D) volume was scanned every second min for 10 min (a total of 366 scans in 61 series). Initially, the bladder clinical
target volume (CTV) was delineated in all scans. The t = 0 min scan was then rigidly registered to the planning computed
tomography (CT) and plan selections were simulated using the CTV_0 (at t =0 min). To assess intra-fractional motion,
coverage of the CTV_10 (at t = 10 min) was quantified using the applied PTV. Population-based margins were calculated
using the van Herk margin recipe while patient-specific margins were calculated using a linear model.

Results. For 49% of the cases, the CTV_10 extended more than 5 mm outside the CTV_0. However, in 58 of the
61 cases (97%) CTV_10 was covered by the selected PTV. Population-based margins of 14 mm Sup/Ant, 9 mm Post
and 5 mm Inf/Lat were sufficient to cover the bladder. Using patient-specific margins, the overlap between PTV and
bowel-cavity was reduced from 137 cm? with the plan selection strategy to 24 cm?.

Conclusion. In this phase II ART trial, 5 mm isotropic margin for intra-fractional motion was sufficient even though
considerable intra-fractional motion was observed. In online re-optimised ART, population-based margin can be applied
although patient-specific margins are preferable.

Many tumour sites treated with radiotherapy (RT)
display considerable internal motion during a course
of treatment. Adaptive RT (ART) is currently inves-
tigated in several institutions to account for these
changes [1-4].The urinary bladder is a highly mobile
organ and was one of the first sites where ART has
been explored clinically [5-7]. In ART, patient-
specific information from, e.g. cone beam computed
tomography (CBCT) scans is applied to individualise
the treatment allowing inter-fractional changes in the

bladder target to be accounted for. However, there
may also be considerable changes of volume, position
and shape of the bladder during delivery of each frac-
tion. Varying margins have been used to cover for
intra-fractional motion in online plan selection RT of
bladder cancer, ranging from 3 to 7 mm isotropic,
but also an-isotropic margins have been suggested
[4,5,8]. The margin needed to account for
intra-fractional changes will depend on the filling sta-
tus of the bladder and the drinking instructions
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(if applied) as well as the time interval from CBCT
acquisition to the last monitor unit (MU) is delivered
[9,10]. The introduction of treatment techniques,
such as volumetric arc therapy (VMAT) has decreased
the treatment (i.e. fraction) delivery time considerably
and thereby potentially decreased the intra-fractional
margin needed to cover the bladder. Studies have
investigated intra-fractional changes using CBCTs
acquired after treatment delivery [11]. A few studies
have used cine-magnetic resonance imaging (MRI)
scans to identify the intra-fractional bladder shape
changes, however, over time intervals up to 20-30 min
[12,13]. MRI has the advantage of being non-ionising
and ‘non-invasive’ and moreover can be acquired
repeatedly within a short acquisition time.

In our clinical phase II trial of plan selection for
bladder cancer, patients were treated with daily selec-
tion from a library of three VMAT plans, each gener-
ated with a 5 mm isotropic intra-fractional margin
[14]. The aim of this study was therefore to investi-
gate bladder motion patterns during the time frame
of a typical VMAT treatment fraction and to assess
whether target coverage was retained for the patients
treated in the protocol under the assumption that the
motion seen during the MRI scans was representative
for the motion occurring during a fraction delivery.
Furthermore, we wanted to estimate the intra-
fractional margins needed to assure target coverage
in the setting of online adaptive re-optimisation.

Material and methods

The first 10 patients included in a clinical trial of
adaptive plan selection for bladder cancer were con-
sidered for this study. One patient was excluded
because of a massively enlarged seminal vesicle. One
female and eight male patients with muscle-invasive
urinary bladder cancer (one with T4a disease) under-
went MRI scanning both pre-treatment as well as
every week throughout their course of RT. All treat-
ment sessions were delivered, and all scans were
acquired on voided bladders. Each MRI series con-
sisted of an mDixon sequence (voxel size:
0.9 X 0.9 X 1.5 mm; scan time: 40 s; Philips Ingenia
1.57T) acquired att=0, 2, 4, 6, 8, and 10 min. A total
of 366 scans were acquired in 61 series (6-7 MRI
scans per patient). Post-treatment CBCTs were
acquired on the same day as the weekly repeat MRI
series. The bladder clinical target volume (CTV) was
delineated on all MRI scans as well as the weekly
CBCTs.

Adaptive planning and evaluation of target coverage

In the ART plan selection protocol, the patients were
in the first 5 fractions treated non-adaptively, i.e. using

large population-based margins. The bladder was
delineated on the first four CBCTs and copied to the
planning CT using the online registration on bony
anatomy. From the four CBCT delineations and the
planning CT, composite CTVs were created for small-
and medium-sized plan selection volumes (PSVg_ .
and PSV,,_ .. ) [15]. PSV__, was based on the vol-
ume contained in at least two of five CTVs as delin-
eated on the planning CT and the CBCTs acquired
during the first four fractions whereas PSV__ .. was
based on the union of the same five CTVs.To account
for intra-fractional motion a 5 mm isotropic margin
was added to create the corresponding PTVs. PTVlarge
is defined as the CTV with population-based inter-
fractional margins [16]. The dose prescription was
60 Gy in 30 fractions to the bladder.

For the purpose of this study, the weekly t=0
min MRI scan of each patient was rigidly registered
by bony anatomy to the planning CT and the plan
selection procedure was performed using the blad-
der/CTV at t=0 min (CTV_0). First, the PSV__,
overlaid on the MRI was evaluated and if the CTV_0
was covered the patient was considered treated with
the small-sized treatment plan. Otherwise, the
PSSV, g4ium Was evaluated and if the CTV_0 was cov-
ered by this volume, the medium-sized plan was
selected. If neither of these two PSVs covered the
CTV_0, the large-sized treatment plan was chosen.
In very few occasions, the CTV_0 was not covered
by the PTV,, .. Using the selected plans, coverage
of the CTV at t=10 min (CTV_10) by the corre-
sponding PTV was assessed (Supplementary Figure 1,
available online at http:/www.informahealthcare.
com/doi/abs/10.3109/0284186X.2015.1062138).
Time from CBCT acquisition to last MU, defined as
session delivery time (SDT), was calculated from
timestamp data (ARIA, Varian Medical Systems,
Palo Alto, CA, USA).

Popularion-based margin calculations

For all further margin calculations, all bladder CTVs
were registered to the first scan (pre-treatment MRI
at t=0 min) and the resulting structure sets were
exported to MATLAB for analysis. The centre of the
volume for the CTV at t=0 min was used as the
centre for the CTVs at times t=2, 4, 6, 8, 10 min.
The CTVs were interpolated and represented by
spherical coordinates.

The method used to calculate population-based
margins was based on previous work of Meijer et al.
[8]. The random errors were calculated using the
following equation:
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In Equation 1, P is the number of patients, N the
number of scans per patient while r; and r,, are the
radiiin the same direction at time t = 0 and t = 10 min.

N

;i= W is the average bladder expansion
for each patient in each direction and 8]. the angle
between the normal vector on the surface of the blad-
der and the direction vector from the centre of the
bladder to the surface point. In the calculations only
bladder expansions were considered, and the few
occasions where a bladder contraction occurred the
expansion was set to zero.

The formula used to calculate the systematic

error is shown in Equation 2, where A is the average
of rjcos(d"j) for all patients:

Z _ N 2;(—7].005(&;)+Z) )
N -1 P-1

The random and systematic errors were combined
as shown in Equation 3, to give margins (m) that
ensure a minimal radiation dose of 95% to the target
for 90% of the patients [17]:

m=25Y +0.70 3)

In steps of 10 degrees (¢: —90°-90°, 0: 0°-360°), a
set of 19 X 37 points on the bladder surface was used
to estimate the margin (maps).

Parient-specific margin calculations

To estimate patient-specific margins, intra-fractional
changes in eight directions (superior, inferior, ante-
rior, posterior, left, right, sup-ant, inf-pos) were calcu-
lated. A linear regression model was applied for a
point in each of the eight directions and for each series
(an overview of the bladder movements is presented
in Supplementary Figure 2, available online at http://
www.informahealthcare.com/doi/abs/10.3109/0284186X.
2015.1062138). Second, we calculated the radial
difference between the bladder contours at t=0 min
and t=10 min, again in steps of 10° (¢: —90°-90°,
0: 0°-360°), resulting in the 19X 37 points on the
bladder surface. The patients were categorised as hav-
ing either small or large bladder expansions based on
the linear regression model together with the complete
spherical model: A patient with the 95% confidence
interval for the average linear expansion exceeding
5 mm in one or more of the directions were consid-
ered as having large intra-fractional movement.

The first two MRI-series were used to calculate
the patient-specific margins. The expansion during
the 10 min for a point in the six directions (superior,

inferior, anterior, posterior, left, right) was estimated.
If the expansion in one of the directions was larger
than 5 mm the margin for this patient was estimated
in the specific direction by linear regression. The lin-
ear model was forced through the origin. The slope
represented the bladder expansion per minute, so
this value (i.e. the slope) was multiplied by 10 to give
the expansion after 10 min. The 95% confidence
interval for the slope was used as the estimate for
patient-specific margin.

Volume of bowel cavity and rectum in the PTVs

To assess the implications for normal tissue irradia-
tion, we determined the intersection between the
PTVs resulting from the two intra-fractional margins
to be used in the re-optimisation strategy and the
bowel-cavity/rectum, and compared these to the
intersection from the PTVs applied in the actual
treatment (plan selection ART); these calculations
were performed based on the Eclipse treatment
planning system (Varian Medical Systems).

Statistics

The volumes on pre-treatment CBCT and the
CTV_0 were compared using Bland-Altman plots as
well as paired t-tests. The Bland-Altman plots showed
that the data was normally distributed.

Results

The initial bladder volume varied from 40 cm? to
340 cm?. The median volume increase between
CTV_0 and CTV_10 was 11 cm? (90% percentile:
35 cm?®). The 90% percentile of SDT for all fractions
delivered was 10 min (median: 8 min). No significant
difference between the pre-treatment CBCT and the
MRI bladder volumes were found.

In 49% of the 61 MRI sessions the CTV_10
extended more than 5 mm outside the CTV_0. Nev-
ertheless, in 59 of 61 (97%) of the cases, the CTV_10
was covered by the corresponding PTV in the plan
selection procedure. In two of the cases where
CTV_10 was outside the PTVLarge also the CTV_0O
extended outside the PTVlarge, and according to our
protocol, the patients would have been instructed to
empty the bladder before a new scan would be
acquired. A motion episode in one patient and two
episodes in a second patient resulted in transient
incomplete bladder coverage.

In the population-based margin calculation with
only the male patients included we found that mar-
gins in the superior, anterior and posterior directions
were largest; 14 mm, 14 mm and 9 mm, respectively
(Figure 1). The margins were calculated both with
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Figure 1. 2D-maps of the population-based margins, showing both
the margins for all nine patients (upper) and the margins when the
one female patient was excluded due to anatomically unexpected
motion (lower). Superior direction is found at 6 = 90° and inferior
at 6 = —90°. Anterior, posterior as well as left and right directions
are seen for 6 = 0°, with posterior at ¢ = 90°, anterior at ¢ =270°,
left at @ = 0°/360°, and right at ¢ = 180°. The top and the bottom
line of all the 2D-images describe the same point. The colour
difference describes the intra-fractional changes in mm.

and without the data from the female patient as her
data showed unexpected movements (changing the
margins with 4 mm). Approximating the margin for
the inferior, left and right directions to 5 mm, three
of the eight male patients did not have their entire
bladder covered in one of the series. For these three
cases the volume coverage ranged between 98.1%
and 99.9%.

Six of the patients were categorised as having
large bladder movements. In 10% of the scan series
bladder shifts larger than 5 mm were observed, but
only in one occasion was the movement not observable
in the 10 min scan.

Six patients had patient-specific intra-fractional
margins estimated in the directions where the blad-
der expansions exceeded 5 mm; Table I shows the
result of the linear regression, with the upper 95%
confidence interval (CI) limit of the slopes reaching
a maximum of around 1.2 mm/min. Table I also
shows the average coverage for each patient from the
second week onwards. The bladder volumes were
covered with an average of over 99%.

The intersections between the resulting PTVs
and the bowel cavity for the two re-optimisation
methods as well as the intersections between the
clinically applied plan selection are shown in
Figure 2. The average volume (range) for the three
approaches at t=10 min were 136.9 cm? (range
58.5-199.0 cm?) for plan selection, 69.0 cm? (range
20.9-136.4 cm?) for population-based margins and
24.0 cm? (range 6.4-50.7 cm?) for patient-specific
margins. The corresponding comparison for the
rectum with the three margin alternatives showed the
same trend, with 5.3 cm® (range 0.0-15.0 cm?) for
plan selection, 0.6 cm® (range 0.0-3.5 cm?) for
population-based and 0.0 cm? (range 0.0-0.3 cm?)
for patient-specific margins.

Table I. The result of a linear regression model for patient-specific margins. Margin is determined as the upper 95% CI times 10 min,
since margin should account for a 10 min interval. The bottom table shows the average bladder volume covered by PTV for each patient.
The bladders are almost completely covered, with an average of over 99%.

Patient Direction Slope (mm/min) 95% CI (mm/min) R?
1 Superior 0.45 0.28-0.63 0.46
1 Anterior 0.29 0.17-0.42 0.42
1 Right 0.41 0.26-0.55 0.41
1 Left 0.71 0.52-0.91 0.58
3 Superior 0.66 0.48-0.84 0.68
8 Superior 0.44 0.26-0.61 0.33
9 Superior 0.95 0.72-1.19 0.54
Patient 1 2 3 4 5 6 7 8 9
Not covered 0.8 1.4 0.2 1.4 0.0 0.0 0.0 0.0 0.2
bladder (cm?)
Coverage (%) 99.0 98.8 99.9 98.9 99.9 100 100 100 99.6
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Figure 2. The volume overlap between bowel-cavity and PTV
using the margin for patient-specific and population-based intra-
fractional motion as well as the PTVs used clinically in the
plan-selection strategy.

Discussion

The main finding of this study was that our clinically
used plan selection strategy resulted in good target
coverage, with CTV_10 covered by the correspond-
ing PTV in all but two of the cases. In those two cases
the CTV_0 was not covered either and in the clinical
plan selection procedure the patient would have been
asked to empty the bladder before a new CBCT
acquisition could be performed. The 5 mm margin
for intra-fractional motion used clinically was there-
fore sufficient despite that considerable intra-fractional
motion was observed. This is in contrast to a study
by Foroudi et al. that showed that a margin of 7 mm
was insufficient [18]. In the Foroudi study, the 7 mm
margin was only added to the CTV like in the re-
optimisation strategy, while in this study it is added
to the selected PSV, which always encompasses the
bladder with an additional margin. Furthermore
another reason could be that the patients in the
Foroudi study also received chemotherapy, which
increases the urine flow.

Theintra-fractional bladdermotion was examined,
and margins relevant for an online re-optimisation
calculated. All patients had intra-fractional changes
larger than 5 mm, so a 5 mm margin is unlikely to
be sufficient within a re-optimisation strategy. Some
patients had bladder displacements where the blad-
der shape and size did not change. Only in one occa-
sion of 61 was there a displacement that was not
observable in the 10 min scan, as the bladder had
moved towards the starting position. This suggests
that the margin models can be based solely on the
0 and 10 min scans.

An analysis of intra-fractional changes using
2D-maps was presented also by Lotz et al. [19].

Overall our results are comparable to those of Lotz
et al, with expansions primarily in the anterior and
posterior directions. Their two-dimensional (2D)-
maps contained the average root mean square value
of the radial difference for all the patients, showing a
maximum expansion of 20 mm in the superior-anterior
direction. This is larger than the expansions seen in
this study; the average expansions in our series was
at most 7.2 mm in the superior direction and 6.4 mm
in the anterior direction. The difference in the expan-
sions may be due to the time interval in this study
being shorter; the models in the Lotz study estimated
the bladder changes over a time interval of 30 min.

The amount of bowel-cavity in the PTV was
reduced using the re-optimisation method compared
to what was achieved with our plan selection proto-
col. The patient-specific method resulted in a 45 cm?>
reduction of the average bowel volume inside the
PTV compared to the population-based approach.
Using patient-specific margins is more time consum-
ing, as a new margin has to be calculated for each
patient. Even though only two MRI series were used,
it was possible to select the patients with large blad-
der expansions and increase the margin for these
patients. More patients are needed to confirm these
findings before the method could be used clinically.
In clinical practice the inaccuracy in the bladder seg-
mentation by deformable registration would have to
be taken into account, either by adding additional
margin or as in this study, where manual corrections
were considered. The accuracy of the deformable
image registration is important, because of the time
used for the manual corrections of the targets and
normal tissues [20].

The method used to determine the radii applied
for both margin calculations has some uncertainties,
e.g. when the data is exported to MATLAB the blad-
der contours are translated into binary matrices. Due
to the pixel size this leads to uncertainties of around
1 mm in the representation in the bladder surface.

We found that the expansion was largest in the
superior and anterior direction and this has also been
shown in other studies. Foroudi et al. [11] found that
the bladder expansion happened primarily in the
superior and anterior direction and that anisotropic
margins are necessary. The intra-fractional margins in
the Foroudi study ranged between 7 and 13 mm
across the six directions (upper confidence intervals
ranged between 9 and 15 mm), quite comparable to
the population-based margins calculated in this study.
An alternative to using population-based margin mod-
els is online MRI-guidance [21], this method has also
been investigated for cervix cancer patients [22].

It would be interesting to investigate data from
more female patients, as it appears that there could
be a difference in bladder movement for the female
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patients. It is not unlikely that a separate margin
model should be developed for female patients.

The patients in this study had a weekly post-
fraction delivery CBCT scan (on the same day as the
MRI scans) and the population-based margin-map
was also calculated for these (Supplementary Figure 3,
available online at http://www.informahealthcare.
com/doi/abs/10.3109/0284186X.2015.1062138).The
female patient had normal bladder movements on
the CBCT scans and consequently did not have a
special effect on the margin. It turned out that the
margins found using the CBCT scans were smaller
than those found based on the MRI data. The margin
map had a maximum of 11 mm without the female
patient compared to 16 mm for the margin-map
based on MRI scans.

In conclusion, this study has showed that our
clinically used plan selection strategy resulted in
good target coverage. Population-based intra-
fractional margin was found to be large in the supe-
rior and anterior directions. Patient-specific margins
for intra-fractional motion may be feasible, as we
could identify and estimate such margins from lim-
ited data from scans taken before or early in the treat-
ment. Use of patient-specific margins resulted in a
considerable reduction in the bowel-cavity volume
encompassed by the PTV.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible
for the content and writing of the paper.
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