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ABSTRACT

Background: In patients diagnosed with rectal cancer, dose escalation is currently being investigated in a
large number of studies. Since there is little known on gross tumor volume (GTV) inter-fraction motion for
rectal cancer, a wide variety in margins is used. Purpose of this study is to quantify GTV inter-fraction
motion statistics on different timescales and to give estimates of planning target volume (PTV) margins.
Material and methods: Thirty-two patients, diagnosed with rectal cancer, were included. To investigate
motion from week-to-week, 16 patients underwent a pretreatment and five weekly MRIs, prior to a radio-
therapy (RT) fraction of the chemoradiotherapy treatment. To investigate motion from day-to-day, the
remaining 16 patients underwent five daily MRIs before each fraction in one week of RT. GTV was
delineated on all scans according to guidelines. Scans were aligned on bony anatomy with the first MRI.
For both datasets separately, GTV inter-fraction motion was determined based on center-of-gravity dis-
placement. Therefrom, systematic and random errors were determined in left/right (LR), anterior/posterior
and cranial/caudal (CC) direction. PTV margin estimates were calculated and evaluated on GTV coverage.
Results: Systematic and random errors were found in the range of 2.3-4.8mm and 1.5-3.3mm from
week-to-week, and 1.8-4.5mm and 1.8-4.0 mm from day-to-day, respectively. On both timescales, simi-
lar motion patterns were found; the most motion was observed in CC whilst the least motion was
observed in LR. On the week-to-week data more systematic and less random motion was observed
compared to the day-to-day data. Overall, only slight differences in margin estimates were found.
Derived PTV margin estimates were found to give adequate GTV coverage.

Conclusion: GTV inter-fraction motion, on a week-to-week and day-to-day timescale, can be
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accounted for using motion statistics presented in this study.

Introduction

Patients diagnosed with locally advanced rectal cancer receive
neo-adjuvant chemoradiotherapy (CRT) prior to total mesorec-
tal excision surgery. A typical example of neo-adjuvant CRT con-
sists of 25 fractions of 2Gy in 5 weeks combined with
capecitabine, 10-12 weeks prior to surgery. The purpose of CRT
is to reduce the chance for local recurrence and to downsize
the tumor. After CRT, around 15% of patients have a patho-
logical complete response (pCR) and these responders have a
better long-term prognosis compared to non-responders [1,2].
For complete responders, surgery might be safely omitted to
improve quality of life [3]. The percentage of pCR can be
increased by giving an additional boost dose to the gross tumor
volume (GTV) [4]. This is currently being investigated in a large
number of clinical trials [5-12]. For the studies where the boost
is delivered using external beam radiotherapy (RT), the boost

dose is either delivered over a period of weeks; in a simultan-
eous-integrated boost (SIB) during five weeks of standard CRT.
Or over a period of days; within one week in a sequential boost,
prior or post standard RT.

For adequate and safe boost dose delivery, an insight in
the motion and deformation of the GTV is needed, either
from week-to-week or from day-to-day, depending on the
chosen boost strategy. This insight allows to develop pos-
ition correction protocols and determines planning target
volume (PTV) margins or investigates the use of adaptive
strategies, thereby lowering the dose to the organs at risk
(OAR) while maintaining GTV dose coverage. Unfortunately,
little is known about the inter-fraction motion of the GTV,
mainly due to its poor visibility on computed tomography
(CT) and cone-beam CT. In contrast to CT, magnetic reson-
ance imaging (MRI) provides excellent visibility of the GTV
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due to superior soft-tissue contrast [13]. It is therefore a suit-
able candidate for motion assessment of rectal tumors [14].
However up to now, no inter-fraction motion assessment
was performed based on MRI for the GTV in rectal cancer.

In absence of GTV motion statistics a wide range of GTV
margins are being used in ongoing boost trails, between 7
and 30 mm [6-12]. Substantiated GTV margins could improve
these boost treatments by ensuring coverage of the GTV by
the boost dose at minimal toxicity.

Purpose of this study is to quantify GTV inter-fraction
motion using MRI in rectal cancer patients, both on a day-to-
day and week-to-week timescale and to give estimates of
GTV-PTV margins to account for this motion.

Material and methods
Patient data

For the purpose of this study we analyzed 32 patients diag-
nosed with rectal cancer. Half of these patients were imaged
on a week-to-week timescale; imaged weekly during five
weeks of CRT. On these data tumor motion can be investi-
gated during five weeks of treatment, similar to the time-
period over which a typical SIB approach is delivered. The
other half of the patients were imaged on a day-to-day time-
scale; imaged daily during one week of RT. On these data
tumor motion can be investigated during one week, similar
to most sequential boost approaches. Both the week-to-
week and day-to-day datasets were analyzed separately.

For the week-to-week dataset, 16 patients were included;
15 male/1 female, TNM-stages; T2-4, NO-2, MO-1 and a mean
age of 59.8 years (range: 37-73 years). These patients under-
went a long-course of CRT (25 times 2Gy in five weeks),
according to standard clinical practice in our hospital. For
this dataset, repeated MRI scans were performed weekly. The
first MRI scan, which we consider the reference MRI (MRl,f)
was taken at the time of the pretreatment planning CT.
Furthermore, five additional MRI scans were taken weekly, at
the end of each week of treatment, prior to a RT fraction.
For two patients, one of the weekly MRI scans could not be
performed due to logistical reasons, resulting in a total of 94
MRIs in the week-to-week dataset.

For the day-to-day dataset, 16 patients were included; 13
male/3 female, TNM-stages T2-3, NO-1, MO-1), with a mean
age of 60.4 years (range: 43-72 years). These patients under-
went a short-course of RT (5 times 5 Gy in one week), accord-
ing to standard clinical practice in our hospital. For this
dataset, repeated MRI scans were performed daily during
one week. The first MRl scan was considered the reference
MRI (MRIl,.f) and was taken at the time of the first treatment
fraction. Four additional MRI scans were taken daily, prior to
each treatment fraction. For four patients, one of the daily
MRI scans could not be performed due to logistical reasons,
resulting in a total of 76 MRIs in the day-to-day dataset.

All patients were asked to empty their bladder and drink
400 cc of water, one hour prior to each MRI scan. A total of
170 MRI scans were obtained in treatment position (supine)
for analysis. For this study, the T2-weighted (T2w) scans were
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Figure 1. An example from the week-to-week dataset where the GTV delinea-
tions of all repeated MRIs are projected on MRl Delineation of pretreatment
scan (MRl,ef) is in red, the delineations of the repeated MRIs of week 1-5 are in
red, purple, yellow, green, cyan and orange, respectively.

used. On every T2w scan, GTVs were delineated by an expe-
rienced radiation oncologist. Tumor delineation uncertainty
was previously investigated in a separate study [13]. All scans
were acquired in, by the hospital medical ethical review
board approved, studies. These studies are registered under
the numbers NL31131.041.10 and NL29622.041.09 for the
week-to-week and day-to-day dataset, respectively. Written
informed consent was acquired from all patients prior
to enrollment.

Image acquisition

MRI was performed in treatment position (supine), using a flat
table-top, with the imaging plane in the transverse direction.
For the week-to-week dataset, MRl was performed on a 3T
MRI scanner using a 32 element coil (either an Achieva 3TX
with SENSE cardiac coil or an Ingenia Wide-bore with
FlexCoverage Anterior+ Posterior coil, both Philips Medical
Systems, Best, The Netherlands). For the Achieva system, T2w
imaging was acquired on a resolution of 0.47 x 0.47 mm?, slice
thickness of 3mm and the number of slices was 50. A repeti-
tion time (TR) of 9403 ms and an echo time (TE) of 110ms
were used. For the Ingenia system, T2w imaging resolution
was 0.82 x 0.82mm?, slice thickness of 3mm, and the number
of slices was 70. The TR was 5627 ms and the TE was 110 ms.
For the day-to-day dataset, MRl was performed on a 1.5T
MRI scanner using a four element body coil (Gyroscan NT
Intera with SENSE body coil, Philips Medical Systems, Best, The
Netherlands). T2w imaging was acquired on a resolution of
0.62 x 0.62mm?, slice thickness of 4mm, and the number of
slices was 30. A TR of 3713 ms and TE of 120 ms were used.

Image registration

To evaluate residual target motion after online position cor-
rection on bony anatomy, all repeated MRIs were registered
to the MRl using a rigid registration method from the
Elastix toolkit [15], allowing translations as well as rotations.
All delineations were projected on the MRI,; as shown in
Figure 1. Visual inspection showed errors in bony alignment
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Table 1. Average GTVs in time for the day-to-day and week-to-week timescales.

Day-to-day Day 1 Day 2 Day 3 Day 4 Day 5

Mean volume (SD) 12.3 (8.0) 12.7 (8.9) 12.4 (8.0) 12.7 (8.7) 11.7 (8.9)

Range 3.9-29.0 2.7-34.5 2.9-30.2 2.8-334 2.7-27.5

Week-to-week Pretreatment Week 1 Week 2 Week 3 Week 4 Week 5
Mean volume (SD) 54.0 (32.8) 48.0 (29.1)* 37.4 (23.5)* 31.2 (20.6)* 27.4 (18.4)* 21.1 (14.5)*
Range 17.2-143.6 15.0-133.5 6.6-106.6 5.7-84.5 5.7-77.5 4.9-57.9

Significant differences in GTVs compared to initial GTVs are indicated by “*' (two-sided paired t-test; p <.01). All volumes are in cc.

to be limited to 1 voxel. These errors were neglected for the
purpose of this study.

Inter-fraction motion characterization

With all repeated MRIs registered to its MR, relative inter-
fraction displacement can be quantified. To derive motion
statistics, the following analysis was performed for both the
week-to-week and day-to-day dataset separately.

For all the aligned delineations, center-of-gravity (COG)
was determined. Next, the distance vectors between the
COG of delineated GTVs on the MRl and all the repeated
MRI scans were determined. These distance vectors were
then decomposed into distances in left/right (LR), anterior/
posterior (AP) and cranial/caudal (CC). Per patient, mean (p)
and standard deviation (s) of these distances were calculated
over time. The group mean error (GM) and systematic error
(X) were calculated by taking the mean and standard devi-
ation over p; the mean distance per patient, respectively.

The random errors (o) were calculated by taking the root
mean square over s; the standard deviation of the distances
per patient [16]. In this way group mean, systematic and ran-
dom errors in GTV position were determined. This was done
in, respectively, LR, AP and CC direction, both for the week-
to-week and day-to-day data, separately. Stability of
delineated GTVs was evaluated. Therefore, for both the
week-to-week and day-to-day dataset, data were checked for
normality and pairwise compared using a two-sided paired t-
test between delineations of the MRl and repeated MRIs. P
values below.05 were considered as significant.

Margin evaluation

Estimates for PTV margin expansions were calculated for the
GTV for both the week-to-week and day-to-day dataset,
using the margin recipe by van Herk et al. Mppn =
25%xX+40.7x0g; with £ the systematic and ¢ the random
population error in mm [16]. PTV margin estimates were
evaluated on target coverage of the GTV for the week-to-
week and day-to-day dataset separately. This was done by
adding the margins to the MRl delineation to create the
PTV. We evaluated the coverage by determining the amount
of repeated MRI GTV delineations that were covered by this
PTV for 95% of their volume. We consider a PTV margin that
results in a GTV overlap of 95%, in 90% of all cases
as adequate.

Table 2. GTV motion statistics for week-to-week and day-to-day timescales,
i.e., motion within five weeks of CRT and one week of RT, respectively.

Week-to-week Day-to-day
AP LR cC AP LR CC
GM —1.2 1.1 —04 —-0.5 0.0 0.9
2 3.6 23 4.8 3.0 1.8 4.5
z 25 1.5 33 3.7 1.8 4.0
Mpry 10.8 6.8 14.3 10.1 5.8 14.1

GM is the group mean error, X is the systematic error and ¢ is the random
error. The PTV margin: Mpry as in ‘Margin Evaluation’ section. All values are
in mm.

Results

The average GTV (range) on the pretreatment scan was
540ml (17.2-143.6ml) for the week-to-week dataset and
12.3ml (3.9-29.0 ml) for the first scan of the day-to-day data-
set. Furthermore, significant reduction in GTV was found
between the MRIs and repeated weekly MRIs in the week-
to-week dataset, but not for the day-to-day dataset. A com-
plete overview of GTVs in time can be found in Table 1.

The analysis of COG displacement of the GTV after online
bony anatomy position verification, showed the following
patterns. The least random and systematic motion was found
in LR and the most random and systematic motion was
found in CC direction, both from week-to-week and from
day-to-day. Overall similar patterns were found in both the
week-to-week and day-to-day datasets. When comparing
them, larger systematic and smaller random errors were
found from week-to-week compared to day-to-day. Overall,
slightly larger treatment margins are required from week-to-
week compared to day-to-day. A complete overview of
motion statistics and margin estimates can be found in
Table 2.

PTV margin estimates were evaluated on overlap of PTV
and GTV. For both the week-to-week and day-to-day data,
boost PTV margins achieved adequate target coverage, i.e.,
PTV overlapped more than 95% of the GTV in more than
90% of all cases. For 90% of all cases a PTV coverage of
99,9% and 97,2% was achieved, on the week-to-week and
day-to-day timescale, respectively (see Figure 2).

Discussion

This is the first study to investigate rectal tumor inter-fraction
motion using MRI. The purpose of this study was to investi-
gate rectal tumor inter-fraction motion on different time-
scales; from week-to-week and from day-to-day. These
motion statistics can be used to develop tumor boost proto-
cols with substantiated tumor margins, for both integrated
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Figure 2. Evaluation of GTV-PTV margin estimates for both the week-to-week
and day-to-day timescale. GTV-PTV margins were calculated using the van Herk
recipe and were evaluated on GTV overlap. For the PTV margins to be
adequate, 95% target overlap in 90% of all cases was required (indicated by
the dashed lines). Note that margin evaluation on target overlap is more strict
than on dose coverage.

boost techniques as well as sequential boost techniques
prior to standard treatment.

In this study, residual errors after an online correction on
bony anatomy were quantified for two different timescales.
Systematic and random errors between 2.3-48 and
1.5-33mm for the week-to-week and 1.8-4.5 and
1.8-4.0 mm for the day-to-day timescale were found, respect-
ively. The only study that quantified tumor inter-fraction
motion for rectal cancer, a CT-based week-to-week study by
Brierley et al. [17], reports systematic errors between 1.9 and
4.5mm and random errors between 2.0 and 6.3 mm for dif-
ferent geometrical directions. Although patients in that study
were scanned in prone on CT and our patients in supine
position on MRI, quite similar systematic errors were found.
However, they do find larger random errors, which might be
explained by uncertainties in GTV assessment on CT or by
the lower number of samples per patient; three in their
study vs. five/six in our day-to-day/week-to-week dataset.

When comparing week-to-week and day-to-day results,
we find more systematic and less random errors for the
week-to-week data as compared to the day-to-day data.
Therefore, slightly larger margins are needed for the week-
to-week dataset; on average only 0.6 mm larger. These differ-
ences can be explained on the one hand by the difference in
time-period between the two groups. Over the course of
CRT radiation effects are starting to take place, which are
not, or in lesser extent taking place during one week of RT.
We observed no tumor regression on the day-to-day time-
scale during RT, whereas on the week-to-week timescale
tumor regression during CRT was found. The latter was also
shown by Van den Begin et al. [18]. Also rectal volume tends
to decrease after two to three weeks of CRT whereas this is
not observed during one week of RT [19,20]. This could lead
to increased systematic errors. Another explanation for the
differences could be the large difference in tumor size. The
smaller tumors in the day-to-day dataset might be more
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mobile which could explain the larger random errors for
this group.

We derived margin estimates, based on motion statistics
presented in this study, on both a week-to-week and day-to-
day timescale. These margins were evaluated on tumor
coverage by the PTV, which is more strict than evaluation on
(total) dose. Nevertheless, high GTV coverage percentages
were achieved by the PTV throughout the time of treatment.
Although the PTV margins were evaluated on the same data
they were derived from, we believe the evaluation proves
that the derived sets of motion statistics are a good descrip-
tion of the motion present in the datasets. Ideally, presented
motion statistics should be evaluated on a separate repeated
MRI dataset.

GTV inter-fraction motion statistics, as presented in this
study, can be used to derive margins for dose escalation in
clinical practice. Currently, dose escalation studies use mar-
gins ranging from 7 to 30 mm. However, applying the tumor
motion data from this study, tumor margins can be reduced
considerably. Potentially allowing for an even higher boost
dose or lowering the dose to OAR.

The day-to-day GTV motion data presented in this study
is based on a situation where no tumor regression takes
place. Therefore, these data are applicable to a sequential
boost prior to standard CRT. Whether these data can be
used for a post CRT boost, where tumor regression and other
radiation induced effects take place, was not investigated.

Furthermore, the absence of a pretreatment MRI weeks
prior to the repeated MRIs could have had an impact on the
derived systematic errors. However, work on the evolution of
these motion errors in time suggests no underestimation
of systematic errors is to be expected, due to the absence of
a pretreatment MRI [14].

The MRIs used in this study consisted of transverse slices
of 3 or 4mm thick. This slice thickness could have had an
influence on the motion found perpendicular to these slices
(CC). We deem this influence to be minor due to the follow-
ing reasons. Since we perform a COG-based method the
effects of slice thickness partially average out. Furthermore,
the used image registration can achieve a sub-voxel registra-
tion accuracy, thereby also the derived motion will have a
sub-voxel accuracy, reducing the effect of slice thickness
even further.

One has to keep in mind that these statistics only incorp-
orate the residual inter-fraction motion after a set-up based
on bony anatomy and intra-observer variation. Inter-observer
variation [13], intra-fraction motion [14] and institute set-up
errors are not included in these data and have to be com-
bined to get institute PTV margins, as described by van Herk
et al. [16]. Also, the applicability of this margin recipe in a
(hypofractionated) boost setting including a background
dose should be evaluated.

Conclusion

Residual inter-fraction motion of the GTV, after daily set-up
on bony anatomy, can be corrected for using motion



236 J. J. E. KLEIUNEN ET AL.

statistics presented in this study for both pre-CRT sequential
and SIB approaches.
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