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Purpose: To evaluate prostate intrafraction motion using MRI during the full course of online adaptive
MR-Linac radiotherapy (RT) fractions, in preparation of MR-guided extremely hypofractionated RT.
Material and methods: Five low and intermediate risk prostate cancer patients were treated with
20 � 3.1 Gy fractions on a 1.5T MR-Linac. Each fraction, initial MRI (Pre) scans were obtained at the start
of every treatment session. Pre-treatment planning MRI contours were propagated and adapted to this
Pre scan after which plan re-optimization was started in the treatment planning system followed by dose
delivery. 3D Cine-MR imaging was started simultaneously with beam-on and acquired over the full
beam-on period. Prostate intrafraction motion in this cine-MR was determined with a previously
validated soft-tissue contrast based tracking algorithm. In addition, absolute accuracy of the method
was determined using a 4D phantom.
Results: Prostate motion was completely automatically determined over the full on-couch period (ap-
prox. 45 min) with no identified mis-registrations. The translation 95% confidence intervals are within
clinically applied margins of 5 mm, and plan adaption for intrafraction motion was required in only 4
out of 100 fractions.
Conclusion: This is the first study to investigate prostate intrafraction motions during entire MR-guided
RT sessions on an MR-Linac. We have shown that high quality 3D cine-MR imaging and prostate tracking
during RT is feasible with beam-on. The clinically applied margins of 5 mm have proven to be sufficient
for these treatments and may potentially be further reduced using intrafraction plan adaptation guided
by cine-MR imaging.
� 2020 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 151 (2020) 88–94 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Magnetic resonance (MR)-guided radiotherapy has found
increasing application over the recent years with the clinical intro-
duction of systems such as the ViewRay [1] and Elekta MR-Linac
[2]. With MR-guided radiotherapy, visualization of the target and
surrounding tissues have improved substantially, as a major
advantage of MR imaging over X-ray based imaging is the signifi-
cantly improved soft tissue contrast [3] and the possibility of con-
tinuous imaging without patient harm. These features can be
exploited for soft-tissue based intrafraction motion monitoring
for tumor target sites such as the prostate [4].

Acquiring cine-MR images during the beam-on period for MR-
guided prostate radiotherapy has been described by different stud-
ies [5,6]. However, these studies were based on 2D sagittal sliced
images as fast 3D imaging was not clinically available [5]. While
single or interleaved 2D slices can be acquired faster than 3D data-
sets, the use of 3D cine-MR dynamics over 2D slices provides sev-
eral benefits. By using 3D MR-images the full trajectory of prostate
intrafraction motion can be obtained. In addition, information
about the surrounding organs at risk can be extracted while the
entire surrounding body anatomy allows for accurate dose calcula-
tion at each time point [7].

The clinicial rationale behind this study is to gain both insight
and experience with MR-guided prostate radiotherapy, in order
to proceed towards extremely hypofractioned prostate radiother-
apy, possibly also for high risk patients with substantial vesicle
involvement. By reducing the number of fractions from 30–35 in
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conventional external beam radiotherapy to 5, 2 or maybe even a
single delivery with MR-guided radiotherapy, it is possible to save
both time and money and gain patient comfort as the burden on
the patient and departmental capacity is reduced [8]. In addition,
with MR-guided radiotherapy, there is no need for implanted fidu-
cial markers to achieve a high precision [9].

Previously we have shown that accurate measurement of pros-
tate intrafraction motion based on 3D cine-MR images without the
use of fiducial markers is feasible and may be applied to track pros-
tate intrafraction motion of the patients treated on the MR-Linac
[10]. In this study we present prostate intrafraction motion results
during the entire course of online adaptive radiotherapy sessions
on an MR-Linac (i.e. over a time period of about 45 min on couch
time for the patient). To our knowledge, this is the first report on
six degrees of freedom prostate intrafraction motion during the
complete course of online adaptive MR-guided radiotherapy ses-
sions, including prostate motion captured during delivery.
Material and methods

Five low to intermediate risk prostate cancer patients were reg-
istered as part of an institutional review board approved registra-
tion and imaging study (NCT03658525). This group could include
patients with limited vesicle invasion. The referenced study was
conducted in several institutes, but only the patients included in
this paper had continuous 3D cine-MR imaging during the beam-
on period as application of this specific imaging sequence was lim-
ited to the five patients which were treated at the University Med-
ical Center of Utrecht. All patients were treated on a 1.5T MR-Linac
(Elekta Unity) and underwent prostate radiotherapy with 20 daily
fractions of 3.1 Gy between February and June 2019.
Fig. 1. Example slices from the 3D cine-MR sequence with a temporal resolution of
8.5 s per dynamic and a reconstructed voxel spacing of 0.8 � 0.8 � 2.2 mm3. The
transversal (top), coronal (middle) and sagittal (bottom) slices are provided.
Online workflow

During each fraction an initial (Pre) scan was obtained, acquired
using a T2-weighted 3D sequence with a duration of 2 min, a
dimension of 480x480x300 voxels and a voxel spacing of
0.83x0.83x1.0 mm3. Contours from the planning MRI were auto-
matically propagated and manually adapted to this Pre scan after
which full plan re-optimization was started in the Monaco MR-
Linac treatment planning system (TPS) following the ”adapt to
shape” (ATS) workflow [11]. This plan re-optimization took
5.5 min on average. Shortly before the end of plan re-
optimization a position verification (PV) scan was acquired. If the
clinical target volume (CTV) was still within the planning target
volume (PTV) on the PV scan, the plan was accepted and treatment
delivery started.

If this condition was not met, a so-called ‘‘adapt to position”
(ATP) or new ATS workflow was applied. In the ATP method a vir-
tual couch shift is applied without contour alterations to the dose
distribution by the TPS. However, in the ATS method the target
contours were adjusted with additional plan re-optimization. A
new ATS workflow is only applied in rare cases where a large
change in rectal filling leads to significant deformation. Technical-
ities for plan adaptation on daily anatomy and contours for the
1.5T MR-linac are described in literature [11].

All patients had 3D cine-MR imaging during the beam-on per-
iod of the treatment. These cine-MR images were acquired using
a 3D balanced turbo field echo (bTFE) sequence and consist of
sequentially obtained 3D data sets (’dynamics’). 3D Cine-MR imag-
ing was started simultaneously with the start of the beam-on per-
iod and 3D dynamics were acquired over the entire beam-on
period. A total of 88 cine-MR imaging sessions were acquired with
a temporal resolution of 16.9 s per dynamic, while after additional
improvements to the cine-MR sequence (i.e. removal of fat
suppression) the remaining 12 fractions of two patients were
acquired with an improved temporal resolution of 8.5 s per
dynamic. Exemplary slices from the latter cine-MR sequence are
provided in Fig. 1. Technical details of the sequence are provided
in table S1 and S2 in the supplementary material.

Directly after radiotherapy delivery a post-treatment (Post)
scan was acquired. The Pre, PV, and Post scans were all acquired
with the same T2-weighted sequence of 2 min provided by the
manufacturer. Normally the length of the procedure was well tol-
erated, but for one fraction of one patient no post-treatment scan
was acquired after delivery of radiotherapy due to complaints of
numb feet. However, due to our acquisition of cine-MR data,
end-scan (Post) data are not critical to the clinical procedure. A
pie chart showing the time required for all workflow steps is pro-
vided in Fig. 2.
Registration

Intrafraction motion of the prostate was determined by using a
rigid registration algorithm. This method uses a delineation of the
prostate body on the first cine-MR dynamic to determine the
region of interest. Subsequent dynamics are then rigidly registered
to the first dynamic based on soft tissue contrast of the prostate,
from which the intrafraction translation and rotational values are
obtained during the beam-on period. In this case the daily adapted
contour of the prostate body, the clinical target volume (CTV), was
used as mask for the registration algorithm. This CTV delineation
was placed without any further alterations on the first cine-MR
dynamic. The methodology of the registration algorithm has previ-
ously been described and validated [10]. All registration values
were inspected by an observer and significant intrafraction motion
results were visually verified on the cine-MR dynamics.

This registration method was also used to rigidly register the
Post, PV and first cine-MR scan to the daily Pre-scan. This way,



Post-treatment imaging
2:00 minutes (5.6%)

Treatment delivery
5:42 minutes (15.9%)
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Fig. 2. Pie chart showing the average time required for every workflow step. The workflow starts with patient setup, shown on the top right (light green), followed by the
steps listed in the clockwise rotation order. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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we obtained the motion of the prostate over the full period that the
patient was positioned on the treatment table. Start times of MR-
sequences were extracted from dicom headers and used for plot-
ting the timescales of the prostate motion graphs.
Validation using motion phantom measurements

To investigate the accuracy of the tracking algorithm on the
cine-MR dynamics as acquired on our MR-Linac system, we made
use of a programmable motion phantom (Modus QA, Quasar 4D
MRI motion phantom) [12]. This water-filled phantom consists of
a MR-safe motor that can be programmed to perform motion with
an interchangeable insert. Inside the insert, which is filled with liq-
uid, an air-filled ball-shaped cavity is present that can be distin-
guished on MR-images. Exemplary cine-MR images of the
phantom are provided in figure S1 in the supplementary material.

The experiment consisted of two parts. First, the phantom posi-
tion was set at a series of fixed positions and a cine-MR dynamic
was acquired for each position. These fixed positions were in the
range of �15 to +15 mm as these were the factory-set limitations
of the phantom for non-linear motion. Concurrently, registrations
were performed with the tracking algorithm in which each
cine-MR dynamic was registered to the initial measurement.
Differences between the programmed phantom position and the
position found by the tracking algorithm were then calculated.
All motion with the phantom was performed in the longitudinal
direction (feet-head) as the translational motion of the phantom
is limited to one axis. Secondly, five prostate intrafraction motion
patterns were simulated, using motion data from patients
described in this study. This pattern lasted for a period of
5–7 min and the programmed position of the phantom was
compared to the obtained position by the tracking algorithm.
Results

The mean treatment time (from the start of the pre-treatment
scan until the start of the post-treatment scan) was 33.1 ± 4.7 min
(average, one standard deviation, range 15.9–53.8 min).

The time period between the start of the pre-treatment scan
and the start of the beam-on period was on average 27.0 ± 4.8 min
(range 10.8–44.7 min). The average duration of the cine-MR
acquisition during the beam-on period was 6.0 ± 0.5 min (range
4.4–8.7 min). An extended workflow was used in eight treatment
sessions (ATP: 5 times, ATS: 3 times); four cases were due to tech-
nical difficulties resulting in workflow restarts and the other four
cases due to motion.

A total number of 2227 cine-MR dynamics over 100 fractions of
5 patients were analyzed with the soft tissue tracking algorithm,
with a mean processing time of 10.7 ± 2.5 s per dynamic. No iden-
tifiable mis-registrations were found by the observer. The
intrafraction motion results as measured during the beam-on per-
iod with respect to the first cine-MR dynamic are provided in Fig. 3.

The intrafraction motion results as measured during the beam-
on period based on cine-MR with respect to the Pre scan are pro-
vided in Fig. 4. The intrafraction motion obtained from registration
of the CTV mask in the PV scan, cine-MR and Post scan with respect
to the Pre scan, is provided in Fig. 5. The graphs are provided for
left–right, anterior-posterior and cranial-caudal translation and
rotation axes. Fractions in which an ATP workflow was used on
the PV scan (and thus intrafraction motion between Pre and PV
scan was negated) were corrected for, by using the PV scan as ref-
erence at time point 0 in these graphs. In addition, 95% confidence
intervals are provided. The intrafraction motion results as mea-
sured during the beam-on period with respect to the PV scan are
provided in figure S2 in the supplementary material.

Results from an exemplary motion phantom experiment with
simulated patterns are provided in Fig. 6. The graph provides the
phantom’s programmed position as the blue line, while the posi-
tion found by the tracking algorithm is provided as red dots. The
difference between the phantom’s programmed position and
obtained tracking results are given as cyan diamonds, with the
mean difference provided as dotted line. Results from additional
drift experiments and the experiment with the fixed positions of
the programmable motion phantom are provided in the supple-
mentary material. A mean error of �0.07 mmwith a standard devi-
ation of 0.22 mm was found over all measurements and time
points.
Discussion

The intrafraction motion quantified during the beam-on period
as provided in Fig. 3 shows a continuously growing trend in the
posterior and cranial direction with increasing spread. In a previ-
ous study we have reported similar intrafraction motion trends
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Fig. 3. Intrafraction motion results during the beam-on period with respect to the first cine-MR dynamic of our first five clinically treated prostate cancer patients on the MR-
Linac. The results are derived from all 100 fractions. The 95 percentile spread is shown as the error bars. Individual data points are shown as the red dots. There are gradually
less data points included after the time point of 4 min, equal to the fractions in which delivery was still active.
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Fig. 4. Intrafraction motion results during the beam-on period based on cine-MR with respect to the pre-treatment scan. The results are derived from all 100 fractions. The 95
percentile spread is shown as the error bars. Individual data points are shown as the red dots. There are gradually less data points included after the time point of 4 min, equal
to the fractions in which delivery was still active.

D.M. de Muinck Keizer et al. / Radiotherapy and Oncology 151 (2020) 88–94 91
[10] and our findings are consistent with cine-MR based studies
[13,14], or studies based on megavolt (MV) [15] or megavolt-
kilovolt (MV-kV) imaging [16]. However, the patients in the
current study were already positioned on the treatment couch
for an average period of 27 min before cine-MR started (beam
on) compared to the average time of 2.4 min in our previous study.
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Fig. 5. Overview of the measured intrafraction motion of the position verification scans (PV, blue dots), cine-MR (acquired during beam-on, cyan dots) and post-treatment
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When comparing the results from this study to the previously pub-
lished study, differences in the spread of intrafraction motion can
be observed. Fig. 3 shows that the spread after the time point of
five minutes becomes increasingly larger, in agreement with previ-
ous results. However, the spread seems to be nearly halved with
respect to a previous study [10]. We attribute this effect to the dif-
ference in on couch time when cine-MR imaging started (previ-
ously after 2 min, but in the present study after 27 min).
Consequently, with respect to the planning scan, the growth of
intrafraction motion is far less prominent (Fig. 4). The overall
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results underline the findings that prostate intrafraction motion is
a randomwalk model and that the variance continues to grow over
time [17] but is however limited by anatomical boundaries. This
saturation of intrafraction motion extent seems to have been
reached after the approximately 30 min of on-couch time. There-
fore, we do not need to increase margins beyond 5 mm, despite
the longer treatment times.

Fractions in which large intrafraction motion occurred due to
gas pockets in the rectumwere observed, but found to be relatively
rare, in agreement with literature [13,18]. In one case the gas bub-
ble occurred after the acquisition of the PV scan, but before the
start of the cine-MR sequence and remained in place during the
whole fraction. These data points can be observed in Fig. 5, in the
graph of the anterior-posterior translation and left–right rotation,
as the cyan dots at �6 mm (anterior-posterior) and �9 deg (left–
right) starting at the timepoint of 6 min. While this scenario was
rare, it underlines the necessity of methods for intrafraction plan
adaptation [19,20], especially when moving towards extremely
hypofractionated treatments (< 5 fractions).

The last six fractions of patient 4 and 5 were acquired with an
improved cine-MR sequence. In this sequence the fat suppression
was removed, the effect of banding artifact as previously reported
[10] was significantly reduced and the acquisition duration was
shortened from 16.9 s to 8.5 s. As reported in the results, the mean
processing time of a single dynamic was more than 10 s, and thus
longer than the acquisition time of the improved cine-MR dynam-
ics. However, this was on a regular PC (no hardware acceleration)
in non-optimized code. Time required for MR image reconstruction
and data transfer is assumed to add another 10 s. While the relative
dosimetric impact of a total lag time of about 20 s on a full fraction-
ated radiotherapy scheme or even a single radiotherapy fraction of
20 min is relatively small, we aim to further reduce these lag times.

The experiments with the programmable motion phantom
served as an additional validation of the soft tissue tracking algo-
rithm as performed on MR-Linac MR data. The results from the
experiment with fixed phantom positions as given in the supple-
mentary material and the results from the drift experiment as pro-
vided in Fig. 6 both show good agreement between the
programmed phantom position and the position found by the
tracking algorithm. Although all measurements were performed
in the slice direction (cranial-caudal), which is a worst case scenar-
io, the mean error of �0.07 mm with a standard deviation of
0.22 mm found over all measurements and time points was negli-
gible. This result is in agreement with our previous study [10] in
which we validated the soft-tissue tracking algorithm to intrafrac-
tion motion obtained from implanted fiducial markers [21].

By making use of 3D images, the complete anatomy of the
patient in the target area becomes available, and can be used for
accurate dose reconstruction. Keall et al. [22] performed hypofrac-
tionated prostate radiotherapy with kilovoltage intrafraction mon-
itoring (KIM) and described that ideally the dose reconstruction is
based on volumetric imaging data at each time point during the
treatment. The TROG 15.01 SPARK trial made use of implanted
fiducial markers and patients recieved an additional imaging dose
when using KIM [23], which is not the case when using MR-guided
radiotherapy.

An analysis of the dosimetric impact of the measured prostate
motion for the patients described in this study is given by Kontaxis
et al. [24]. A related study was performed by Menten et al. [25], but
this study used 2D sagittal cine-MR slices and the intrafraction
motion was only assessed in two translation directions. Further-
more, by using 3D images instead of one or two interleaved 2D
slices, we are able to obtain six degrees of freedom of prostate
motion. These 3D images provide information about surrounding
organs at risk, such as the bladder, rectum and targets such as
the seminal vesicles. As the seminal vesicles are well visible on
the improved cine-MR sequence, we are developing the tracking
of these vesicles for high-risk patients. By enabling the tracking
of seminal vesicles, patients with vesicle involvement can be opti-
mally treated with stereotactic body radiotherapy on the MR-
Linac.

Currently MR-guided prostate treatments are moving towards
hypofractionated treatments with five treatments of typically 7–
8 Gy, with the first patients already treated in our clinic and else-
where [5]. The 95% confidence intervals as provided in Fig. 5 show
that the clinically used 5 mm margins were sufficient for the first
five patients and these margins were deemed sufficient for subse-
quent patients. With the results described in this study we may be
able to proceed towards our goal of extreme hypofractionated MR-
guided prostate radiotherapy, by making use of our imaging and
tracking methodology and online intrafraction plan adaptation
such as described by Kontaxis et al. [19,20]. Online plan adaptation
will lead to optimized treatment plans and the use of reduced
margins.

To conclude, this is the first study to investigate prostate
intrafraction motion during complete MR-guided radiotherapy ses-
sions on an MR-Linac. We have shown that high quality 3D cine-
MR imaging and prostate tracking during radiotherapy is feasible
with beam-on and thus acquired images can be used to quantify
prostate intrafraction motion. Despite long on-couch times, the
clinically applied margins of 5 mm have proven to be sufficient
and may potentially be further reduced using intrafraction plan
adaptation guided by cine-MR imaging.
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