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Abstract

Background: In radiotherapy, respiratory-induced tumor motion is typically measured using a single four-dimen-
sional computed tomography acquisition (4DCT). Irregular breathing leads to inaccurate motion estimates, poten-
tially resulting in undertreatment of the tumor and unnecessary dose to healthy tissue. The aim of the research was to
determine if a daily pre-treatment 4DMRI-strategy led to a significantly improved motion estimate compared to single
planning 4DMRI (with or without outlier rejection).

Methods: 4DMRI data sets from 10 healthy volunteers were acquired. The first acquisition simulated a planning MRI,
the respiratory motion estimate (constructed from the respiratory signal, i.e. the 1D navigator) was compared to the
respiratory signal in the subsequent scans (simulating 5-29 treatment fractions). The same procedure was performed
using the first acquisition of each day as an estimate for the subsequent acquisitions that day (2 per day, 4-20 per vol-
unteer), simulating a daily MRI strategy. This was done for three outlier strategies: no outlier rejection (NoOR); exclud-
ing 5% of the respiratory signal whilst minimizing the range (Min95) and excluding the datapoints outside the mean
end-inhalation and end-exhalation positions (MeanlE).

Results: The planning MRl median motion estimates were 27 mm for NoOR, 18 mm for Min95, and 13 mm for
MeanlE. The daily MRI median motion estimates were 29 mm for NoOR, 19 mm for Min95 and 15 mm for MeanlE.
The percentage of time outside the motion estimate were for the planning MRI: 2%, 10% and 32% for NoOR, Min95
and MeanlE respectively. These values were reduced with the daily MRI strategy: 0%, 6% and 17%. Applying Min95
accounted for a 30% decrease in motion estimate compared to NoOR.

Conclusion: A daily MRl improved the estimation of respiratory motion as compared to a single 4D (planning) MRI

significantly. Combining the Min95 technique with a daily 4DMRI resulted in a decrease of inclusion time of 6% with
a 30% decrease of motion. Outlier rejection alone on a planning MRI often led to underestimation of the movement
and could potentially lead to an underdosage.

Trial registration: protocol W15_373#16.007
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Introduction

Radiotherapy for upper abdominal cancer, such as

pancreatic, esophageal and gastric cancer, is challeng-
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soft-tissue contrast in the abdominal region on plan-
ning CT can be overcome by adding MRI images. This
decreases delineation variation [1-6] and is becom-
ing common practice in the clinic [7]. The respira-
tory motion is often dealt with by obtaining a 4DCT
and delineating the tumor in the different respiration
phases, and subsequently combining these delineations
to generate an Internal Target Volume (ITV) [8, 9]. This
ITV then acts as the target volume for the entire treat-
ment. Similar to 4DCT, 4DMRI acquisitions can be
employed for the delineation of the tumor, capturing
the tumor motion [10-15]. Irregular breathing patterns
during acquisition (e.g. caused by coughs or hiccups)
can lead to image artefacts, both decreasing the image
quality as well as the accuracy of the reconstructed res-
piratory motion. This motion may be overestimated
which could potentially lead to the unnecessary expo-
sure of healthy tissue or underestimated leading to
insufficient tumor coverage.

Recent work has shown that the image quality of such
acquisitions improved by applying an outlier rejection
strategy [16]. Potentially, an outlier rejection strategy can
give an estimate of the reconstructed respiratory motion
that is more representative for the treatment, than one
without rejection of outliers. Outlier rejection leads to
a smaller motion estimate which decreases the volume
of irradiated healthy tissue, however increasing the risk
of undertreatment. In current clinical practice (typically
employing 4DCT) no outlier rejection is applied. Some
dedicated systems such as Cyberknife take the respira-
tory motion into account during treatment delivery [17].

A recent development in the field is the clinical availa-
bility of MR-Linac (MRL) systems capable of MR-guided
radiotherapy (MRgRT) [18-20] that have been used for
daily adaptive treatments for several abdominal tumor
sites [21-27]. The MRL is designed to deal with inter-
fraction changes through daily adaptation of the treat-
ment plan with incorporation of the daily anatomy. One
can also image during the delivery of the treatment and
apply a gating strategy, in which the beam is switched off
if the tumor moves outside of the Planning Target Vol-
ume (PTV) boundaries, hence dealing with intrafrac-
tion motion [18, 28]. With this or other online image
guided techniques respiratory motion does not have to
be included as an expansion of the PTV or for the gen-
eration of an ITV. In the case of a small difference in
contrast between tumor and tissue for the MRI sequence
used for gating, it can be challenging to discern the tumor
on the intra-treatment acquisitions, and currently not all
clinically available systems have this gating feature. In
those cases it is still necessary to deal with the respira-
tory motion by generating an appropriate target volume,
for example by obtaining a daily 4DMRI and/or applying
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a strategy to decrease the breathing motion, for example
by breath holding [28].

For the treatment of liver cancer, it has been shown
that it is feasible to obtain a 4DMRI at the start of each
fraction [29] to aid with patient positioning, and with
treatment of kidney cancer it shows potential also for
intrafraction adaptation [30]. Besides the differences in
tumor position, there is often a day to day difference in
the magnitude of the respiratory-induced motion. This
needs to be dealt with during treatment, for example by
adapting the margins. Obtaining a daily pre-treatment
4DMRI gives one the option to estimate the motion-of-
the-day and adapt the target volume accordingly. These
insights could prove valuable especially in the context of
MR-guided radiotherapy as acquiring daily MRI images is
part of the standard workflow. To the best of our knowl-
edge, this is so far not implemented clinically nor studied
in detail.

In this study we evaluated if a daily pre-treatment
4DMRI led to a significant improvement for the esti-
mation of respiratory-induced motion of a subsequent
acquisition (as a simulated treatment fraction) as com-
pared to a single planning 4DMRI. Additionally we
evaluated the effect of outlier rejection on this motion
estimate, for both these strategies. This evaluation was
done by analyzing respiratory-induced motion of the
right hemidiaphragm of the navigator in series of 4DMRI
data of healthy volunteers, as a simulation data set for a
radiotherapy treatment.

Materials and methods

Volunteers

From December 2018 till June 2019, ten healthy vol-
unteers (six male, four female, median 35 years, range
20-55 years) participated in the study. They all gave writ-
ten informed consent in accordance with the medical
ethical regulations at our institute. Eight volunteers came
for two and two volunteers (Volunteer 1 and Volunteer
2) for ten sessions, with at least a week between. These
longer series gave an indication for the intrasubject vari-
ation as compared to the intersubject variation. During a
session three consecutive 4D acquisitions were obtained
(4DMR1, 4DMR2, 4DMR3, see Fig. 1). Eight volunteers
with two sessions of three scans each led to 48 scans; two
volunteers with ten sessions of three scans each (with 1
acquisition failure) led to 59 scans coming to a total of
107 scans. For the planning MRI strategy these acqui-
sitions simulate a planning MRI (the first acquisition,
Fig. 1a) and treatment fractions (the subsequent acquisi-
tions, Fig. 1a). For the daily MRI strategy these acquisi-
tions simulate a pre-treatment daily acquisition (the first
acquisition of a session, Fig. 1b) and treatment fractions
(the subsequent acquisitions Fig. 1b).
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Fig. 1 Overview of scanning sessions. For each volunteer, three consecutive 4DMRI scans were obtained during a session, 4ADMR1, 4DMR2 and
4DMRS3 (sessions always on separate days). All volunteers had at least two sessions, while Volunteer 1 and Volunteer 2 had ten sessions. Respiratory
induced motion estimates were generated from the 1D navigator signal of the right hemidiaphragm of a reference MRI for the outlier rejection
strategies NOOR, MeanlE and Min95 (see text for details). a For the planning MRI strategy the first obtained scan was used as a reference (mimicking
a planning MRI), indicated by the orange box. The motion estimates were evaluated for all subsequent scans (indicated by the grey boxes,
simulating treatment fractions). b For the daily MRI strategy the first scan of each session (indicated by the purple box) was used as a reference and
the motion estimates were evaluated on the two following scans of the same day (indicated by the grey boxes, simulating treatment fractions)

Image acquisition

Images were acquired on a 3.0 T MRI scanner (Ingenia
3.0 T, Philips Healthcare, Best, The Netherlands) using a
T2-weighted single-shot turbo spin echo sequence with
a field of view of 400 x 200 (superior-inferior x right-left)
mm?, repetition time of 6061 ms, echo time of 50 ms,
and a flip angle of 90 degrees. Receiver bandwidth was
555.9 Hz/pixel and sensitivity encoding (SENSE) fac-
tor was 4. The sequence and its parameters had been
optimized for upper abdominal imaging. Each volume
consisted of 11 coronal 2D slices and was acquired repet-
itively 60 times, i.e., 60 dynamics, during free breathing.
The acquired 2D slices had a resolution of 0.78 x 0.78
mm? in-plane and 5 mm slice thickness and were
acquired in an interleaved fashion. Image acquisition
was interleaved with a 1D navigator, located on the top
of the right hemidiaphragm, yielding the diaphragm posi-
tion every 551 ms (corresponding to the slice acquisition
time). This navigator was used as a respiratory signal sur-
rogate, associating each acquired 2D image with a respir-
atory state, used for 4DMRI binning, outlier rejection and
strategy evaluation (see below). To correct for geometri-
cal distortions, the 2D gradient non-linearity corrections

as provided by the vendor were used. The total scan time
was 6 min, obtaining 660 images per data set.

Data processing (navigator extraction, binning, sorting,
outlier rejection, see Fig. 2) was performed using a home-
built algorithm in MatLab (MatLab R2018b, The Math
Works Inc, Natick, MA).

Binning and outlier rejection

The respiratory signal was used to bin the breathing cycle
in amplitude bins, according to the position of the res-
piratory surrogate. Ten bins were defined, where the bins
at end-inhalation and end-exhalation level were half the
size of the other bins [16]. Irregular breathing can have
a large effect on the quality of binning and the quality of
reconstructed images. Amplitude binning is more robust
for this effect, especially in combination with outlier
rejection [16].

For this study we applied three outlier rejection strat-
egies before amplitude binning. (1) No outlier rejec-
tion (denoted as NoOR), (2) Discarding outliers outside
upper and lower inclusion thresholds that were chosen
such that 95% of the acquired images were included (i.e.,
627 images), whilst minimizing the distance between



den Boer et al. Radiat Oncol (2021) 16:188

Page 4 of 10

Acquisition Outlier Rejection

——NoOR
~ = Min95
| === MeanlE

Movement (mm)
o
Movement (mm)

Binning/Sorting 4DMRI reconstruction

Movement (mm)

0 50 100 150 ) 0 50 100 150
Time (s) Time (s)

T M

Fig. 2 4DMRI reconstruction. During acquisition, motion of the diaphragm is recorded using a 1D navigator, which is acquired simultaneously
with the images. Afterwards, outlier rejection is applied using three different strategies: NoOR (Red), Min95 (Green) and MeanlE (Blue). The resulting
respiratory signal is binned into ten amplitude bins and the corresponding images are sorted based on their bin and slice number. From each
amplitude bin, a 3D volume can be reconstructed. The resulting 4DMRI consists of ten respiratory-correlated MRI volumes with each eleven slices

T Time (s)
Wy |WE: . RS

10 times 3DMRI

thresholds (denoted as Min95 [16]), and (3) Discarding
outliers outside the mean end-inhalation and mean end-
exhalation levels (denoted as MeanlE [31]).

After outlier rejection, ten bins were defined, where
the bins at end-inhalation and end-exhalation level were
half the size of the other bins. The 2D images were sorted
according to the navigator position. In cases that multi-
ple images of one slice position were assigned to the same
bin, the image with the median diaphragm position was
selected [16]. See Additional file 1: Fig A1 for an example
4DMRIL

Evaluation motion estimate

For the planning MRI strategy (Fig. 1a) the motion esti-
mates were generated for all three outlier rejection strat-
egies with the first MRI acquisition as a reference for all
subsequent scans and for the daily MRI strategy with
the first scan of a daily session (Fig. 1b) as reference for
the scans of the same day. These motion estimates were
constructed from the maximum peak to peak distance of
the respiratory trace of the reference 4DMRI after out-
lier rejection. In practice, these motion estimates will not
perfectly fit the breathing amplitude during the subse-
quent simulated treatment fractions due to irregularity of
the breathing of the patient. To mimic position verifica-
tion during treatment, the average position of the signal
during the simulated treatment fraction was shifted to
match the average position of the respiratory signal of the
reference 4DMRIL.

Two suboptimal scenarios were possible: the motion
estimate was too small compared to the breathing ampli-
tude in the simulated treatment fraction (which would
lead to target undertreatment), or the motion estimate
was too large (which would lead to irradiating healthy

tissue). To evaluate these scenarios we analyzed motion
estimates for the simulated treatment fractions in the fol-
lowing way:

1. To quantify the underestimation of the motion esti-
mate, two approaches were used. A) The relative time
that the respiratory signal of the simulated treatment
fraction was outside the motion estimate was deter-
mined. This is the relative time that the target would
be partly missed during irradiation if no additional
margin had been applied. Note that for the simulated
treatment fraction, no outlier rejection was applied,
only for the construction of the motion estimate dur-
ing the reference MRI acquisition. B) The distance of
the navigator position outside the motion estimate
was calculated per position for each of the simulated
treatment fractions. For each volunteer the relative
frequencies of these distances were determined (with
a resolution of 0.5 mm) and histograms were con-
structed from the data of all volunteers, showing the
median value and the range. The relative frequency at
a certain distance indicates how much time the navi-
gator was that far outside the motion estimate. For
this analysis all navigator points outside the motion
estimate were included, as opposed to only mean or
maximum inhale and exhale values for each fraction
(see below). From these histograms, we determined
the distance to the motion estimate within which
95% and 99% of the data was included.

2. To quantify the overestimation of the motion esti-
mate, two approaches were used (see also Additional
file 1: Fig. A2). (A) The maximum observed motion
during a simulated treatment fraction was analyzed
and the distance to the thresholds of the motion esti-



den Boer et al. Radiat Oncol (2021) 16:188

Page 5 of 10

a) Motion estimates
60

8
50 F

N
o

Magnitude (mm)
3

o
T 9
1 -
1 ! '
20 —-— : e E
e R
_ I~ T
10 o o &

0

Planning MRI Daily MRI

MRI strategy N=71 included scans

Fig. 3 Motion estimates and time outside the estimates. a Motion estimates for NoOR, Min95 and MeanlE for all reference scans of all volunteers
for the planning MRI strategy (N=10) and the daily MRI (N = 36). Boxes: median value (line), mean (cross) and lower and higher quartiles; whiskers:
lowest and highest data point in the 9-91% interval, the outliers are indicated by circles. * indicates statistically difference with a=0.05. b The
percentage of time the simulated fractions were outside the estimated motions (as depicted in a). For planning MRI: N =97 included scans; for daily

b) Time outside motion estimates
80r 5 [-)
* * NoOR
8 ———Min95
o MeanlE
o s -8
(] 8 ka3 o)
g E — *
= | o
2% : .
- °
T ' o
Twf o L+
20F ! +
' : Sl
FPT 26893
> o

o

Planning MRI Daily MRI

mate was determined. (B) The distances of the mean
end-inhalation and end-exhalation level to the higher
and lower threshold of the motion estimate were
determined [32, 33]. Both these strategies gave two
values per simulated treatment scan (a distance for
the inhale and exhale threshold).

A paired two-sided Wilcoxon’s signed-rank test was
used to test for significance in differences between the
NoOR, Min95 and MeanlE outlier rejection strategies for
the scans within a strategy (either planning MRI or daily
MRI). For the comparison of data of NoOR, MeanlE and
Min95 for the planning MRI strategy (N = 97 simulated
treatment fractions; Total 107 scans of which 10 refer-
ence scans) to the daily MRI strategy (N = 71 simulated
treatment fractions; Total 107 scans, of which 36 refer-
ence scans) a two-sided Wilcoxon rank sum test was
used. For both types of tests a significance level a = 0.05
was applied.

Results

The motion estimates were determined for the planning
MRI (N =10, first acquisition of each volunteer) and for
the daily MRI (N =36, first acquisition of each session for
each volunteer) strategies, and the results are depicted in
Fig. 3a. The values were statistically significantly differ-
ent with NoOR >Min95 > MeanlE for both strategies. For
the planning MRI the motion estimates for NoOR were
27 mm, 16-38 mm (median, range), for Min95 18 mm,
9-34 mm and for MeanIE 13 mm, 5-31 mm. For the daily
MRI the motion estimates (median, range) were 29 mm,
16-55 mm for NoOR and 19 mm, 9-42 mm for Min95
and 15 mm, 5-31 mm for MeanlE. The motion estimates

for the planning MRI strategy and the corresponding val-
ues for the daily MRI strategy did not differ significantly.
For individual values of the motion estimates per volun-
teer see Additional file 1: Fig. A3. The intrasubject vari-
ation of the maximum observed respiratory motion, as
observed in the longer series of Volunteer 1 and 2, dif-
fered, but were in the same range as the intersubject vari-
ations (Additional file 1: Fig. A4).

The percentage of time outside the motion estimate
had an opposite trend to the motion estimates; for both
strategies NoOR <Min95<MeanlE, as can be seen in
Fig. 3b.

For the planning MRI strategy, the percentage of time
outside the motion estimate of the NoOR was 2%, 0—34%
(median, range), with a maximum median value of 29%
for Volunteer 7 (based on 5 simulated treatment frac-
tions). The median value for Min95 was 10%, 0-65%,
with the worst case for Volunteer 3 where the respira-
tory signal was outside the motion estimate for a simu-
lated fraction for 65% of the time. The percentage of time
outside the motion estimates was significantly higher for
MeanlE, 32%, 2—80%, with also an extreme value for Vol-
unteer 3, with a single simulated treatment fraction with
80% outside the motion (see Additional file 1: Fig. A5).

For the daily MRI strategy these values were all signifi-
cantly lower than the corresponding values for the plan-
ning MRI, 0%, 0-30% for NoOR, 6%, 0-33% for Min95,
17%, 2—70% for MeanlE; median and range. Whereas this
trend was observed for the total of scans, this was not
always the case for individual volunteers. For example the
MeanlE of Volunteer 9 had more time outside the motion
estimates for the daily MRI than for the planning MRI,
due to a large respiratory motion during the planning
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MRI, as compared to subsequent simulated treatment
fractions.

Histograms of the observed motion in the simulated
treatment fractions outside the motion estimates are
depicted in Fig. 5 (relative frequencies vs specific dis-
tances). The distance to the motion estimate within
which 99% of the data was included was 3 mm and 0 mm
for NoOR for the planning MRI and daily MRI respec-
tively. For Min95 these distances were 5 mm and 4 mm
and for MeanlE 8 mm and 6 mm. For NoOR there was
always more than 95% of the data already within the
motion estimate. For Min95 these distances were 3 mm
and 0.5 mm, and for MeanlE 6 mm and 4 mm for plan-
ning MRI and daily MRI respectively.

The difference between the motion estimates of NoOR,
Min95 and MeanlE for planning MRI and daily MRI and
the mean end-inhalation and end-exhalation levels of
the simulated treatment fractions is depicted in Addi-
tional file 1: Fig. A6a. The motion estimates were higher
than the observed values for NoOR and Min95, with
values (median, range) for the planning MRI, NoOR:
5 mm, —5-19 mm; MeanlE: 0 mm, —9-15 mm; Min95:
2 mm, —7-16 mm and for the daily MRI, NoOR: 6 mm,
—4-37 mm; MeanlE: 0 mm, — 6—15 mm. Min95: 3 mm,
—5-26 mm, with a positive value meaning a higher
motion estimate and a negative value a lower motion
estimate. The results of a similar analysis, looking at
the differences between the motion estimates and the
maximum end-inhalation and end-exhalation levels of a
simulated treatment fraction can be found in Additional
file 1: Fig. A6b. In this case the median and range for the
planning MRI were NoOR: 0 mm —41-15 mm, MeanlE:
—7 mm, —52-8 mm, Min95: —4 mm —50-10 mm; and
for the daily MRI, NoOR: 0 mm, —38-32 mm; MeanlIE:
—5 mm —47-7 mm; Min95: — 3 mm, —44-9 mm.

Discussion
4DMRI volunteer data was used to simulate a multi-
fraction radiotherapy treatment to evaluate the efficacy
of constructed motion estimates, with and without out-
lier rejection. These motion estimates were evaluated
for their efficacy to estimate the respiratory motion
in subsequent fractions in the case of a single planning
MRI and in the case of a daily MRI, by determining the
relative time the motion was outside the motion esti-
mate and analyzing the distances between the observed
motion and motion estimates. For a daily MRI the res-
piratory motion of the simulated treatment fractions was
within the motion estimates for a statistically significant
larger percentage of the time than for the planning MRI
strategy.

Estimating the respiratory motion based on a single
4D acquisition leads to a large percentage of time that
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the motion during the simulated treatment fractions is
outside the estimated motion, with or without outlier
rejection; sessions were observed where this was the case
80% (MeanlE) and over 30% of the time (NoOR). A daily
4DMRI acquisition leads to a better estimation during
the treatment fraction with the respiratory motion being
less time outside the motion estimate and the deviations
between this respiratory motion and the motion estimate
being smaller.

The Min95 strategy was designed to include the signal
95% of the time, accepting 5% time that the signal was
outside this motion estimate. The rationale behind this
was that breathing irregularities occur only a small per-
centage of the time but can have a large effect on the peak
to peak motion amplitude, and with this strategy effec-
tively mitigated. However, for the planning MRI strat-
egy, the median value of the percentage of time outside
the motion estimate of the simulated fractions follow-
ing the planning MRI was 10%, double the value of 5%.
The other, more strict outlier rejection, which had been
researched previously [31], MeanlE, had an even higher
value of 32% that the motion was underestimated. This
shows that outlier rejection alone does not mitigate the
effects of the variation in respiratory signal and that a
too strict strategy can lead to a large underestimation of
the motion. Other outlier strategies exist [4, 34, 35], but
based on our results we do not expect these to better
mitigate the effect of respiratory signal variation during
a radiation therapy treatment series than the strategies
in our study as they were typically designed with a dif-
ferent goal, i.e. improve image quality and reduce image
artefacts.

No outlier rejection (NoOR, which is now current clin-
ical practice, where a planning 4DCT is used to construct
an ITV) in which the complete peak to peak motion of
the planning MRI was taken as the motion estimate per-
formed better than Min95 and MeanlE in terms of inclu-
sion time, with a median value of 2% that the respiratory
signal was outside the motion estimates. While this
median value was acceptable, the maximum observed
value of relative time outside the motion estimate was
34% for a simulated treatment fraction, due to breath-
ing irregularities which were not reproducible between
time of pre-treatment scanning and during subsequent
acquisitions.

When the planning MRI strategy was compared to the
daily MRI strategy, it was seen that the daily strategy per-
formed significantly better for all three outlier rejection
strategies, with better median values and smaller ranges
for the time the simulated fractions were outside the
motion estimates. This showed that the intrafraction var-
iation was smaller than the interfraction variation in the
respiratory motion. This suggests that it can be beneficial
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to determine the “motion of the day” and account for this
for each treatment fraction [9].

Van de Lindt et al. [29] also suggested a daily pre-
beam 4DMRI and showed that this was feasible for MRL
patients that were treated for liver tumors. However, they
used the 4DMRI to generate an averaged mid-position
that was subsequently used for positioning but did not
use the information gained by this 4DMRI to estimate the
motion for that fraction and incorporate that in the treat-
ment. Our results indicate that this could be beneficial in
terms of the time that the motion is within the estimated
motion. However, the interval in our study per session
is approximately 18 min, which corresponds to a typical
conventional linac timeslot but timeslots at an MR-Linac
are generally longer by a factor of two or more. More var-
iation in respiratory motion could for example occur due
to patient discomfort and anxiety over such a longer time
interval.

Interestingly, when the values for the motion estimates
were compared of the planning MRI strategy to the daily
MRI strategy, the corresponding values were the same for
NoOR, Min95 and MeanlE. This suggests that account-
ing for the motion of the day will not necessarily lead to
lower motion estimates and therefore less irradiated tis-
sue. While the motion estimates were different for each
fraction, these differences cancel each other out, lead-
ing to a non-significantly different value as compared
to those motion estimates based on a planning MRL. A

daily motion estimate did lead to better inclusion times.
For example for Min95, for the same average value of
19-20 mm, the median time that the respiratory signal
is within the motion estimate went from 90 to 94%. For
this discussion it is very important that one uses an ITV
concept to deal with this motion (including the entire
motion in the PTV), or adding it to a probabilistic mar-
gin recipe (for example the Van Herk recipe [36]). In the
latter case uncertainties based only on a planning image
are typically viewed as systematic whereas those based on
daily imaging are typically viewed as random. Systematic
uncertainties are multiplied by a factor 2.5 whereas for
random uncertainties this factor is 0.7.

With the daily MRI strategy the respiratory signal
of the simulated fractions was outside the estimated
motion 6% of the time for Min95, near the 5% that was
in the design of the outlier rejection strategy. This sug-
gested that the intrafraction variation was due to outliers
and could therefore be mitigated effectively by this out-
lier rejection strategy. The NoOR has a median of 0% for
the same situation. However, to get this 6% improvement,
the motion estimate for NoOR was~1 cm larger, corre-
sponding to approximately 30% of the total motion. This
could lead to the irradiation of more healthy tissue. Here
the trade-off between higher and lower motion estimates
(and the underlying choice of applying outlier rejection)
could clearly be seen.
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Fig. 5 Distances outside motion estimates. Histograms of the relative frequencies the observed motion in the simulated treatment fractions were
at a certain distance outside the motion estimates, for planning MRI and daily MRI for NoOR, Min95 and MeanlE. The bars show the median of all
volunteers (N=10) for that distance and the error bars the range. Dotted lines indicate the distances within which 90%, 95% and 99% of the data is
included. For planning MRI: N =97 included scans for analysis and N =10 for constructing motion estimates; for daily MRI strategy N=71 included
scans for analysis and N =36 for constructing motion estimates

The time outside the motion estimate (as can be seen
in Figs. 3 and 4) could, under simplified assumptions of a
uniform dose to a target close to the navigator, be viewed
as a surrogate of expected underdosage. If one takes a
detailed look at Fig. 5, one can also correlate the time
outside the motion estimate to the distance. For example,
for the MeanlE strategy using the planning MRI for the
motion estimate the signal was outside the estimate for
32% of the time, up to distances of 8 mm (to come to 99%
of the data inclusion). Under the simplified assumptions
(and not taking any other actions to prevent this) this
would mean that the target is receiving less dose than was
intended for a third of the treatment fraction. Looking at

5a and 5e one can see that there the effect of the under-
dosage is comparable (99% of the data being within 3 mm
for planning MRI and NoOR which is the most compa-
rable to current clinical practice and within 4 mm for a
daily MRI with the Min95 strategy), while motion esti-
mates were significantly smaller for the Daily MRI Min95
strategy. To determine the exact effect of an underestima-
tion of the respiratory signal, a planning study would be
necessary. Other research came to a similar conclusion
as our work and concluded that inter-fraction variation
of breathing makes the use of a single 4D image acquisi-
tion not representative for the motion in the abdominal
region occurring during the full treatment duration [17,
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32, 33]. In the work of Ge et al. [32] and Lens et al. [33],
the analysis focused on the mean peak to peak amplitude
during a fraction, (a similar analysis of our data can be
found in Additional file 1: Fig. A6). However, looking at
the time within a fraction as we did for the inclusion time
and the distance histograms (Figs. 4 and 5) can give more
detailed insights than analyzing single values for entire
fractions.

A limitation of our study was that the number of vol-
unteers and sessions was limited. Additionally our sub-
jects were volunteers instead of patients with cancer in
the abdominal region. However, patients do not have sig-
nificantly more regular respiratory motion than healthy
volunteers [16] and therefore our conclusions can be
expected to also be valid for patients receiving treatment.

Irregular breathing potentially causes sub-optimal radi-
ation treatment (e.g., underdosage of the target volumes,
unnecessary irradiation of healthy tissues). 4D strategies
for treatment optimization (with or without outlier rejec-
tion; with one planning or also a daily image acquisition)
may not be the full answer to this problem as suggested
by our results. Other strategies should be further inves-
tigated. Examples include intrafraction tracking and gat-
ing (to deal with the motion) [17, 28, 37], regularization
of the breathing motion by conscious mechanical ven-
tilation (to remove the irregularities) [38, 39], and (pro-
longed) breath-holding (to minimize interfraction and
intrafraction organ motion) [39, 40].

Conclusion

A daily 4DMRI acquisition led to a significantly better
estimation of the respiratory motion during the treat-
ment fraction as compared to a single planning 4DMRI
acquisition, both with and without outlier rejection strat-
egies. Combining the Min95 technique with a daily pre-
beam MRI for the motion estimate led to a small decrease
in time inclusion (6%) but could lead to a large decrease
in motion that had to be included in the target volume
(~30%). Outlier rejection did not help in improving the
motion estimate of the respiratory motion in case of a
single 4D planning image acquisition and often led to an
underestimation of the motion. In a radiotherapy set-
ting one has to be aware of this effect also when outlier
rejection is used to increase the quality of images as there
are possible consequences of such an underestimated
motion, for example an underdosage of the target.
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