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Abstract

Background: Internal Target Volume (ITV) is one of the most common strategies to passively manage tumour
motion in Radiotherapy (RT).
The reliability of this approach is based on the assumption that the tumour motion estimated during pre-treatment
4D Computed Tomography (CT) acquisition is representative of the motion during the whole RT treatment. With
the introduction of Magnetic Resonance-guided RT (MRgRT), it has become possible to monitor tumour motion
during the treatment and verify this assumption.
Aim of this study was to investigate the reliability of the ITV approach with respect to the treatment fraction time
(TFT) in abdominal and thoracic lesions.

Methods: A total of 12 thoracic and 15 abdominal lesions was analysed. Before treatment, a 10-phase 4DCT was acquired
and ITV margins were estimated considering the envelope of the lesion contoured on the different 4DCT phases.
All patients underwent MRgRT treatment in free-breathing, monitoring the tumour position on a sagittal plane with 4
frames per second (sec). ITV margins were projected on the tumour trajectory and the percentage of treatment time in
which the tumour was inside the ITV (%TT) was measured to varying of TFT.
The ITV approach was considered moderately reliable when %TT≥ 90% and strongly reliable when %TT≥ 95%. Additional ITV
margins required to achieve %TT≥ 95% were also calculated.

Results: In the analysed cohort of patients, ITV strategy can be considered strongly reliable only for lung lesions with TFT≤ 7
min (min). The ITV strategy can be considered onlymoderately reliable for abdominal lesions, and additional margins are
required to obtain %TT≥ 95%.
Considering a TFT≤ 4min, additional margins of 2mm in cranio-caudal (CC) and 1mm in antero-posterior (AP) are suggested
for pancreatic lesions, 3mm in CC and 2mm in AP for renal and liver ones.

Conclusions: On the basis of the analysed cases, the ITV approach appears to be reliable in the thorax, while it results more
challenging in the abdomen, due to the higher uncertainty in ITV definition and to the observed larger intra and inter-fraction
motion variability. The addition of extra margins based on the TFT may represent a valid tool to compensate such limitations.
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Background
In the context of Stereotactic Body Radiotherapy
(SBRT), the quantification of tumour motion and its cor-
rect management during radiotherapy (RT) delivery rep-
resent two crucial aspects still under investigation [1, 2].
Studies conducted in the thorax and abdomen demon-

strated that the tumour motion due to patient basal
breathing can vary up to a few centimetres during a sin-
gle RT treatment fraction, especially in cranio-caudal
(CC) and antero-posterior (AP) directions [3, 4].
Beyond the respiratory-induced motion, other effects

can also modify the intra- and inter-fraction tumour
position, such as baseline shifts (i.e. sudden changes in
the median tumour position) or baseline drifts (i.e. over-
all slow tumour position change over the course of a
treatment fraction) [5–7].
Due to these sources of variability, a sub-optimal man-

agement of the tumour motion can introduce significant
dosimetric differences between the planned and deliv-
ered dose distribution [8–10] .
Active and passive motion management strategies have

been developed to compensate tumour motion both in
photon and proton radiotherapy. Although the active
techniques, such as real-time tumour tracking or gating,
are steadily becoming more prevalent in SBRT, the use
of passive techniques is still widespread, as it does not
require dedicated treatment machines or additional sys-
tems to monitor the patient’s breathing [11, 12].
Internal Target Volume (ITV) estimated from 4DCT is

to date the most common passive motion management
technique. It consists in defining a therapy volume equal
to the envelope of the lesion delineated on all phases of
the 4DCT and considering this volume in the Planning
Target Volume (PTV) determination [13].
In 4D radiation therapy (4DRT) it is common practice

to acquire a 4DCT of the patient in free-breathing, div-
iding the breathing cycle in 10–16 phases for ITV defin-
ition and using the average reconstruction for treatment
planning and dose calculation [14–17].
As the ITV definition process is often time-consuming,

direct delineating of the ITV on the Maximum Intensity
Projection (MIP) image was also investigated, but led only
to good results in terms of definition accuracy for lung le-
sions located away from the diaphragm [18].
The reliability of the ITV approach is based on the as-

sumption that the tumour motion estimated during
4DCT acquisition is representative of the one that will
take place during the delivery of all the RT fractions.
This assumption has been analysed by the scientific

community and often contradicted.
Furthermore, the 4DCT does not include any informa-

tion related to the variations in the breathing cycle that
may occur inter- or intra-fraction, which may depend on
the treatment fraction time (TFT) [19, 20].

Apart from creating an artificial motion path of the
tumour (a reconstruction representing a so-called
movie-loop), the binning of CT-images based on phase
or amplitude introduces an additional uncertainty in the
ITV determination [21].
Furthermore, sometimes the low soft tissue contrast

offered by 4DCT in the abdomen, combined with mo-
tion artefacts often present in the reconstructed images,
may lead to an incorrect interpretation of the tumour
motion, introducing a systematic error in the ITV defin-
ition [19, 22].
The recent introduction of hybrid RT systems

equipped with on-board magnetic resonance (MR) scan-
ners introduced the possibility to monitor the tumour
motion during the entire RT treatment by means of sa-
gittal MR images acquired in cine mode with 4–8 frames
per second [23–25].
Although these systems offer a real-time motion moni-

toring only in the cranio-caudal (CC) and antero-
posterior (AP) directions, the analysis of the cine MR
images may lead to useful considerations in clinical
practice, as already demonstrated by some published ex-
periences [22, 26, 27].
The primary aim of this study was to investigate the

reliability of the ITV approach with respect to the TFT,
using the cine MR data acquired during MR-guided
radiotherapy treatment (MRgRT) of patients affected by
lesions located in the abdominal and thoracic regions.
The effective tumour trajectory over the entire RT

treatment was extracted, allowing to calculate the per-
centage of treatment time in which the lesion was within
the ITV defined based on the pre-treatment 4DCT
acquisition.
TFT today represents a crucial point of the MR-Linac

delivery technology: although several improvements are
currently under development for low and high Tesla (T)
systems, the delivery time required for an MRgRT treat-
ment ranges from 5 to 25 min, considerably longer com-
pared to a standard treatment [28, 29].
.Recent technological developments in the field of

non-hybrid RT, also aim at mitigating TFT by minimiz-
ing the intra-fraction motion by delivering complex
treatment plans at high speed, reducing TFT to a few
minutes only [30, 31].
For these reasons, secondary aim of this study was to es-

timate the maximum TFT that should not to be exceeded
to ensure a reliable treatment using the ITV strategy.

Methods
Clinical data and treatment workflow
This retrospective study was focused on the analysis
of lesions located in the thorax and abdomen, enrol-
ling a total of 27 patients (12 thoracic and 15 abdom-
inal lesions).
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All patients received MRgRT treatment on a low-T hy-
brid system (ViewRay MRIdian, Mountain View, Califor-
nia, USA) that joins a 0.35 T on-board MR scanner with
3 Cobalt-60 sources [32].
A 4DCT was acquired for each patient using a helical

CT scanner (HiSpeed DX/i Spiral, General Electrics,
Fairfield, Connecticut, USA) with 2.5 mm slice thickness
and 1.25 mm in-plane image resolution during treatment
simulation. No intravenous contrast agent was adminis-
tered, according to our institutional standards of proced-
ure. Phase-based reconstruction was performed using an
infrared-based Real-time Position Management system
(Varian, Palo Alto, California, USA), dividing the breath-
ing cycle of the patient in 10 phases.
All the MRgRT treatments were administered in free

breathing, monitoring the tumour position during the
whole therapy time acquiring MR images in cine modal-
ity and ensuring the accuracy of the dose delivery using
a gating strategy.
Cine MR imaging consists of the acquisition of one

user defined sagittal plane of 5–7 mm thickness using a
true fast imaging with steady state precession (TrueFisp)
sequence with a spatial resolution of 3 × 3 mm2 and a
temporal resolution of 4 frames/second [33].
Before the start of each treatment fraction, the accur-

acy of the tumour’s contour in the sagittal MR plane
chosen for on-line imaging and its correct propagation
in the different cine MR frames was verified by a radi-
ation oncologist on a 30 s preview MR acquisition.
At the end of each treatment fraction, tumour motion

on treatment cine MR frames was extracted using the
tracking-learning-detection (TLD) algorithm optimised
for the application on cine TrueFisp MR images, that
provides sub-pixel tracking accuracy and precision
higher than 95% in motion estimation [34].
.
Figure 1 shows an example of a cine MR image ac-

quired during treatment delivery.

Tumour motion analysis
For the ITV definition during 4DCT simulation, the tar-
get volume was initially delineated by a radiation oncolo-
gist in the 4DCT breathing phase in which the lesion
was most visible, and the contours were then propagated
with manual corrections to all other breathing phases,
according to our standard practice.
Consequently, the ITV was created as the envelope of

all these contours obtained in different breathing phases
of the 4DCT acquired during simulation.
The ITV was then compared with the effective tumour

motion observed during the treatment fractions, ex-
tracted from the cine MR images using the TLD algo-
rithm [34].

In particular, for each treatment fraction, the ITV centre
was aligned to the mean treatment motion obtained in the
first minute of analysis, simulating image-guided patient
positioning. Subsequently, the percentage of treatment
time in which the tumour was inside the ITV (%TT) was
calculated. Deviations inferior to 1mm were considered
negligible for the determination of the %TT.
Five fractions were analysed per patient and the mean

%TT was reported with respect to the variation of the
TFT from 1 to 10 min (min), in steps of 1 min.
The %TT value after 1 min of treatment was consid-

ered as key parameter to analyse the accuracy of the
4DCT in estimating the ITV margins, assuming as negli-
gible the intra-fraction variability in the first minute of
treatment.
In the analysis of the %TT with respect to the TFT,

the ITV approach was considered moderately reliable
when %TT was ≥90% and strongly reliable when %TT
was ≥95%.
The additional ITV margin required to obtain %TT ≥

95% for all cases where the ITV strategy was not
strongly reliable was also calculated.
The correlation between the initial ITV margins esti-

mated in 4DCT and the %TT values obtained in func-
tion of the TFT was also investigated calculating the
Spearman’s rank correlation coefficient [35]. Correlation
was considered significant when the absolute value of
the Spearman coefficient |R| was higher or equal to 0.7.
The whole data analysis was performed separately for

the thoracic and the abdominal lesions, through in-
house scripts developed in R [36].

Results
Figure 2 shows the location of the lesions analysed in
this study, Table 1 reports the corresponding ITV mar-
gins estimated on 4DCT and the mean treatment frac-
tion time for each case, with the corresponding standard
deviation.
The apical lung lesions (2,3,4,5,12) showed an ITV ex-

tension ≤3 mm in both the considered directions. The
central lung lesions (1,6,7,8,9,11) showed higher motion
amplitudes, with ITV margins ranging from 1 to 8 mm.
Lesion 8 did not move as it was fixed to the thoracic
wall, so its ITV extension was equal to 1 mm in both the
considered directions.
The largest ITV margin was observed for lesion 10

(13 mm in CC direction), located in proximity of the dia-
phragm. The abdominal lesions were located in pancreas
(6), liver (5) and kidneys (4).
For these lesions, the predominant motion was ob-

served in CC direction, with a range of 2–8 mm.
The lesions located in liver and kidneys showed higher

range in motion amplitude compared to those located in
pancreas.
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Fig. 1 Example of a cine MR frame acquired during the treatment delivery. In red the lesion as delineated by the radiation oncologist and
propagated by the software on the MR frame, in green the region of interest defined by the TLD for the extraction of the motion trajectory

Fig. 2 Location observed on 4DCT imaging for the lesions located in the thoracic and abdominal regions
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Table 1 ITV margins estimated in CC and AP direction for the analysed lesions located in thoracic and abdominal region as shown
in Fig. 1. Mean treatment fraction time and relative standard deviations are also reported for each analysed case

Lesion Site CC (mm) AP (mm) Mean TFT (min) Standard Deviation TFT (min)

1 Lung 8 8 10,79 1,32

2 Lung 2 2 10,12 0,89

3 Lung 3 2 9,12 1,16

4 Lung 2 3 12,40 0,77

5 Lung 1 1 9,17 0,65

6 Lung 4 2 12,33 1,11

7 Lung 5 2 9,32 0,90

8 Lung 1 1 10,33 0,58

9 Lung 4 3 9,80 1,01

10 Lung 13 6 10,45 0,87

11 Lung 6 2 12,16 0,92

12 Lung 2 1 9,62 1,19

13 Pancreas 3 3 9,21 0,58

14 Pancreas 5 5 13,45 0,96

15 Pancreas 2 2 13,01 1,58

16 Pancreas 6 3 9,73 1,06

17 Pancreas 4 4 12,46 1,02

18 Pancreas 3 2 8,41 0,82

19 Liver 3 2 9,47 0,75

20 Liver 6 3 10,87 1,68

21 Liver 8 3 8,52 0,92

22 Liver 6 5 11,85 1,77

23 Liver 5 2 8,44 1,40

24 Kidney 7 2 9,05 1,05

25 Kidney 5 2 8,17 0,44

26 Kidney 7 4 9,12 0,80

27 Kidney 6 3 12,16 1,60

Fig. 3 Percentage of TT where the lesion is included in the ITV margin supposing that each treatment fraction would be completed within the
first minute of treatment. In black the lung cases, in light grey the pancreatic lesions, in dark grey the liver lesions and in white the kidney lesions
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Figure 3 shows the %TT values observed for all the
cases, supposing that each analysed treatment fraction
would be completed in the first minute of treatment.
The ITV margins estimated on 4DCT ensure %TT >

95% for all investigated lung lesions.
To the contrary, 4DCT accuracy was inferior in case

of abdominal lesions, where in 7 out of 14 cases the ITV
margin evaluated on 4DCT under-estimated the actual
tumour motion, leading to %TT values lower than 95%.
Table 2 reports the mean values of %TT and their

relative standard deviations in function of the TFT for
all four organs considered in the study.
For all the considered sites, the %TT decreases with

increasing TFT: values higher than 95% were observed
only in case of lung lesions for TFT ≤ 7min.
Table 3 reports the results obtained for the Spearman’s

correlation analysis, used to investigate the relationship
between the %TT and ITV margins estimated on 4DCT
to varying of TFT.
The analysis was not carried out for kidney lesions due

to the low number of cases available (four).
No significant correlation was observed for any lesion

site when TFT < 5min.
In general, the correlation analysis showed that for

TFT ≥ 5min the %TT decreases much more in patients
with larger motion estimated in 4DCT.
A significant correlation (|R| ≥ 0.7) was observed in

case of pancreatic lesions for AP direction with TFT > 7
min and in the case of lung volumes for CC direction
with TFT ≥ 5 min.
A value of R = − 0.67 was observed for liver in CC dir-

ection, when TFT ≥ 6 min.
Figure 4 reports the additional margin required to

make the ITV strategy strongly reliable (%TT ≥ 95%) in
CC (upper) and AP (lower) direction. Negative values
show that the ITV margins estimated during 4DCT

simulation are larger than the effective motion observed
during treatment using cine MRI.
Based on these considerations, no additional margin

has to be added in case of lung lesions, independently
from the TFT (all margins are < 1 mm).
An additional 2 mm margin in CC and 1mm in AP

direction is recommended to make the ITV approach
strongly reliable, if the TFT remains ≤4 min, for pancre-
atic lesions.
With the same TFT (<= 4min) additional margins of

3 mm in CC and 2mm in AP are recommended to ob-
tain %TT > 95% in hepatic and renal lesions.

Discussion
Although the ITV strategy is widely diffused to manage
tumour motion in clinical practice, its robustness is still
a matter of discussion, with controversial results re-
ported in literature [12, 37, 38].
The findings of this study, taking into account a lim-

ited cohort of patients, indicate that the reliability of the
ITV approach depends on the considered treatment site,
being the result of the interplay of two main factors: the
accuracy in the ITV margin definition from 4DCT and
the tumour motion variability occurring during the radi-
ation treatment.
An incorrect estimation of the tumour motion ampli-

tude on 4DCT may introduce a systematic error in the
ITV margins definition, limiting the accuracy of this strat-
egy regardless of the TFT Several recent experiences ob-
served that the 4DCT imaging can under or over-estimate
the tumour motion by more than 3mm, depending on the
lesion location and the extent of the motion amplitude.
Furthermore, assuming as appropriate the ITV margin es-
timated during 4DCT simulation, long- and short-term
tumour motion variability during the course of therapy

Table 2 Mean values and relative standard deviations of %TT
values calculated with respect to the TFT variation for lesions
located in lung, pancreas, liver and kidney

TFT
(min)

%TT

Lung Pancreas Liver Kidney

1 98,7 ± 1,1 94,9 ± 4,5 93,9 ± 2,0 94,0 ± 2,1

2 98,2 ± 1,7 93,8 ± 5,0 92,0 ± 3,9 92,9 ± 1,4

3 98,1 ± 1,5 93,2 ± 4,7 90,9 ± 4,1 92,3 ± 1,9

4 98,0 ± 1,5 93,1 ± 4,4 89,6 ± 3,2 90,6 ± 3,4

5 97,0 ± 2,8 93,2 ± 4,0 88,8 ± 2,8 90,8 ± 2,7

6 96,1 ± 4,2 92,3 ± 4,9 88,1 ± 1,7 90,4 ± 2,5

7 95,3 ± 5,6 91,9 ± 4,2 87,3 ± 1,8 90,3 ± 2,3

8 94,7 ± 6,6 91,6 ± 4,1 86,5 ± 2,8 89,6 ± 2,4

9 94,1 ± 7,7 90,8 ± 3,9 85,6 ± 3,7 88,1 ± 3,4

10 92,5 ± 10,2 90,4 ± 4,2 85,3 ± 4,1 86,8 ± 4,7

Table 3 Spearman’s correlation coefficient calculated to
investigate the relationship between the %TT and ITV margins
estimated on 4DCT. Correlation was considered significant
when |R| ≥ 0.7

TFT Lung Liver Pancreas

CC AP CC AP CC AP

1min −0,23 −0,59 −0,36 0,41 0,35 0,00

2 min −0,17 −0,43 −0,05 −0,14 0,26 0,00

3 min −0,22 −0,45 −0,05 − 0,14 − 0,03 − 0,12

4 min − 0,42 −0,52 − 0,05 −0,14 0,12 0,15

5 min −0,70 −0,59 − 0,21 −0,55 0,12 0,15

6 min −0,71 −0,54 − 0,67 −0,64 − 0,08 −0,14

7 min −0,74 − 0,50 −0,67 − 0,55 −0,32 − 0,46

8 min − 0,77 −0,41 − 0,67 −0,64 − 0,60 −0,99

9 min −0,79 − 0,48 −0,48 − 0,86

10 min − 0,91 −0,59 −0,72 -0,74
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can cause significant displacements of the tumour pos-
ition, making the initially estimated ITV no longer ad-
equate to cover the lesion trajectory [20, 39].
The results reported in Table 2 show that, for the ana-

lysed lung cases, the ITV strategy ensured an appropri-
ate target coverage in CC and AP direction , when the
TFT does not exceed 7 min.
In all the observed lung cases, the 4DCT image

allowed a correct estimation of the ITV margins , as de-
scribed in Fig. 3, where all the lung cases present a %TT
value higher than 95% in the first minute of treatment,
when intra-fraction variability can be considered
negligible.
Increasing the TFT, the %TT mainly decreased for le-

sions with larger motion amplitudes, as demonstrated by
the results of the Spearman’s test reported in Table 3:
the correlation starts to be significant in CC direction
when TFT exceeds 4 min.

The results observed in this study are in line with
those published by Britton et al., who observed on 10
lung cases an inferior motion variability in lesions with
initial amplitude inferior to 5 mm compared to those ob-
served in lesions with larger initial amplitude [40].
Dhont et al. also observed important variations in mo-

tion amplitude between those obtained from 4DCT at
simulation and those measured during treatment, for
amplitudes above 7mm [39].
With regard to abdominal lesions, a %TT < 95% was

observed at the first minute of treatment in 50% of cases,
suggesting that the ITV definition is more challenging in
the abdominal site.
In many of these cases, in fact, the target delinea-

tion accuracy on different breathing phases resulted
to be limited by the low soft-tissue contrast pro-
vided by 4DCT and by the presence of blurring
effects.

Fig. 4 Additional ITV margin to ensure that each lesion is inside the ITV for 95% of treatment time in function of the treatment fraction time. In
black the lung cases, in light grey the pancreatic lesions, in dark grey the liver lesions and in white the kidney lesions
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This last aspect can have a higher impact in case of
kidney and liver lesions, where the hypodense tissue and
the overlap with nearby structures with similar image
contrast further limit the quality of the delineation.
Because of these difficulties, the reliability of the ITV

approach seems to be lower in the abdominal region
compared to the thorax. In order to safely adopt the ITV
strategy, the use of extra margins to be added to those
estimated by 4DCT is recommended,
especially when no contrast agent is used .
The extent of these additional margins is dependent

on TFT, as shown in Fig. 4. This is likely due to the fact
that an increase in treatment time causes patient ex-
haustion, which leads to millimetric displacements of
the target and to the manifestation of effects such as
baseline drift and shifts, as already demonstrated by pre-
vious analysis [20, 22, 37–39].
One of the major limitations of this study is due to the

fact that no evaluation can be made in left-right (LR)
direction, since all the analyses were carried out on MR
images acquired on a single-slice sagittal plane.
Although previous studies showed that LR represents the

less significant motion direction (with values of 1–2mm), a
comprehensive analysis in this direction is necessary to ex-
press definitive considerations on ITV reliability [6, 39].
It should also be taken into account that an additional

set-up margin has to be considered for PTV generation,
as recommended by several ICRU reports [41, 42].
The combination of ITV and set-up margin can lead

to large planning target volumes, limiting the prescrip-
tion dose in some cases: for these reasons, active motion
management and breath hold techniques should be pre-
ferred whenever possible, especially in case of tumours
with large motion amplitude.

Conclusion
This study has evaluated the reliability of the ITV ap-
proach in the abdominal and thoracic sites in a cohort
of 27 patients undergoing MRgRT.
On the basis of the analysed cases, this approach ap-

pears to be reliable in the thorax, where the ITV margins
estimated in 4DCT ensures an appropriate target cover-
age if the TFT does not exceed 7 min.
On the other hand the ITV strategy results more chal-

lenging in the abdomen, due to the higher uncertainties
in ITV definition and to the larger inter-fraction motion
variability observed in the analysed patients.
The addition of extra margins based on the TFT may

represent a valid tool to compensate such limitations.
Further studies including larger cohorts of patients

and the acquisition of orthogonal planes for motion esti-
mation are recommended to verify the results of this
study and achieve more comprehensive evaluation of the
reliability of the ITV approach.

Abbreviations
AP: Antero-posterior; CC: Cranio caudal; CT: Computed tomography;
ITV: Internal Target Volume; MIP: Maximum Intensity Projection; MR: Magnetic
resonance; MRgRT: Magnetic resonance-guided radiotherapy; PTV: Planning
target volume; RT: Radiotherapy; SBRT: Stereotactic body radiation therapy;
Sec: Seconds; TFT: Treatment fraction time; TLD: Tracking-learning-detection;
TrueFISP: True fast imaging with steady state precession; TT: Treatment time;
4DCT: Four dimensional computed tomography; 4DRT: Four dimensional
radiotherapy

Acknowledgements
Not applicable.

Authors’ contributions
DC, JD conceived the design of the study. DC, LP, CV performed the
statistical analysis. AR, SL, GC performed the tumor delineation. DC, JD
performed the bibliographic analysis and DC, LB, JD, DV wrote the
manuscript. VV, DV, MDS and LA participated in the design and coordination
of the study and helped to draft the manuscript All authors read and
approved the final manuscript.

Funding
No funding was received for this work.

Availability of data and materials
The datasets analysed during the current study are available from the
corresponding author on reasonable request.

Ethics approval and consent to participate
Not Applicable.

Consent for publication
All the data used in the manuscript were previously anomysed and they had
received consent for analysis and publication.

Competing interests
DC, LB received speaker honoraria and travel reimbursements from ViewRay
Inc. VV has a research agreement with ViewRay Inc. All the other authors
declare that they have no competing interests in the field of application of
the manuscript.

Author details
1Fondazione Policlinico Universitario Agostino Gemelli IRCCS, Largo Agostino
Gemelli,8, 00168 Rome, Italia. 2Department of Electronics and Informatics
(ETRO), Vrije Universiteit Brussel (VUB), Pleinlaan 9, B-1050 Brussels, Imec,
Leuven, Belgium. 3Faculty of Medicine and Pharmacy, Vrije Universiteit
Brussel (VUB), Brussels, Belgium. 4Department of Radiotherapy, Iridium
Kankernetwerk, University of Antwerp (Faculty of Medicine and Health
Sciences), Antwerp, Belgium.

Received: 10 February 2020 Accepted: 3 April 2020

References
1. Jaffray DA. Image-guided radiotherapy: from current concept to future

perspectives. Nat Rev Clin Oncol. 2012;9:688–99.
2. Rosu M, Hugo GD. Advances in 4D radiation therapy for managing

respiration: part II – 4D treatment planning. Z Med Phys. 2012;22:272–80.
3. Dieterich S, Green O, Booth J. SBRT targets that move with respiration. Phys

Med. 2018;56:19–24.
4. Langen KM, Jones DT. Organ motion and its management. Int J Radiat

Oncol Biol Phys. 2001;50:265–78.
5. Jensen CA, Acosta Roa AM, Lund J-Å, Frengen J. Intrafractional baseline drift

during free breathing breast cancer radiation therapy. Acta Oncol Stockh
Swed. 2017;56:867–73.

6. Seppenwoolde Y, Shirato H, Kitamura K, Shimizu S, van Herk M, Lebesque
JV, et al. Precise and real-time measurement of 3D tumor motion in lung
due to breathing and heartbeat, measured during radiotherapy. Int J Radiat
Oncol Biol Phys. 2002;53:822–34.

7. Takao S, Miyamoto N, Matsuura T, Onimaru R, Katoh N, Inoue T, et al.
Intrafractional baseline shift or drift of lung tumor motion during gated

Cusumano et al. Radiation Oncology          (2020) 15:152 Page 8 of 9



radiation therapy with a real-time tumor-tracking system. Int J Radiat Oncol
Biol Phys. 2016;94:172–80.

8. Ong CL, Dahele M, Slotman BJ, Verbakel WFAR. Dosimetric impact of the
interplay effect during stereotactic lung radiation therapy delivery using
flattening filter-free beams and volumetric modulated arc therapy. Int J
Radiat Oncol Biol Phys. 2013;86:743–8.

9. Riley C, Yang Y, Li T, Zhang Y, Heron DE, Huq MS. Dosimetric evaluation of
the interplay effect in respiratory-gated RapidArc radiation therapy. Med
Phys. 2014;41:011715.

10. Stemkens B, Glitzner M, Kontaxis C, de Senneville BD, Prins FM, Crijns SPM,
et al. Effect of intra-fraction motion on the accumulated dose for free-
breathing MR-guided stereotactic body radiation therapy of renal-cell
carcinoma. Phys Med Biol. 2017;62:7407–24.

11. Cavedon C. Real-time control of respiratory motion: beyond radiation
therapy. Phys Medica PM Int J Devoted Appl Phys Med Biol Off J Ital Assoc
Biomed Phys AIFB. 2019;66:104–12.

12. Guckenberger M, Richter A, Boda-Heggemann J, Lohr F. Motion
compensation in radiotherapy. Crit Rev Biomed Eng. 2012;40:187–97.

13. Hugo GD, Rosu M. Advances in 4D radiation therapy for managing
respiration: part I – 4D imaging. Z Med Phys. 2012;22:258–71.

14. Admiraal MA, Schuring D, Hurkmans CW. Dose calculations accounting for
breathing motion in stereotactic lung radiotherapy based on 4D-CT and the
internal target volume. Radiother Oncol J Eur Soc Ther Radiol Oncol. 2008;86:55–60.

15. Chen X, Lu H, Tai A, Johnstone C, Gore E, Li XA. Determination of internal
target volume for radiation treatment planning of esophageal cancer by
using 4-dimensional computed tomography (4DCT). Int J Radiat Oncol Biol
Phys. 2014;90:102–9.

16. Tai A, Liang Z, Erickson B, Li XA. Management of respiration-induced motion
with 4-dimensional computed tomography (4DCT) for pancreas irradiation.
Int J Radiat Oncol Biol Phys. 2013;86:908–13.

17. Tian Y, Wang Z, Ge H, Zhang T, Cai J, Kelsey C, et al. Dosimetric comparison
of treatment plans based on free breathing, maximum, and average
intensity projection CTs for lung cancer SBRT. Med Phys. 2012;39:2754–60.

18. Underberg RWM, Lagerwaard FJ, Slotman BJ, Cuijpers JP, Senan S. Use of
maximum intensity projections (MIP) for target volume generation in 4DCT
scans for lung cancer. Int J Radiat Oncol Biol Phys. 2005;63:253–60.

19. Akimoto M, Nakamura M, Nakamura A, Mukumoto N, Kishi T, Goto Y, et al.
Inter- and intrafractional variation in the 3-dimensional positions of
pancreatic tumors due to respiration under real-time monitoring. Int J
Radiat Oncol Biol Phys. 2017;98:1204–11.

20. Case RB, Moseley DJ, Sonke JJ, Eccles CL, Dinniwell RE, Kim J, et al.
Interfraction and intrafraction changes in amplitude of breathing motion in
stereotactic liver radiotherapy. Int J Radiat Oncol. 2010;77:918–25.

21. Lu W, Parikh PJ, Hubenschmidt JP, Bradley JD, Low DA. A comparison
between amplitude sorting and phase-angle sorting using external
respiratory measurement for 4D CT. Med Phys. 2006;33:2964–74.

22. Cusumano D, Dhont J, Boldrini L, Chiloiro G, Teodoli S, Massaccesi M, et al.
Predicting tumour motion during the whole radiotherapy treatment: a
systematic approach for thoracic and abdominal lesions based on real time
MR. Radiother Oncol. 2018;129:456–62.

23. Pollard JM, Wen Z, Sadagopan R, Wang J, Ibbott GS. The future of image-
guided radiotherapy will be MR guided. Br J Radiol. 2017;90:20160667.

24. van der Heide UA. MR-guided radiation therapy. Phys Med. 2016;32:175.
25. Corradini S, Alongi F, Andratschke N, Belka C, Boldrini L, Cellini F, et al. MR-

guidance in clinical reality: current treatment challenges and future
perspectives. Radiat Oncol. 2019;14:92.

26. Akino Y, Oh R-J, Masai N, Shiomi H, Inoue T. Evaluation of potential internal
target volume of liver tumors using cine-MRI. Med Phys. 2014;41:111704.

27. Fernandes AT, Apisarnthanarax S, Yin L, Zou W, Rosen M, Plastaras JP, et al.
Comparative assessment of liver tumor motion using cine-magnetic
resonance imaging versus 4-dimensional computed tomography. Int J
Radiat Oncol Biol Phys. 2015;91:1034–40.

28. Werensteijn-Honingh AM, Kroon PS, Winkel D, Aalbers EM, van Asselen B,
Bol GH, et al. Feasibility of stereotactic radiotherapy using a 1.5 T MR-linac:
multi-fraction treatment of pelvic lymph node oligometastases. Radiother
Oncol. 2019;134:50–4.

29. Sahin B, Zoto Mustafayev T, Gungor G, Aydin G, Yapici B, Atalar B, et al. First
500 fractions delivered with a magnetic resonance-guided radiotherapy
system: initial experience. Cureus. 2019;11:e6457.

30. Li T, Scheuermann R, Lin A, Teo B-KK, Zou W, Swisher-McClure S, et al.
Impact of multi-leaf collimator parameters on head and neck plan quality

and delivery: a comparison between halcyon™ and truebeam® treatment
delivery systems. Cureus. 2018;10:e3648.

31. Michiels S, Poels K, Crijns W, Delombaerde L, De Roover R, Vanstraelen B,
et al. Volumetric modulated arc therapy of head-and-neck cancer on a fast-
rotating O-ring linac: plan quality and delivery time comparison with a C-
arm linac. Radiother Oncol J Eur Soc Ther Radiol Oncol. 2018;128:479–84.

32. Mutic S, Dempsey JF. The ViewRay system: magnetic resonance-guided and
controlled radiotherapy. Semin Radiat Oncol. 2014;24:196–9.

33. Hu Y, Rankine L, Green OL, Kashani R, Li HH, Li H, et al. Characterization of
the onboard imaging unit for the first clinical magnetic resonance image
guided radiation therapy system. Med Phys. 2015;42:5828–37.

34. Dhont J, Vandemeulebroucke J, Cusumano D, Boldrini L, Cellini F, Valentini
V, et al. Multi-object tracking in MRI-guided radiotherapy using the tracking-
learning-detection framework. Radiother Oncol. 2019;138:25–9.

35. Spearman C. The proof and measurement of association between two
things. Am J Psychol. 1904;15:72–101.

36. R Core Team. R: a language and environment for statistical computing
[internet]. R Foundation for Statistical Computing. 2014. Available from:
https://www.r-project.org.

37. Ge J, Santanam L, Noel C, Parikh PJ. Planning 4-dimensional computed
tomography (4DCT) cannot adequately represent daily intrafractional motion
of abdominal tumors. Int J Radiat Oncol Biol Phys. 2013;85:999–1005.

38. Rit S, van Herk M, Zijp L, Sonke J-J. Quantification of the variability of
diaphragm motion and implications for treatment margin construction. Int J
Radiat Oncol. 2012;82:e399–407.

39. Dhont J, Vandemeulebroucke J, Burghelea M, Poels K, Depuydt T, Van Den
Begin R, et al. The long- and short-term variability of breathing induced
tumor motion in lung and liver over the course of a radiotherapy
treatment. Radiother Oncol J Eur Soc Ther Radiol Oncol. 2018;126:339–46.

40. Britton KR, Starkschall G, Tucker SL, Pan T, Nelson C, Chang JY, et al.
Assessment of gross tumor volume regression and motion changes during
radiotherapy for non–small-cell lung cancer as measured by four-
dimensional computed tomography. Int J Radiat Oncol. 2007;68:1036–46.

41. Hodapp N. The ICRU report 83: prescribing, recording and reporting
photon-beam intensity-modulated radiation therapy (IMRT). Strahlenther
Onkol Organ Dtsch Rontgengesellschaft Al. 2012;188:97–9.

42. Oxford Academic. Report 91. J Int Comm Radiat Units Meas. 2014;14:1–160.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Cusumano et al. Radiation Oncology          (2020) 15:152 Page 9 of 9

https://www.r-project.org

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Clinical data and treatment workflow
	Tumour motion analysis

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

