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Purpose: This study aimed to assess the smallest clinical target volume (CTV) to planned target volume
(PTV) margins for esophageal cancer radiotherapy using daily online registration to the bony anatomy
that yield full dosimetric coverage over the course of treatment.
Methods: 29 esophageal cancer patients underwent six T2-weighted MRI scans at weekly intervals. An
online bone-match image-guided radiotherapy treatment of five fractions was simulated for each patient.
Multiple conformal treatment plans with increasing margins around the CTV were created for each
patient. Then, the dose was warped to obtain an accumulated dose per simulated fraction. Full target cov-
erage by 95% of the prescribed dose was assessed as a function of margin expansion in six directions. If
target coverage in a single direction was accomplished, then the respective margin remained fixed for the
subsequent dose plans. Margins in uncovered directions were increased in a new dose plan until full tar-
get coverage was achieved.
Results: The smallest set of CTV-to-PTV margins that yielded full dosimetric CTV coverage was 8 mm in
posterior and right direction, 9 mm in anterior and cranial direction and 10 mm in left and caudal direc-
tion for 27 out of 29 patients. In two patients the curvature of the esophagus considerably changed
between fractions, which required a 17 and 23 mm margin in right direction.
Conclusion: Accumulated dose analysis revealed that CTV-to-PTV treatment margins of 8,9 and 10 mm in
posterior & right, anterior & cranial and left & caudal direction, respectively, are sufficient to account for
interfraction tumor variations over the course of treatment when applying a daily online bone match.
However, two patients with extreme esophageal interfraction motion were insufficiently covered with
these margins and were identified as patients requiring replanning to achieve full target coverage.
© 2021 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 161 (2021) 16-22 Thisis an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Esophageal cancer is the eight most prevalent cancer world-
wide. Multimodal treatment strategies comprising neoadjuvant
chemoradiotherapy plus surgery or definitive chemoradiotherapy
have improved survival of patients with locally advanced esopha-
geal cancer [1-3]. Irradiation of esophageal cancer often comes
with large clinical target volumes (CTVs) with complex shapes to
secure optimal dose delivery to all tumor cells. Image-guided radi-
ation therapy (IGRT) allows rigid alignment of the bony anatomy
on kilo-/megavoltage cone-beam CT (CBCT) or 2D fluoroscopy
images with the 3-dimensional (3D) planning computed tomogra-
phy before radiation dose delivery [4-8]. However, considerable
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residual geometrical uncertainties due to interfraction tumor posi-
tion variation and shape changes require the use of treatment mar-
gins to establish sufficient coverage of the CTV over the course of
treatment.

Many studies have investigated these geometrical uncertainties
in order to quantify the associated CTV-to-Planning Target Volume
(PTV) margins with the use of repetitive CT, CBCT or Magnetic Res-
onance Imaging (MRI) over the course of treatment [6,7,9-16]. Of
particular interest are the recent studies that reported on the
inter- and intrafraction displacement on CBCTs of fiducial markers
that were endoscopically placed at some anchor points in the
tumor [13-15]. Here, the marker movements were used as a surro-
gate for the gross tumor volume (GTV) and CTV displacements as
generally the 3D anatomy of the CTV cannot be adequately seg-
mented on the CBCT. Based on these displacements, the well-
known margin recipe of van Herk et al. was used to derive margins
for various set-up strategies [17]. For the most commonly
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employed set-up strategy, i.e. daily alignment to the bony anatomy
(predominantly vertebrae), these studies concluded that large
margins are required.

Although these studies reported sound and reproducible data
on the interfraction motion of the markers, the ensuing CTV-to-
PTV margins using the ‘van Herk’-recipe could be biased for a num-
ber of reasons. First, the margin recipe assumes rigid movements of
the entire CTV, whereas the CTV interfraction variation is often
characterized by shape changes. Second, the markers were sam-
pled over the tumor (GTV) and not over the CTV which may lead
to different motion characteristics. Thirdly, the margin recipe
assumes perfect conformity at every surface element of the PTV
surface often in conjunction with steep dose gradients outside
the PTV.

Aim of the current report was to overcome these aforemen-
tioned limitations by doing a full dosimetric assessment in a cohort
of esophageal cancer patients and to assess the smallest CTV-to-
PTV margins that yield full target coverage in a virtual daily online
bone match image-guided treatment series using five weekly
acquired MRI scans as treatment samples. By doing so, not only
the dosimetric impact of day-to-day translations of the tumor itself
is accounted for, but also the dosimetric effects of all morphologic
changes (e.g tumor regression) over the course of treatment are
incorporated.

Materials & methods

Patient inclusion

A total of thirty-two patients with histopathologically con-
firmed esophageal cancer who were scheduled to undergo neoad-
juvant chemoradiotherapy according to the CROSS regimen (23
fractions of 1.8 Gy with concurrent carboplatin/paclitaxel [3]) were
included in this single-center prospective cohort study between
December 2015 and April 2018. Exclusion criteria for enrollment
in the study were age < 18 years, previous thoracic surgery or tho-
racic radiotherapy, and contraindications for MRI. The study was
approved by the institutional review board of the University Med-
ical Center Utrecht (protocol ID 15-340). All participants provided
written informed consent. In our previous paper, we reported on
the isotropic margins required for geometric target coverage for
a bone match setup and a rigid tumor registration setup for indi-
vidual fractions for these patients [16]. In the current work, we
assessed the treatment margins in all directions which yielded suf-
ficient target coverage for a whole treatment, based on a full accu-
mulated dosimetric analysis.

Image acquisition

Each patient underwent six times T2-weighted MRI scans, one
prior to treatment and five times during neoadjuvant chemoradio-
therapy at weekly intervals. Images were acquired on a 1.5 T Phi-
lips Ingenia (Best, the Netherlands), using anterior/posterior (28
channel) receive coils. Patients were positioned in supine position
with both arms next to the body for increased patient comfort dur-
ing MRI scanning, in contrary to positioning during a conventional
treatment session, when arms are positioned above the head.

Respiratory-triggered transversal and sagittal anatomical T2-
weighted scans (T2W) were acquired with a multi-slice turbo spin
echo sequence in the first 19 patients (TR/TE = 1604/100 ms and
1431/100 ms, resolution = 0.67 x 0.67 x 6.48 mm° and 4.4 x 0.7
x 0.7 mm?>, for transversal and sagittal scans, respectively). From
the 20th patient onwards, respiratory-triggered sagittal and
transversal T2W MultiVane XD (MVXD) scans were acquired
instead of the previously mentioned scans, as these scans demon-
strated improved image quality (TR/TE = 2039/100 ms and
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2243/100 ms, resolution = 0.62 x 0.62 x 3.0 mm> and 3.0 x 0.63
x 0.63 mm?, for transversal and sagittal scans, respectively).

Delineations

A certified radiation oncologist (N.T.) delineated the GTV on
each MRI which was subsequently reviewed by a radiation oncol-
ogist specialized in upper gastrointestinal malignancies (S.M.). Any
disagreements were solved through a consensus discussion. Next,
the CTV was created using a margin of 0.5 cm around the GTV in
the left, right, anterior and posterior directions (excluding the
heart, large vessels, trachea, bronchial tree and lungs), 3 cm in cra-
nial direction and 2 or 3 cm caudally (2 cm in case of tumor exten-
sion in the stomach).

Treatment simulation

An online bone-match IGRT treatment of five fractions was sim-
ulated for each patient. The first MRI scan was used as a reference
scan and the five follow-up scans were used as individual samples
of the patient’s anatomy over the course of treatment. The refer-
ence MRI was rigidly aligned, based on a bone match, to the clinical
planning CT, which was acquired on the same day as the reference
MRI scan. Then, the CTV of the reference MRI was projected on the
structure set of the planning CT, which consisted of organs at risk.
These steps were necessary so that density information of the CT
could be used in subsequent treatment planning. For every patient,
single full arc Volumetric-Modulated Arc (VMAT) plans with vary-
ing CTV-to-PTV margins were generated using the autoplanning
module of the Pinnacle 16.2 treatment planning system, (Koninkli-
jke Philips NV, Eindhoven, The Netherlands). The reason for using
the Pinnacle system instead of the Monaco 5.40.01 treatment plan-
ning system (Elekta AB, Stockholm, Sweden) that we clinically use,
was that the advanced scripting and autoplanning capabilities
required for this study, were not yet available in the Monaco sys-
tem at the time of this research. The target dose to the PTV was
set to 41.4 Gy at 23 fractions (1.8 Gy/fraction), whereas the opti-
mization goals in the autoplanning toolkit were set to a mean lung
dose < 4.2 Gy (high priority) and a mean heart dose < 10 Gy (med-
ium priority). Additional auxiliary structures were automatically
generated to achieve a high 3D-conformity of the 95% isodose sur-
face with respect to the PTV, as loose 95% isodose surfaces could
yield an underestimation of the final margins in this study.

For each plan, an online IGRT treatment was simulated by
rigidly projecting the planned dose distributions on the follow-
up scans by a bone-match registration (Fig. 1). As patient position-
ing and alignment on the MRI scanner was less thoroughly per-
formed (without laser guidance) than typically at the treatment
unit, translational registrations based on the bony anatomy
between the follow-up MRI and reference MRI could not directly
be used for the treatment simulation, since this would result in
an overestimated residual rotation. Therefore a multi-step registra-
tion was performed to simulate patient positioning on a conven-
tional treatment system. First, to adjust for the overestimated
residual rotation, follow-up MRI scans were rigidly aligned (trans-
lations and rotations allowed) to the reference MRI scan based on
grey values in a box around the vertebrae, located over the length
of the tumor (typically four or five vertebrae), using the Elastix
toolbox [18]. Then, a rotation correction was added to mimic a
realistic rotational misalignment. The rotation correction was
obtained from the rotational error of the clinical treatment fraction
of the corresponding day of MRI acquisition measured with X-ray
volume imaging software (Elekta AB, Stockholm, Sweden).

After the rigid alignment and rotation correction we assumed
that the patient’s anatomy was representative of positioning on a
conventional treatment system. Next, each projected dose distri-
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Fig. 1. Schematic illustration of the registration steps applied to simulate an online IGRT set-up procedure based on bony anatomy alignment (Step 1 and 2) followed by a
two-step non-rigid deformable image registration used to accurately register the voxels from the follow-up scan to the reference scan in order to obtain an accumulated dose.
First, a whole body grey-value registration (mutual information metric) was applied in combination with a bending penalty metric (Step 3). The second step consisted of a
mask match of the delineated CTVs were the previous step was used as initial transform (Step 4). The deformation vector field is the combination of both non-rigid
deformable image registration steps (Steps 3 + 4). The blue panels depict the follow-up scan after each registration step. In the green panels a sagittal view of the CTV and
vertebrae of the reference scan is depicted. The dashed blue structure in the reference scan refers to the propagated CTV from the follow-up scan.

bution on the follow-up scans was non-rigidly warped to the refer-
ence scan. For this, a two-step non-rigid B-spline image registra-
tion from the Elastix toolbox was used to accurately register the
voxels from the follow-up scan to the reference scan for both the
transversal and sagittal scans. First, a whole body grey-value regis-
tration (mutual information metric) was applied in combination
with a bending penalty metric. To ensure correct mapping of the
CTV a second registration step was performed. The second registra-
tion step consisted of a mask match of the delineated CTVs (kappa
statistic metric), which again was also combined with a bending
penalty metric.'

Subsequently, the deformation vector field (DVF) was applied to
the projected dose to obtain the ‘delivered’ dose per fraction
(Fig. 2). All warped dose distributions of the follow-up scans were
summed and projected on the reference scan to obtain a surrogate

! The parameter file can be found on the Elastix website: https://elastix.lumc.
nl/modelzoo/par0062/
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of the total accumulated/delivered dose distribution for each
patient.

The accuracy of the deformable registration was determined by
calculating the dice coefficient between a warped mask of the
follow-up CTV and the mask of the reference CTV.

Target coverage assessment

For every voxel of the reference CTV that was not covered by the
total accumulated dose with 95% of the prescription dose, the
shortest vector to the 95% prescription dose surface was calculated
(Fig. 2E). Vector analysis was performed to assess the coverage in
all 6 cardinal directions. A direction was marked as covered if no
voxels in this direction were outside the 95% accumulated dose.
Coverage of the anterior-posterior (AP) and left-right (LR) direction
was assessed with deformation vector fields following registration
on the transversal scan, as resolution in these directions is the
highest in the transversal plane. Similarly, coverage of the cranial
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Fig. 2. Schematic overview of dose warp and coverage analysis of a simulated treatment. First, a dose plan with 0 mm CTV-to-PTV margins in all directions was created (A)
based on the delineated CTV (blue delineations) in the baseline scan. Then, the dose was rigidly projected on the follow-up fractions (B). Here, the daily CTVs are shown by the
green delineations. The deformation vector field, obtained from deformable image registration, was applied on the projected doses and resulted in a warped dose per fraction
(C). These warped doses were summed to obtain the total accumulated dose over the course of treatment for a treatment plan with 0 mm margins (D). Coverage analysis of
the CTV by 95% of the prescribed dose indicated whether a direction was required an additional margin or not (E). Given an uncovered direction, the CTV-to-PTV margin in
that direction was increased with + 1 mm and steps A-E are repeated with a new dose plan.

caudal (CC) direction was assessed with the DVF following from
sagittal registration.

PTV margin determination

In the search for the smallest set of anisotropic CTV-to-PTV
margins that yield full target coverage for all patients an iterative
loop was initiated. Starting point was the dosimetric assessment
of the accumulated dose of 0-mm plans where the PTV coincides
with the CTV for all patients. For each direction the fraction of
patients who obtained full coverage in this direction was assessed.
In the next iteration the margin for each of the six main directions
was increased with 1 millimeter if target coverage was not
achieved in the direction in question for at least one patient. If tar-
get coverage in a single direction was accomplished for all patients,
then the respective margin remained fixed for the subsequent dose
plans.

Results

A total of 32 patients with newly diagnosed esophageal cancer
were enrolled in this prospective study. Two patients were
excluded based on a limited field of view in the cranial caudal
direction on the reference scan and one because of withdrawal
from study participation. Of the remaining 29 patients, three
patients requested cancellation of a follow-up scan and 5 transver-
sal follow-up scans were excluded based on a limited field of view
in the cranial-caudal direction and 11 sagittal follow-up scans
were excluded based on a limited field of view in the left-right
direction. The final study population consisted of 29 patients
who underwent a total of 140 transversal and 134 sagittal
follow-up scans. Baseline patient and tumor characteristics are
presented in Table 1.

For all treatment plans the autoplanning module yielded very
conformal dose distributions. The volume of the 95% isodose sur-
faces was on average only 14% larger than the PTV volume, which
corresponded to an average distance of 1.5 mm between the PTV
surface and the 95% isodose surface. This high conformity could
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Table 1
Clinical characteristics of the study population.

Full cohort (n = 32)

Characteristics n (%)
Age at diagnosis (years), mean (range) 65 (46-77)
Sex
Male 28 87.5
Female 4 125
Tumor Location
Proximal esophagus 0 0
Middle esophagus 2 6
Distal esophagus 27 84
Gastroesophageal junction (GEJ) 3 10
Clinical T stage*
cT2 2 6
cT3 30 94
Clinical N stage*
cNO 28
cN1 17 53
cN2 16
cN3 1 3
Histology
Squamous cell carcinoma 9 28
Adenocarcinoma 22 69
Other 1 3

*Clinical and histopathologic T- and N- stage are based on UICC TNM 7th edition.

generally be achieved without sacrificing any PTV coverage. The
median V95 was 99.2% and the 25% and 75% interquartile ranges
were 98.5 and 99.8, respectively.

The average dice coefficient of the warped CTVs was 0.91 + 0.02
and 0.92 + 0.02 for transversal and sagittal registrations, respec-
tively. Further visual inspection of all registered images revealed
no abnormalities in surrounding tissue (i.e. deformed vertebrae
or aorta).

As anticipated, at a 0-mm CTV-to-PTV margin underdosing of
the CTV occurred in all directions for all patients. The only excep-
tion here was patient 2 where the minimum dose of all caudal CTV
voxels remained above the 95% prescription dose threshold after
the dose warping procedure.
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Increase of the CTV-to-PTV margin resulted in an increase of
target coverage and an isotropic margin of 5 mm yielded full dosi-
metric CTV coverage for 31% of the patients, whereas an isotropic
8-mm margin resulted in full coverage for 83% of the patients
(Fig. 3). In Supplementary Table 1 the anisotropic margins that
would yield full dosimetric CTV coverage are listed for each indi-
vidual patient.

The smallest set of CTV-to-PTV margins that yielded full dosi-
metric CTV coverage in 27 out of 29 patients was 8 mm in the pos-
terior and right direction, 9 mm in the anterior and cranial
direction and 10 mm in the left and caudal direction (Fig. 4 &
Suppl. Fig. 1).

In two patients (patients 12 and 15) the curvature of the esoph-
agus considerably changed over the course of treatment. In both
patients the esophageal tract at the level of the heart was located
left from the midline at the reference scan, however after two
weeks of treatment this tract moved entirely over the midline in
the right direction. In patient 15 this change was permanent,
whereas in patient 12 the tract moved back to its original position
in week 4 (Suppl. Fig. 2). Subanalysis revealed that for patient 12 a
margin of 17 mm in the right direction was required to assure ade-
quate CTV coverage whereas for patient 15 an even larger margin
of 23 mm was needed.
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Fig. 3. Percentage of patients where the CTV is fully covered in all directions on all
fractions when an isotropic margin around the CTV is used.
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Fig. 4. CTV covered per CTV-to-PTV margin for each direction. Posterior and right
direction require a margin of 8 mm, cranial and anterior direction need a 9 mm
margin and left and caudal direction requires a margin of 10 mm for full CTV
coverage in 27 out of 29 patients.
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Discussion

In this study the dosimetric target coverage was assessed in a
cohort of esophageal cancer patients where each patient was virtu-
ally treated with a 5-fraction radiotherapy regimen using an online
bone match. Accumulated dose analysis via dose warping after MR
image registration was used to establish adequate CTV-to-PTV
margins.

Two patients revealed a very mobile esophagus where part of
the esophageal tract crossed the midline of the patient during
treatment at the level of the heart, whereas the cardia remained
in place. This was quite remarkable as the left-right movement
was generally modest in the remaining patients. The movements
in these patients were quite substantial and only a local PTV mar-
gin in the right direction of 23 mm could dosimetrically absorb this
deformation when aligning these patients to the bony anatomy.
This was clinically of concern as these shape changes, although
very evident on MRI, remained unnoticed during our clinical CBCT
procedures (see Suppl. Fig. 2) and only fiducial markers might have
helped us identifying these patients.

If we consider the two patients with the extreme mobile
esophagus as outliers then our analysis revealed that CTV-to-
PTV margins of 8 mm in posterior and right, 9 mm in anterior
and cranial and 10 mm in left and caudal direction are required
to ensure adequate target coverage in 27 out of 29 patients.
Smallest margins were observed in the posterior and right direc-
tion. This could partly be explained by the shape of the CTV and
its anatomical orientation with respect to the vertebrae. In most
patients, large parts of the CTV posteriorly lie adjacent to the ver-
tebrae and therefore motion in this direction is physically ham-
pered. Largest margins were needed in the left and caudal
direction, which was related to typical caudal curvature of the
esophagus towards the stomach and variations in stomach filling
in this patient cohort.

Previously published studies on CTV-to-PTV margins for eso-
phageal cancer - based on the relative motion statistics of
implanted gold markers in combination with the 'van Herk’-
recipe - reported comparable anistropic margins for the three main
directions. Substantial marker position variability with respect to
the bony anatomy has been reported by Voncken et al. yielding
PTV margins of 10, 13 and 7 mm in LR, CC and AP direction, respec-
tively [15]. Similarly, Jin et al. reported that a margin of 9 mm in LR
direction, 12 mm in CC direction and 7 mm in AP direction should
provide sufficient target coverage [13]. Hoffmann et al. reported
similar anisotropic margins of 9, 11 and 7 mm in LR, CC and AP
directions, respectively [14]. Our findings are to a large extent in
agreement with these previously reported margins (Table 2). How-
ever, we found smaller CC margins and slightly larger AP margins.
A possible explanation for the smaller CC margins could be that the
CC motion of the markers (placed in or close to the tumor) could
largely be compensated for by AP and LR margins of surrounding
CTV tissue, which typically extends in the CC direction due to the
shape of the esophagus.

In contrast to the marker studies, we were able to indepen-
dently quantify CTV-to-PTV margins required to compensate for
interfraction motion in all 6 main directions by sampling the full
CTV surface. As a result, we found larger margins in left, caudal
and anterior direction, which are mainly associated with the
changes in stomach volume. These variations would remain
unseen in marker studies which only give point-based motion
measurements. It should be noted that in our patient cohort 30
of 32 patients had a distal esophageal tumor or a tumor at the gas-
troesophageal junction and as a consequence the CTV includes the
proximal stomach in most patients. This means that potentially
smaller margins could be applied for patients with proximal
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Table 2
Comparison of CTV-to-PTV margins as assessed in our study with other publications.
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Patients Left (mm) Right (mm) Cranial (mm) Caudal (mm) Posterior (mm) Anterior (mm)
This work 27 out of 29 10 8 9 10 8 9
Jin et al. [13] 24 9 9 12 12 7 7
Hoffmann et al. [14] 21 9 9 11 11 7 7
Voncken et al. [15] 56 10 10 13 13 7 7

tumors where the caudal part of the CTV does not extend beyond
the gastro-esophageal junction.

Our study has a few weaknesses. First, due to the use of respi-
ratory triggering, imaging is frozen at a near expiration state, while
cardiac motion was not or partly (MVXD images) corrected for
which leads to slight image blurring. However, this cyclic intrafrac-
tion motion leads only to a slight dose blurring and therefore we
believe has a minimal effect on the total required margin [14]. Sec-
ond, because of respiratory-triggered scans, intrafraction motion
during dose delivery has not been taken into account. However,
we believe that the impact of the intrafraction motion on the
CTV-to-PTV margin will be modest. The respiratory motion will
generally cause a blurring of the dose in predominantly the CC
direction which could only yield a modest increase of the margin
of 1.6 mm or less [14]. In addition, we also believe that the impact
of tumor/CTV drifts during treatment will only slightly impact the
reported margins. This has been shown in a previous study of our
group where we reported that not only the mean tumor drift over a
10 minute interval was just 1.5 mm but also that these drifts were
generally random, meaning that drifts were different from day to
day causing no systematic error, and thus do not substantially
add to the required margin [19]. As such, we believe that the
impact of respiratory motion and drifts on the total accumulated
dose are only marginal and the CTV-to-PTV margins of tumor drifts
of individual fractions are of less concern than large day-to-day
interfraction motion.

The third weakness of our study is the relatively small sample
size of our study population and MRI study simulation. Although
we were able to perform a thorough dosimetric analysis on 140
‘fractions’, the total number of patients eligible for analysis was
29 which is about the lower border for properly assessing a CTV-
to-PTV margin. Similarly, the total number of simulated treatment
fractions was 5 whereas our clinical regimen consist of 23 frac-
tions. Although we believe that the systematic interfraction
changes (X) can be properly captured in 5 samples, the tails of
these distributions will inherently be undersampled. This means
that the impact of an outlier could be overly expressed in the
resulting margin, but also reversely, outliers in the real distribution
that would have contributed to an increment in the margin could
have been missed due to the coarse sampling rate.

Fourthly, in our study we assumed the dose distribution to be
invariant to density changes between treatment fractions. This
means that density changes due to interfractional shifts of the dia-
phragm are not accounted in the dose analysis, although occasion-
ally these changes could influence the CTV coverage at the level of
the diaphragm when lateral fluences are involved, which is the
case for our VMAT plans [20]. Therefore, the margins listed in this
work do not warrant sufficient dose coverage in case of large base
line shifts of the diaphragm.

Fifthly, although the deformable image registration yielded high
dice coefficients (0.91 £+ 0.02 and 0.92 + 0.02 for transversal and
sagittal registrations, respectively), small registration errors did
still exist which could have had an impact on the accumulated
dose distributions and therefore our listed margins. However, we
believe that the impact of these inaccuracies on the final margins
are modest, as each accumulated dose distribution comes from
the deformation vector fields of five registrations with each a sep-
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arate error. An increase in registration accuracy could potentially
be achieved with improved out of plane image resolutions.

Finally, in this simulation study the MRI-scans were acquired in
supine position with both arms next to the body whereas in daily
clinic patients are typically treated with arms upwards. We believe
that this difference in patient positioning did not impact the over-
all results as the arms-down anatomy was maintained in both the
planning and simulation phase. Furthermore an in-house study
with volunteers demonstrated that the anatomy of the esophageal
tract in relation to the vertebrae was not sensitive to the position of
the arms (no data shown).

This work again demonstrates that in the absence of proper
online target visualization (and adaptation) large margins are
required to ensure proper adequate CTV coverage when applying
daily online set-up based on bony anatomy. With the advent of
MR Linacs, daily MR imaging could be used to correct online for
the interfraction variability leaving only a CTV-to-PTV margin for
the residual intrafraction motion and delineation uncertainty
[16,21-24]. Online segmentation and replanning would not only
reduce the dose to the organs at risk (e.g. heart and lungs) but
would also be of particular benefit for the few patients who exhibit
extreme deformations that are not absorbed by the current sug-
gested margins and are unlikely to be recognized on CBCT images.

In conclusion, in this study we have analyzed and assessed the
direction-specific CTV-to-PTV margins based on an extensive dose
warping analysis in 29 patients. These margins vary between 8 mm
for posterior and right direction up to 10 mm for the left and cau-
dal direction. Adequate target coverage in the vast majority (27 out
of 29) of patients was demonstrated when patients are daily
aligned to the bony anatomy. However, we have to acknowledge
that even at these rather generous margins outlying patients still
do exist who may be underdosed and need special attention.
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