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A B S T R A C T   

Purpose: Magnetic resonance image-guided radiotherapy for intracranial indications is a promising advance; 
however, uncertainties remain for both target localization after translation-only MR setup and intrafraction 
motion. This investigation quantified these uncertainties and developed a population-based planning target 
volume (PTV) model to explore target and organ-at-risk (OAR) volumetric coverage tradeoffs. 
Methods: Sixty-six patients, 49 with a primary brain tumor and 17 with a post-surgical resection cavity, treated on 
a 1.5T-based MR-linac across 1329 fractions were included. At each fraction, patients were setup by translation- 
only fusion of the online T1 MRI to the planning image. Each fusion was independently repeated offline ac-
counting for rotations. The six degree-of-freedom difference between fusions was applied to transform the 
planning CTV at each fraction (CTVfx). A PTV model parameterized by volumetric CTVfx coverage, proportion of 
fractions, and proportion of patients was developed. Intrafraction motion was quantified in a 412 fraction subset 
as the fusion difference between post- and pre-irradiation T1 MRIs. 
Results: For the left–right/anterior-posterior/superior-inferior axes, mean ± SD of the rotational fusion differ-
ences were 0.1 ± 0.8/0.1 ± 0.8/-0.2 ± 0.9◦. Covering 98 % of the CTVfx in 95 % of fractions in 95 % of patients 
required a 3 mm PTV margin. Margin reduction decreased PTV-OAR overlap; for example, the proportion of optic 
chiasm overlapped by the PTV was reduced up to 23.5 % by margin reduction from 4 mm to 3 mm. 
Conclusions: An evidence-based PTV model was developed for brain cancer patients treated on the MR-linac. 
Informed by this model, we have clinically adopted a 3 mm PTV margin for conventionally fractionated intra-
cranial patients.   

Introduction 

An emerging capability to improve the rigor and precision of 
radiotherapy delivery for treatment sites not fully visualized online with 
computed tomography (CT) based imaging is MR image-guided radio-
therapy (MRIgRT) [1–3] due to its capacity to adapt directly to the soft 
tissue tumor volume. In the context of intracranial radiotherapy, such 
systems provide the ability to acquire T1 and T2 weighted images at 

each fraction to adapt the radiotherapy plan and accommodate target 
changes in high grade gliomas during conventionally fractionated 
intensity-modulated radiotherapy [4–7] and metastatic surgical cavities 
during hypofractionated stereotactic radiotherapy [8]. MRIgRT systems 
have the potential to maximize radiotherapy benefit for these dynamic 
changes, particularly in the setting of reduced clinical target volume 
(CTV) radiotherapy for gliomas [9,10] and surgical cavities [11–18]. 

The integration of MRI and linear accelerator technologies 
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introduces unique treatment challenges [3]. For example, the Elekta 
Unity MR-linac (MRL) employs a couch with an immovable position 
from the time of setup MR image acquisition through radiation delivery, 
and a fixed angle collimator. While a “virtual couch shift” or “adapt-to- 
position” strategy can accommodate translational patient setup errors 
under these constraints [1,19,20], rotational setup errors are not 
explicitly corrected unless the entire volume is re-contoured each frac-
tion (termed “adapt-to-shape”). In order to apply an evidence-based 
planning target volume (PTV) for the treatment of intracranial tumors 
with the MRL, this investigation quantified rotational and motion un-
certainties across a cohort of treated patient and produced a population- 
based PTV model. The model generates a parametric family of PTV 
margins and expedites exploration of the tradeoff between the 
competing clinical goals of target coverage and reducing normal brain 
tissue included in the PTV. Finally, in an extension of this model, the 
consequences of intrafraction motion were explored. 

Methods and materials 

Patient characteristics and treatment 

Sixty-six patients with either a primary brain lesion (n = 49) or post- 
surgical metastatic resection cavity (n = 17) treated on the MRL across a 
total of 1,329 fractions were included. Patients from both indications 
were included in our analyses since, as will be detailed, both patient 
groups were setup and imaged with an identical protocol at both 
simulation and treatment. In addition, the combined group provides 
modeling data with a greater breadth in both CTV volumes and number 
of fractions per patient All patients were included from a prospective 
institutional research ethics board approved registry. General patient 
characteristics are summarized in Table 1. 

All patients were imaged and treated as previously described [8,21]. 
In brief, both primary tumor and resection cavity patients were imaged 
prior to radiotherapy with a simulation computed tomography (CT) and 
simulation MR for planning purposes. The simulation CT was acquired 

on a Philips Brilliance Big Bore scanner with 0.88 × 0.88 × 1.00 mm 
voxels. A CT overlay, designed to mimic the couch top of the MRL, was 
placed on the couch of the CT scanner. An Orfit base plate (Orfit In-
dustries NV, Belgium) was affixed to the overlay and a three-point mask 
used for patient immobilization. The simulation MR was performed on 
the 1.5 T Philips Ingenia MR scanner; T1c (T1 weighted sequence with 
Gadolinium contrast; 0.50 × 0.50 × 1.00 mm voxels) and T2-FLAIR 
(0.56 × 0.56 × 2.00 mm voxels) sequences were acquired. Contouring 
and radiotherapy planning were performed on the fused simulation 
images in the Monaco treatment planning system (Monaco v.5.40; 
Elekta AB, Stockholm, Sweden) with all contouring performed per 
consensus guidelines [22,23]. At each MRL fraction, the patient was 
again immobilized with a three-point mask attached to an Orfit base 
plate on the MRL couch. A non-contrast T1 MR sequence (0.50 × 0.50 ×
1.00 mm voxels) was then acquired and fused to the simulation CT via a 
three degree-of-freedom translational-only image registration. This 
fusion was primarily based on matching to bony skull with an optional 
shift to account for soft tissue changes as identified by positional 
changes in organs-at-risk (OARs) such as the brainstem or optic chiasm 
per physician discretion. Fusion was performed to the planning CT, as 
opposed to the planning MRI, to enable plan optimization and dose 
computation per the adapt-to-position protocol [21]. Following this 
fusion, the online plan was then created based on the updated treatment 
isocentre using an adapt-to-position protocol [1,20]. In a subset of 412 
fractions across 60 patients, a repeat non-contrast T1 MR sequence was 
acquired at end of fraction delivery for intrafraction motion 
quantification. 

Primary intracranial tumors were treated with a median of 54 Gy 
(range: 40–60) in 30 (15–33) fractions using a 4 mm isotropic PTV 
margin. Due to occasional MRL unavailability due to service in-
terruptions, some fractions were delivered on conventional linacs; a 
median of 28 (range: 13–32) fractions per patient were delivered on the 
MRL. Intracranial metastatic post-resection cavities were treated to 
either 27.5 or 30 Gy in 5 fractions, all of which were delivered on the 
MRL using a 2 mm PTV margin protocol. 

Target rotational uncertainty and intrafraction motion quantification 

The non-contrast T1 MR images acquired at each treatment fraction 
were independently co-registered to the respective planning CT using a 
six degree-of-freedom translational and rotational match. This offline 
fusion was based solely on a bony skull match. These offline registra-
tions were compared to the corresponding (translation only) online 
fusion with the target rotational uncertainty defined as the rotational 
component of the offline fusion. Note that the translational difference 
between the offline and online fusions are not representative of patient 
setup errors and are largely a byproduct of the image rotation point 
location. To avoid potential confusion, these translational components 
are not explicitly reported. 

In the subset of patient fractions with repeat T1 MR imaging at end of 
radiation delivery, intrafraction motion was defined for both trans-
lational and rotational components as the difference between the end 
and start of treatment fusions. For example, if the left–right axis rotation 
was 1.5◦ and 1.0◦ for the end and start of treatment fusions, respectively, 
the intrafraction motion would be 0.5◦ for this axis. Thus, any non-zero 
translation or rotation in these data reflect intrafraction motion. 

Planning target volume modeling 

As illustrated in Fig. 1, a PTV (isotropic expansion of the planning 
CTV (CTVplan)) strategy can be conservative encompassing the mis-
aligned fractional CTV (CTVfx), or more balanced by reducing volu-
metric CTVfx coverage at some fractions to reduce PTV overlap of nearby 
healthy tissue. To analyze and visualize this tradeoff, we developed a 
population-based model parameterized by the relative thresholds 
(CTVmin, Fxmin, Ptmin), which quantified the minimum PTV margin to 

Table 1 
Patient Characteristics.  

Characteristic N = 66 

Median Age (Range) 54.5 (21–82) 
Sex  
Male 34 (52 %) 
Female 32 (48 %) 
Diagnosis  
Primary Intracranial  
Glioma  
Glioblastoma 27 (40.9 %) 
Astrocytoma 11 (16.7 %) 
Oligodendroglioma 4 (6.1 %) 
Ependymoma 1 (1.5 %) 
Unknown low-grade glioma 1 (1.5 %) 
Meningioma 3 (4.5 %) 
Pineal Tumor 1 (1.5 %) 
Schwannoma 1 (1.5 %) 
Metastatic Post-Resection Cavity  
Breast 6 (9.1 %) 
Lung 6 (9.1 %) 
Colorectal 2 (3.0 %) 
Cervix 1 (1.5 %) 
Endometrial 1 (1.5 %) 
Renal 1 (1.5 %) 
Radiotherapy Prescription Dose Median (Range) 
Primary Intracranial 54 (40–60) Gy 
Metastatic Post-Resection Cavity 30 (27.5–30) Gy 
Number of Fractions  
Primary Intracranial 15 (N = 12; 18.1 %)  

25 (N = 1; 1.5 %)  
30 (N = 35; 53.0 %)  
33 (N = 1; 1.5 %) 

Metastatic Post-Resection Cavity 5 (N = 17; 25.8 %)  
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encompass CTVmin of the CTVfx volume in ≥ Fxmin of fractions and in ≥
Ptmin of patients. As demonstrative examples, we use the model to 
determine the PTV margin for the following sets of criteria:  

A. (CTVmin, Fxmin, Ptmin) = (98 %, 95 %, 95 %)  
B. (CTVmin, Fxmin, Ptmin) = (95 %, 90 %, 90 %) 

The PTV model was created using custom MATLAB scripts (MATLAB 
2020a; The Mathworks Inc., Natick, Massachusetts). In brief, after 
exporting the planning contours for each patient from the Monaco 
planning system to DICOM RT structure sets, the CTVplan contour was 
converted to a three-dimensional mask with 0.25 mm isotropic voxels. 
At each fraction, the translational and rotational difference between the 
offline and online fusions was converted to a transformation matrix and 
subsequently applied to the CTVplan mask to generate a CTVfx mask. The 
complete model was then generated by iterating over PTVmin, CTVmin, 
and Fxmin values, and at each iteration by counting the proportion of 
patients with ≥ Fxmin of their fractions containing ≥ CTVmin of the CTVfx 
volume for the PTV margin PTVmin. 

This baseline PTV model was extended for two specific problems. 
First, to model the effect of intrafraction motion, this model was applied 
to the 60 patient/412 fraction subset with post-fraction delivery repeat 
T1 imaging. Specifically, the model was generated with the rotational 
offsets from this subset, and also generated with this subset including 
intrafraction motion. Second, the sensitivity of PTV margins to residual 
rotational target localization uncertainties was analyzed by generating 
the model for different maximum rotational uncertainties. Denoting the 
maximum rotational uncertainty across the three patient axes at each 
patient fraction by max|θ|, the PTV model was generated for the subset of 
patient fractions that fell in the following categories:  

1) 0.0◦

≤ max|θ| ≤ 0.5◦ , n = 362 of 1329 (27.2 %)  
2) 0.5◦

< max|θ| ≤ 1.0◦ , n = 475 of 1329 (35.7 %)  
3) 1.0◦

< max|θ| ≤ 1.5◦ , n = 259 of 1329 (19.5 %)  
4) 1.5◦

< max|θ|, n = 233 of 1329 (17.5 %) 

Modeling the PTV margin sensitivity to residual rotational setup 
uncertainties in this manner provides insight as to setting up rotational 
thresholds at the treatment unit for a given PTV. 

Modelling benefits of PTV margin reduction 

To quantify PTV overlap with healthy brain parenchyma and OARs, 
we modeled PTV margin reduction from 4 mm to 3 mm and to 2 mm. 
With our institutional protocol currently specifying a 2 mm PTV margin 
for 5-fraction hypofractionated radiosurgery surgical cavity patients, 
this approach is somewhat hypothetical for these patients but is still 
informative for other surgical cavity radiotherapy strategies in the 
community which employ larger PTV margins [24]. The PTV margin 
reduction modeling used methods similar to that from the previous 
subsection and the following metrics were quantified for both 3 and 2 
mm margin PTVs relative to a 4 mm margin PTV:  

1) The reduction in PTV volume.  
2) The reduction in PTV overlap of healthy brain (brain excluding 

CTVplan).  
3) The reduction in PTV overlap of OARs (brainstem, optic chiasm, and 

optic nerves). 

Results 

Target rotational uncertainty and intrafraction motion quantification 

Target rotational uncertainty measurements for all 1329 fractions 
are described in Fig. 2(a). The mean ± SD of this uncertainty along the 
left–right, anterior-posterios, and superior-inferior patient axes was 0.1 
± 0.8, 0.1 ± 0.8, and − 0.2 ± 0.9◦, respectively, with 84.4 % and 97.5 % 
of all rotations less than 1.0 and 2.0◦, respectively. 

Intrafraction motion measurements for the 60 patient/412 fraction 
subset are summarized in Fig. 2(b). Mean ± SD of the translational and 
rotational intrafraction motion was 0.0 ± 0.4, 0.1 ± 0.4, − 0.1 ± 0.5 mm 
and − 0.1 ± 0.6, 0.0 ± 0.5, 0.0 ± 0.4◦, respectively. The magnitude of 
the translational intrafraction motion was less than 0.5 and 1.0 mm in 
78.3 % and 94.8 % of all 3987 one-dimensional measurements, 
respectively. Similarly, the magnitude of the rotational intrafraction 
motion was less than 0.5 and 1.0◦ in 73.6 % and 93.5 % of measure-
ments, respectively. 

PTV modeling 

The consequences of target rotational uncertainties on PTV margins 
are summarized in Fig. 3(a) which depicts the four dimensions of the 
PTV model by showing Fxmin values in the three plots, CTVmin values in 
the colored lines in each plot and PTVmin and Ptmin values along the x- 
and y-axis of the plots. The demonstrative examples are highlighted in 
Fig. 3(a). Specifically, PTV coverage of 98 % of the CTVfx in 95 % of 
fractions in 95 % of patients (point A) required a 3.0 mm PTV margin. 
Similarly, coverage of 95 % of the CTVfx in 90 % of fractions in 90 % of 
patients (point B) required a 1.5 mm margin. Rounding this PTV margin 
to 2.0 mm reveals that 95 % of the CTVfx volume in 95 % of fractions in 
94 % of patients would be covered by this 2.0 mm margin PTV. 

The incorporation of intrafraction motion in the PTV model is shown 
in Fig. 3(b). The solid lines show PTV modeling of residual target rota-
tional uncertainty for the 60 patient/412 fraction subset with intra-
fraction motion data. In other words, these solid lines show the results of 
the same model as Fig. 3(a), applied solely to the 412 (of 1329) fraction 
subset. After incorporating the intrafraction motion, the model was 
recomputed with the output shown in the dashed lines. Additional PTV 
margins of 0.5 and 0.2 mm are needed to accommodate intrafraction 
motion for scenarios A and B, respectively. 

Modelling of PTV margin sensitivity to rotational target localization 
uncertainties is summarized in Fig. 4. Each of the four plots delineate the 
PTV model results for one of the four categories of maximum rotation 
(max|θ|) uncertainty for Fxmin = 95 %. For example, the top left plot 
shows the results for the 362 patient fraction subset with max|θ| ≤ 0.5◦ . 

Fig. 1. Schematic ten fraction illustration of PTV margin modelling to 
accommodate target rotational and intrafraction motion uncertainties. Due to 
these uncertainties, the fractional CTVs (CTVfx; orange ellipses) are misaligned 
relative to the planning CTV (CTVplan; green ellipse); nine fractions with small 
rotational errors and one exaggerated outlier fraction are illustrated. The PTV 
margin model uses these empirically derived CTVs to generate a parametric 
family of margins, two such margins are delineated in the dashed black ellipses. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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For reference, the faded lines in all plots delineate the results for all 1329 
fractions; these are the same as the middle plot of Fig. 3(a). For the four 
categories of maximum rotation uncertainties, (0.0◦

≤ max|θ| ≤ 0.5◦ , 
0.5◦

< max|θ| ≤ 1.0◦ , 1.0◦

< max|θ| ≤ 1.5◦ , 1.5◦

< max|θ|), the modeled 
PTV margin was (1.9, 2.2, 2.1, 3.3) mm for scenario A and (1.0, 1.1, 1.0, 
1.8) mm for scenario B. 

Implications of PTV margin reduction 

The modelled benefits of PTV margin reduction in terms of normal 
tissue sparing are outlined in Fig. 5. Relative to a 4 mm margin PTV, the 
volume of the PTV was reduced by a median of 8.9 % (range: 5.7–21.8 
%) and 18.1 % (11.9–42.7 %) with a 3 and 2 mm PTV, respectively. This 
reduction was particularly pronounced in the n = 17 post-surgical cavity 
patients with a median PTV volume reductions of 17.2 % (range: 
13.4–21.8 %) and 34.1 % (27.0–42.7 %) for 3 and 2 mm margin PTVs, 
respectively. 

A total of 39 patients (59 %) had a 4 mm margin PTV that overlapped 
at least one OAR (brainstem, optic chiasm, or optic nerve). As outlined in 
Fig. 5, a decrease in this PTV margin substantially reduced the overlap of 
the PTV and these OAR, particularly in individual patients. For example, 
the 4 mm PTV of 32 patients (48 %) overlapped the optic chiasm. This 
volume of the optic chiasm overlapped by the PTV was reduced by up to 
23.5 % and 35.9 % by decreasing the PTV margin to 3 and 2 mm, 
respectively. 

Discussion 

The intent of MRgRT is to improve confidence in irradiation accuracy 
for compact target volumes and to monitor and potentially adapt to 

clinically significant changes. A critical step to maximizing the clinical 
benefit of this technology is determining an evidence based PTV. In this 
investigation of intracranial tumors treated on the MR-linac with the 
adapt-to-position protocol, we determined that to ensure PTV coverage 
of 98 % of the CTVfx volume in 95 % of fractions in 95 % of patients a 
PTV margin of 3.0 mm was required. For fractions with a maximum 
rotational setup uncertainty of 1.5◦, this margin could be reduced to 2.2 
mm under the same relative criteria. Informed by this model, we have 
clinically adopted a 3 mm PTV for conventionally fractionated intra-
cranial patients and 2 mm for 5-fraction hypofractionated stereotactic 
radiosurgery patients on our MRL [8]. 

PTV margin recommendations are highly dependent on the specific 
radiotherapy platform and process, as noted in the original ICRU 50 PTV 
definition which states “(the PTV) size and shape depend primarily on 
the CTV, but also on the treatment technique used” [25]. In this respect, 
MRgRT platforms introduce challenging commissioning and quality 
assurance obstacles. Some of these challenges, such as gradient 
nonlinearity induced spatial distortion [26], susceptibility effects [27], 
and chemical shift artifacts [28] are inherent to MRI system. Others, 
however, result from the combination of MR imager and linear accel-
erator. These include, but are not limited to, the alignment of the im-
aging and treatment isocentres [29] and image quality variations at 
different gantry angles or during beam delivery [30]. Despite these 
difficulties, end-to-end irradiation targeting accuracy for unambiguous 
targets on the Elekta Unity MRL has been reported to be well under 1 
mm [31]. Likely the largest uncertainty in intracranial radiotherapy, 
and one not limited to MRgRT platforms, is target delineation uncer-
tainty. Although the addition of MR information to historic CT based 
contouring has reduced intracranial target contouring variability 
[32,33], target contouring inconsistencies still exist [34]. Recent 
comprehensive consensus contouring guidelines for MR-based 

Fig. 2. Summary of target rotational uncertainties (a) and intrafraction motion (b). In (b), translational and rotational components are shown in the left and right 
plots, respectively. The violin plots in each subfigure delineate individual measurements (scatter points, randomly offset along the abscissa to improve visualization, 
n = 1329 and n = 412 in (a) and (b), respectively), probability density estimate (shaded region), mean (dashed line with ‘x’ endpoints), and median (dashed line with 
‘o’ endpoints). 
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contouring of both glioma [22] and post-operative metastatic surgical 
cavities [23] aim to diminish this lingering variability. Ultimately, 
delineation uncertainty, along with patient setup data and models like 
those presented here, must be considered in clinical PTV margin designs. 

The specific margin recommendations developed in this work are 
consistent with other PTV margin models and proposals. For example, 
based on cone-beam computed tomography (CBCT) guided linac ste-
reotactic radiotherapy proposed PTV margins range from 2.0 to 2.8 mm 
[35,36]. Margin recommendations increase for standard fractionation 
protocols, with consensus guidelines advocating 3–5 mm for CBCT 
guided linear accelerator based glioblastoma radiotherapy [37]. Smaller 
margins are suggested for dedicated radiosurgery systems, ranging from 
0.6 mm for single fraction radiosurgery to 1.8 mm for hypofractionated 
treatments [38,39]. A compelling benefit of the data-driven approach 
detailed in this work is the direct incorporation of empirical target and 
OAR contours. 

Clinically relevant open questions surround the consequences of 
different PTV margin strategies. Emerging results for 5-fraction stereo-
tactic radiotherapy for intracranial metastases have identified a 10.0 or 
10.5 cm3 threshold for the normal brain contour excluding the CTV 
(brain-CTV) receiving 30 Gy as predictive for symptomatic radionecrosis 
[40,41]. Across the 17 cavity patients included in the current study, the 
median overlap of the brain-CTV with the PTV was 13.2, 9.9, and 6.4 
cm3 for PTV margins of 4, 3, and 2 mm, respectively, emphasizing the 
critical importance of a PTV margin strategy to reduce treatment related 
sequelae. Due to the relative modernity of small volume intracranial 
primary tumor radiotherapy, similar data on the sensitivity of treatment 

toxicity and local control to PTV margins are currently not available. 
Ultimately, improved knowledge on the clinical benefits of these small 
margin treatments await results from ongoing clinical trials such as 
those investigating small margin adaptive glioblastoma radiotherapy 
[10], and stereotactic radiosurgery versus hypofractionated cavity 
radiotherapy [42]. 

Driven by the clinical “adapt-to-position” treatment approach [1], an 
assumption underlying the PTV model developed in this work is that the 
CTV shape does not change during fractionated radiotherapy. However, 
recent work has identified meaningful interfraction morphological CTV 
changes in both the primary tumor [4–7] and post-surgical cavity [8] 
setting. Of particular note, two studies have identified glioblastoma 
cohorts in which the maximal linear extent of the GTV and CTV was 
greater than 2 cm when compared to their planning volumes [6,7]. 
Recent clinical approaches to glioblastoma radiotherapy mitigate the 
consequences of such changes either implicitly through reducing the 
overall length of radiotherapy with a 5-fraction stereotactic protocol 
[9], or explicitly through weekly online T1 with gadolinium contrast 
imaging and full plan adaptation with the patient on the MRL couch 
[10]. An advantage of this latter approach is that interfraction target 
changes are directly included in the adapted CTV, thereby alleviating 
the potential need for the PTV to accommodate unobserved morpho-
logical target changes. The generality of the PTV model developed in 
this work allows it to explore the consequences of different PTV margins 
for such a treatment approach and is a current future direction. 

A limitation of the present study is that the CTV coverage was 
modeled as purely geometric, and the PTV overlap with surrounding 

Fig. 3. (a) PTV modeling of target rotational uncertainty. The results show the minimum PTV margin (PTVmin; x-axis) to cover ≥ CTVmin of the CTVfx volume 
(individual colored lines) in ≥ Fxmin of fractions (individual plots) in ≥ Ptmin of patients (y-axis). For example, point A depicts that a 3.0 mm PTV margin is required 
to cover 98 % of the CTVfx volume in 95 % of fractions in 95 % of patients. Similarly, point B illustrates that a 1.5 mm margin is required to cover 95 % of the CTVfx 
volume in 90 % of fractions in 90 % of patients. (b) PTV modeling of intrafraction motion. The solid lines denote PTV modeling of residual setup uncertainty for the 
60 patient/412 fraction subset with end of fraction repeat T1 imaging. The dashed lines repeat this modeling after the inclusion of intrafraction motion. An additional 
PTV margin of 0.5 and 0.2 mm (horizontal distance between the solid and dashed lines) is needed to accommodate intrafraction motion for scenarios A and B, 
respectively. 
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OARs and parenchyma was used as a surrogate for the dosimetric con-
sequences of varying PTV margins. CTV coverage, in terms of specific 
isodoses for the range of PTV margins studied, would lend further sup-
port to the clinical relevance of the present study. We have ongoing 
research involving generating unique treatment plans for each PTV 
margin (4 mm, 3 mm, 2 mm, etc.) to evaluate the dosimetric impact with 
respect to CTV coverage. With respect to comparisons with conventional 
PTV margin design, such as those generated by the van Herk formula 
[43,44], this was omitted from the present study as such formulae are 
generally derived from specific radiotherapy techniques and patient 
populations (e.g. 4-field box treating prostate cancer) that are not 
directly applicable to the type of plans or technique evaluated here. 
Furthermore, historical population-based PTV margin designs such as 
van Herk [43] are often focused on translational setup errors, whereas 
one of the main sources of uncertainty in the present study arose from 
rotational setup uncertainties, and often derived analytically with re-
strictions on the shape of the CTV (for example, assumption of spherical 
symmetry [43]). In addition, these models are typically more accurate 
for longer fractionation treatments and are ill-advised for hypofractio-
nated schedules [45]. In contrast, the empirical model developed here 
does not have a similar restriction and can be applied with equal utility 
to standard or hypofractionated schedules. Finally, the retrospective six- 
degree of freedom fusions performed in this study were based on a rigid 
bony match between the reference CT and the daily MRI. However, in 

the online setting the co-registration is occasionally manually adjusted 
off this bony match based on soft-tissue matching, for example in cases 
where the brain anatomy has changed due to swelling or resolution 
thereof. The modeling parameters developed in the present study may 
be somewhat conservative if one accounts for such cases. 

Conclusions 

We have quantified target localization uncertainty and intrafraction 
motion for a large series of treated MR-linac brain tumor patients after 
translation-only MR based patient setup. With these data, we developed 
a population-based PTV model to explore the consequence of different 
PTV margins. Based on this model, we recommend a minimum PTV of 
2–3 mm for translation-based MR-linac treatments of this indication. 
This work is a crucial step towards developing an adaptive brain treat-
ment based on dynamic tumor changes and tumor response. 
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