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A B S T R A C T

Background: Centrally located lung tumours present challenges for SBRT due to elevated toxicity risk. Online 
adaptive MR-guided radiotherapy (oMRgRT) offers improved target coverage and Organ at risk (OAR) sparing by 
accounting for interfractional anatomical changes. This study evaluated the dosimetric impact of oMRgRT, with 
emphasis on tumour location relative to OARs and the clinical benefit of adaptation.
Methods: We retrospectively analysed 36 PTVs across 294 treatment sessions using a 0.35 T MR-Linac. Tumours 
were categorised by proximity to six critical OARs: proximal bronchial tree (PBT), trachea, heart, great vessels, 
brachial plexus, and oesophagus. Predicted/reoptimised plans from all fractions were compared to assess im
provements in target coverage and OAR sparing. All dosimetric parameters were presented as a percentage of 
baseline plan metrics. Statistical tests included the Wilcoxon signed-rank test and the Mann-Whitney U test.
Results: Adaptive planning significantly improved target volume dosimetry. PTV D98% increased from 92.8 ±
8.7% to 99.9 ± 1% (p < 0.01); Vprescription dose (PD) improved from 92.7 ± 5.4% to 97.7 ± 1.1% (p < 0.01). GTV 
D98% rose from 98.5 ± 5.5% to 100.4 ± 4.3% (p < 0.01), with VPD increasing from 97.7 ± 3.9% to 98.1 ± 3.5% 
(p < 0.01). Improvements in PTV coverage were observed across all subgroups, with the greatest gains in GTV 
coverage, most notable in tumours adjacent to the PBT and heart. Tumours near the trachea, great vessels, and 
brachial plexus showed minimal change. The most significant reductions in OAR doses were also seen in the 
heart and PBT groups, while proximity to the trachea resulted in minimal benefit.
Conclusion: Daily oMRgRT significantly improves target coverage and OAR sparing in centrally located tumours, 
especially in anatomically complex regions. The adaptive approach enables clinically meaningful trade-offs 
between tumour coverage and OAR sparing. Further studies are needed to refine adaptation protocols based 
on tumour sublocation.

Abbreviations: ARS, American Radium Society; BED, Biologically Effective Dose; bSSFP, balanced steady-state free precession; cc, cubic centimetre; CI, Confidence 
Interval; Dmax, Maximum Dose; Dmean, Mean Dose; Dxx%, Dose covering xx% of the volume; DVH, Dose-Volume-Histogram; GTV, Gross Tumour Volume; Gy, Gray; 
IDL, Isodose line; IGRT, Image-Guided Radiotherapy; MRgRT, Magnetic Resonance-Guided Radiotherapy; MR-Linac, Magnetic Resonance Linear Accelerator; OAR(s), 
Organ(s) At Risk; oMRgRT, Online MR-guided Radiotherapy; PBT, Proximal Bronchial Tree; PD, Prescription Dose; PRV, Planning Risk Volume; PTV, Planning Target 
Volume; QA, Quality Assurance; ROI, Region of Interest; SABR, Stereotactic Ablative Radiotherapy; SBRT, Stereotactic Body Radiotherapy; VPD, Volume receiving at 
least the prescription dose; Vxx%, Volume receiving at least xx% of the prescribed dose.
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Introduction

The definition of centrally located lung tumours in the context of 
stereotactic body radiotherapy (SBRT) varies across groups [1]. How
ever, these definitions consistently emphasise the elevated risk of 
toxicity when tumours are in close proximity (≤ 2 cm) to critical 
structures such as the proximal bronchial tree (PBT), trachea, heart, 
oesophagus, major vessels, brachial plexus, spinal cord, phrenic nerve, 
and recurrent laryngeal nerve, highlighting the clinical importance of 
careful dose planning in these high-risk regions [1–4].

Magnetic resonance-guided radiotherapy (MRgRT) has emerged as a 
relatively novel solution to this problem. The integration of real-time 
MR imaging with linear accelerators enables superior soft-tissue 
contrast, precise tumour tracking, and the capability to perform daily 
online adaptive replanning. This approach allows clinicians to adjust 
treatment delivery based on daily anatomical variations, thereby 
improving both target coverage and protection of the organs-at-risk 
(OARs) [5–10].

In the thoracic region, day-to-day changes in lung inflation, tumour 
deformation, and variable positions of mediastinal organs can signifi
cantly affect dose distribution. Without adaptation, conventional SBRT 
plans may either underdose the tumour or exceed the constraints for 
OARs. Online adaptive MRgRT (oMRgRT) has demonstrated feasibility 
and dosimetric advantages in addressing these issues, particularly in 
centrally located and anatomically complex tumours [5–13].

Data show that adaptive MRgRT reduces violations of OAR con
straints while maintaining or improving target coverage and enhancing 
OAR protection in thoracic malignancies [5,12].

In addition to the lack of a universally accepted definition of (ultra-) 
centrally located tumours, there is limited data comparing plan dosim
etry across different central tumour locations. The objective of this study 
was to systematically evaluate the dosimetric impact of daily online MR- 
guided adaptive radiotherapy in patients with centrally located lung 
tumours/metastases. We retrospectively compare predicted and reopti
mised treatment plans to quantify improvements in planning target 
volume (PTV) coverage and OAR sparing. This analysis aimed to assess 
the benefit of adaptation based on tumour location relative to specific 
OARs.

Methods

Patient selection and treatment

This retrospective dosimetric study included 40 consecutive stereo
tactic treatment series delivered between June 2020 and April 2024 in 
36 patients with centrally located lung tumours or metastases, all 
treated with SBRT prescribed to the 65–80% isodose line. Four cases 
were excluded to ensure cohort homogeneity, as the minimum dose that 
covered 95% of the PTV was 95% of the prescription dose (D95%=95%) 
instead of 100%. Lesions were classified as central if they were within ≤
2 cm of critical mediastinal structures, such as the PBT, trachea, heart, 
oesophagus, or major vessels.

Workflow and delivery of online MR-guided SBRT

The MRIdian platform [14] and the applied workflow have been 
detailed in earlier reports [10,15,16]. Patients are positioned using 
dedicated immobilisation devices and typically treated in breath hold to 
minimise motion. Following an initial MRI simulation and co- 
registeration of simulation CT for electron density mapping, treatment 
plans were generated on MRI datasets with Gross Tumour Volume (GTV) 
to PTV expansion and predefined dose objectives.

Before each fraction, a setup MRI was acquired for patient alignment. 
The baseline plan is deformably registered to the daily MRI, propagating 
contours and density information to create a synthetic CT. Predicted 
dose is calculated on this anatomy. If target coverage is insufficient or 

OAR constraints are exceeded, an adaptive process is initiated, involving 
selective re-contouring of OARs near the PTV and plan reoptimisation. 
Adapted plans are recalculated with consistent parameters and undergo 
independent Monte Carlo verification before delivery.

For intrafractional tracking, a 2D cine MRI sequence with balanced 
steady-state free precession (bSSFP) was used. The tracking contour was 
transferred to the cine slice and expanded to form a gating region of 
interest (ROI), which enabled online gating of the treatment beam. Pa
tients with respiration-induced target motion were managed using a 
breath-hold technique.

Organ-at-risk selection and treatment plan classification

Since dose levels to some OARs were already well below institutional 
constraints, adaptive planning sometimes allowed dose redistribution −
either by increasing dose to lower-risk OARs to improve target coverage 
or by decreasing dose to higher-risk OARs to stay within constraints. 
Therefore, unlike other approaches [5], this study focused exclusively 
on OARs near the tumour that were at risk of receiving clinically sig
nificant exposure. Specifically, OARs were included in the analysis if 
they either received doses exceeding 80% of the institutional dose 
constraint for the given fractionation or were within 1 cm of the PTV. All 
constraints were based on institutional protocols and published dose 
tolerance data [1,17–19].

To assess the impact of anatomical proximity on adaptation results, 
tumours were grouped by the nearest OAR into six categories: PBT, 

Table 1 
Patient and treatment characteristics.

Patient and tumour characteristics Total

Total Patients, n (%) 32 (100%)
Sex ​
Female, n (%) 19 (63.9%)
Male, n (%) 13 (36.1%)
Age [years], median (range) 63.0 (40.0–84.0)
Total PTVs, n (%) 36 (100%)
Total GTVs, n (%) 39 (100%)
Plans with 2 PTVs, n (%) 3 (7.7%)
Treatment fractions, n ​
Total fractions, n (%) 298 (100%)
Treatment sessions with adapted plan, n (%) 294 (98.7%)
Treatment sessions with predicted plan, n (%) 4 (1.3%)
Prescribed dose
5 to 50 Gy (10 Fractions) 80% IDL, n (%) 23 (63.9%)
10 to 50 Gy (5 Fractions) 80% IDL, n (%) 7 (19.4%)
7.5 to 60 Gy (8 Fractions) 80% IDL, n (%) 3 (8.3%)
15 to 45 Gy (3 Fractions) 65% IDL, n (%) 2 (5.6%)
13.5 to 40.5 Gy (3 Fractions) 65% IDL, n (%) 1 (2.8%)
Target volumes
GTV [cc], median (interquartile range) 6.4 (3.0–13.6)
PTV [cc], median (interquartile range) 17.1 (9.5–32.6)
GTV to PTV margin ​
5 mm, n (%) 34 (87.2%)
3 mm, n (%) 5 (12.8%)
GTV without contact with OAR, n (%) 23 (59.0%)
GTV in contact with OAR, n (%) 16 (41.0%)
PBT, n (%) 4 (10.3%)
Trachea, n (%) 1 (2.6%)
Heart, n (%) 3 (7.7%)
Great vessels, n (%) 3 (7.7%)
Brachial plexus, n (%) 2 (5.1%)
Oesophagus, Trachea and Great vessels, n (%) 1 (2.6%)
PBT, Oesophagus, Trachea and Great vessels, n (%) 1 (2.6%)
PBT, Trachea, Heart and Great vessels, n (%) 1 (2.6%)
PRV for OAR, total, n (%) 28 (77.8%)
0 mm, n (%) 13 (36.1%)
2 mm, n (%) 2 (5.6%)
3 mm, n (%) 13 (36.1%)

Abbreviations: GTV – Gross Tumour Volume; Gy – Gray; IDL – Isodose Line; n – 
Number; OAR – Organ-at-Risk; PBT – Proximal Bronchial Tree; PRV – Planning 
Risk Volume; PTV – Planning Target Volume.
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oesophagus, trachea, heart, great vessels, and brachial plexus. Treat
ment plans were also examined based on the use of planning risk vol
umes (PRVs), evaluating their influence on PTV coverage and OAR dose. 
Plan distribution by group was as follows: PBT (13 patients, 125 paired 
plans, 1 session without adaptation), trachea (2 patients, 20 paired 
plans), heart (11 patients, 72 paired plans, 2 sessions without adapta
tion), great vessels (6 patients, 42 paired plans, 1 session without 
adaptation), and brachial plexus (4 patients, 35 paired plans). No pa
tients were classified in the oesophagus group. Each session included 
three plan types: baseline (post-simulation), predicted (n = 298), and 

reoptimised (n = 294) using daily oMRgRT. All plans were created and 
evaluated on a 0.35 T MR-Linac system.

Dosimetric evaluation and metrics

Dose-volume Parameters for PTV, GTV, and OARs from predicted 
and reoptimised plans were presented as a percentage of baseline plan 
metrics to enable comparison across different fractionation regimens, 
except for Vprescription dose (PD), which was reported as its original per
centage value. Key metrics included VPD - the proportion of the target 
volume receiving at least the prescription dose - and Dxx% or Dxycc, 
representing the minimum dose received by xx% or xy cc of a given 
structure, to assess improvements in target coverage and OAR sparing.

Statistical analysis

Statistical analysis was performed using the Wilcoxon signed-rank 
test for paired data and the Mann–Whitney U test for unpaired 
data that did not follow a normal distribution, as assessed by the 
Shapiro–Wilk test. A two-tailed p-value <0.05 was considered statisti
cally significant. Data processing and statistical analyses were per
formed using Microsoft Excel 365 (Microsoft Corp.), SPSS Statistics 
version 29 (IBM Corp.), and GraphPad Prism version 10.5.0 (for Win
dows; GraphPad Software, Boston, Massachusetts, USA).

Results

Table 1 and Supplementary Table 1 summarise the patient and 
treatment characteristics of the study cohort. Three patients were 
treated with two GTVs in a single planning volume. Four patients un
derwent two courses of radiation. Overall, most treatment sessions 
showed measurable improvements in both target coverage and OAR 
sparing with adaptive radiotherapy. PTV VPD improved in 87.4% of 
sessions, while PTV D98% improved in 86.4% of sessions. Dose 

Table 2A 
Comparison of predicted and reoptimised plans for target volumes.

Dose-Volume 
parameter as 
% of baseline 
plan n 
(paired) =
294

Predicted Reoptimised Predicted vs. 
Reoptimised

Mean ±
SD

Mean ± SD p-value 
(Wilcoxon 
test)

Δ Median (95% 
CI)

PTV D98% 92.8 ±
8.7%

99.9 ± 1% <0.01 4.7 (6.1 to 8)

​ D95% 95.6 ±
5.4%

100.0 ±
0.7%

<0.01 2.9 (3.8 to 5)

​ D50% 99.7 ±
1.8%

100.0 ± 1% <0.01 0.4 (0.1 to 0.6)

​ Dmean 99.2 ± 2% 99.9 ± 1.3% <0.01 0.6 (0.5 to 1)
​ D2% 101.2 ±

3.5%
100.2 ±
2.6%

<0.01 − 0.7 (− 1.3 to- 
0.8)

GTV D98% 98.5 ±
5.5%

100.4 ±
4.3%

<0.01 1.4 (1.2 to 2.5)

​ D95% 98.9 ±
3.9%

100.1 ±
3.1%

<0.01 0.9 (0.7 to 1.7)

​ D50% 99.9 ±
2.1%

100 ± 1.3% 0.3 0.1 (− 0.2 to 0.4)

​ Dmean 99.8 ± 2% 99.9 ± 1.4% 0.4 0.1 (− 0.2 to 0.4)
​ D2% 100.9 ±

2.5%
99.8 ± 1.1% <0.01 − 0.8 (− 1.4 to 

− 0.8)

Fig. 1A. Comparison of PTV and GTV dose-volume parameters between non-adapted (red) and adapted (blue) plans. Mean values for D98%, D95%, D50%, D2%, and 
Dmean are presented. Adaptive planning resulted in improved target coverage, as indicated by increased D98%, D95%, D50%, and Dmean values for both PTV and GTV, 
while avoiding increases in the high-dose region represented by D2%. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Table 2B 
Overall comparison of predicted versus reoptimised OAR parameters, regardless of nearest critical organ-at-risk (OAR).

Dose-Volume parameter as a % of baseline plan N (paired) Predicted Reoptimised p-value 
(Wilcoxon test)

Predicted vs. Reoptimised

Mean ± SD Mean ± SD Δ Median (95%-CI)

Proximal bronchial tree, D0.03cc 123 103.7 ± 14.0% 98.0 ± 12.9% <0.01 − 5.0 (− 7.9 to − 3.4)
Oesophagus, D0.03cc 120 105.5 ± 15.8% 100 ± 7.6% <0.01 − 2.6 (− 8.5 to − 2.6)
Trachea*, D0.03cc 45 102.9 ± 7.5% 98.4 ± 4.9% <0.01 − 4.0 (− 7.0 to − 2.0)
Heart, D0.03cc 137 102.9 ± 18.5% 97.4 ± 14.7% <0.01 − 4.8 (− 8.1 to − 2.9)
Great vessels, D0.03cc 162 100.2 ± 8.6% 98 ± 7.6% <0.01 − 1.9 (− 3.5 to − 0.9)
Brachial plexus, D0.03cc 35 102.1 ± 18.7% 96.4 ± 10.7% 0.04 − 4.7 (− 10.9 to − 0.4)
Spinal cord, D0.03cc 39 105.5 ± 15.8% 100 ± 7.6% 0.04 − 3.7 (− 9.7 to − 0.8)

* It should be noted that, in the pooled analysis of all cases, tracheal doses differed significantly between adaptive and predicted plans. This difference was likely 
driven by tumours located centrally near the proximal bronchial tree or the heart. However, as shown in Table C, the difference for the trachea was no longer sta
tistically significant when tumours of the superior mediastinum adjacent to the trachea were analysed separately.

S. Mansoorian et al.                                                                                                                                                                                                                            Clinical and Translational Radiation Oncology 57 (2026) 101079 

3 



reductions to OARs, assessed by D0.03cc, were also frequently achieved: 
improvements were observed in 71.7% of sessions for the proximal 
bronchial tree, 66.7% for the trachea, 65.6% for the heart, 63.6% for the 
great vessels, 60% for the brachial plexus, 60% for the spinal cord, and 
56.6% for the oesophagus.

Tumours located near the PBT and trachea were consistently treated 
using 8–10 fraction regimens. In two such cases (Cases 9 and 13, please 
refer to Supplementary Table 1), where tumours were adjacent to the 
PBT, a dose of 7.5 Gy per fraction was delivered to a total dose of 60 Gy, 
prescribed to the 80% isodose line, resulting in a BED10 of 105 Gy. In 
both cases, the PTV did not directly abut any critical OARs; the closest 
structure was the lobar bronchus, located 1–2 cm from the target. 
Additionally, in one case, the GTV-to-PTV expansion was only 3 mm, 
and no direct contact with OARs was observed.

Adaptation significantly improved target volume dosimetry across 
all key parameters. For the PTV, VPD increased from a mean of 92.7 ±
5.4% in predicted plans to 97.7 ± 1.1% in reoptimised plans (n = 294 
paired comparisons; two-tailed Wilcoxon signed-rank test, p < 0.01). 
For the GTV, VPD also improved significantly, although to a lesser extent, 

from 97.7 ± 3.9% to 98.1 ± 3.5% (p < 0.01). Full results are provided in 
Table 2A, and a schematic illustration of the dosimetric differences is 
shown in Fig. 1A as a spider plot.

Adaptive planning also led to consistent reductions in maximum 
point doses (D0.03cc) across multiple organs-at-risk. The most substantial 
reductions were observed in the PBT (− 5%), heart (− 4.8%), and 
brachial plexus (− 4.7%). All reductions were statistically significant (p 
< 0.05). Full results are provided in Table 2B and Fig. 1B.

The comparison of plans based on tumour location, stratified by the 
nearest OAR defining centrality (≤2 cm proximity), also showed a sig
nificant improvement in PTV dose metrics across all tumour locations. 
However, improvements in GTV dose metrics through reoptimisation 
were only statistically significant for tumours located near the PBT and 
heart. Additionally, reductions in OAR D0.03 cc were statistically sig
nificant for all locations except for tumours adjacent to the trachea 
(Table 2C).

To better illustrate patient-specific trade-offs between target 
coverage and OAR sparing, a categorical heatmap was used to depict 
dosimetric changes across all treatment plans (Fig. 2). Each patient’s 

Fig. 1B. Comparison of D0.03cc doses to organs at risk (OARs) across all tumour locations. Included OARs either received more than 80% of their institutional dose 
constraint or were located within 1  cm of the planning target volume (PTV). Values are shown for predicted (left, red) and reoptimised (right, blue) plans, relative to 
the baseline plans. Boxes indicate the interquartile range (IQR), with the horizontal line representing the median. Whiskers extend to 1.5 × IQR. *p < 0.05, **p <
0.001, ***p < 0.0001, ****p < 0.00001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

S. Mansoorian et al.                                                                                                                                                                                                                            Clinical and Translational Radiation Oncology 57 (2026) 101079 

4 



adaptation outcome is presented relative to the nearest OARs. Notably, 
only one case (plan number 26) demonstrated a deliberate reduction in 
target coverage to achieve a >10% improvement in cardiac sparing. This 
decision was made for a patient with a tumour adjacent to the heart and 
a history of prior thoracic irradiation, where cumulative cardiac dose 
was a critical consideration. In all other cases, observed reductions in 
target or OAR doses remained below clinically relevant constraint 
thresholds and were deemed acceptable.

In five cases, GTV was expanded by 5 mm to create PTV, with no 
significant decline in GTV coverage (p > 0.05).

Discussion

Radiotherapy for centrally located lung tumours remains a signifi
cant clinical challenge due to the elevated risk of toxicity [20,21]. Our 
study demonstrates that online stereotactic MR-guided adaptive radio
therapy significantly improves dosimetric outcome for centrally located 
lung tumours and metastases. Daily plan adaptation resulted in 
improved target coverage for both the PTV and GTV compared to non- 
adaptive plans, while simultaneously reducing the dose to surrounding 
OARs. These findings align with prior studies that have demonstrated 
improved PTV coverage and greater sparing of OAR through the use of 
MR-guided SBRT [5,6,13].

In our study, significant improvements in PTV dose metrics were 
observed across all subgroups. However, meaningful gains in GTV 
coverage were primarily observed in tumours adjacent to the PBT and 
heart, which are regions characterised by greater anatomical mobility 
and are therefore more prone to pronounced interfractional variation 
[22]. In contrast, tumours near the trachea, great vessels, and brachial 
plexus exhibited minimal changes in GTV coverage, with no statistically 
significant benefit observed from adaptation. The challenges associated 
with tumours adjacent to the PBT were examined in detail in quality 
assurance (QA) reports from two ongoing randomised trials. In the 
VALOR trial, a phase 3 randomised study comparing surgery to SBRT in 
operable early-stage non-small cell lung cancer, the authors reported 
accurate contouring of the PBT in 75% of cases [23]. Additionally, the 
design and pre-trial QA report for the Nordic STRICTLUNG and STAR
LUNG trials, investigating SBRT for central and ultra-central lung tu
mours, respectively, demonstrated that even small variations in OAR 
delineation could result in substantial OAR overdosing. Both studies 
highlight the nuances and the importance of having extensive QA pro
cedures in place before initiating SBRT trials [24].

Upper mediastinal tumours close to the trachea demonstrated stable 
dosimetry between predicted and adapted plans, reflecting limited res
piratory motion in that region. Similarly, although dose to the brachial 
plexus was reduced in some cases, adaptive planning had no significant 
effect on target coverage. These findings are consistent with data from 
La Rosa et al., who reported that tolerance dose exceedance occurred in 
57.4% of PBT cases, but only in 14.4% and 10.3% of trachea and 
brachial plexus cases, respectively [12].

Regarding OAR sparing, the most significant dose reductions were 
observed in tumours near the heart, followed by the PBT, great vessels, 
and brachial plexus. The trachea group again showed minimal dosi
metric change, likely due to its relatively stable anatomical position and 
decreased sensitivity to respiratory shifts. These results indicate that the 
benefit of adaptive planning is most evident in dynamic anatomical 
regions such as the hilum and pericardial space, where tumour-OAR 
relationships vary more considerably from day to day. However, as re
ported in the recently published guidelines from the American Radium 
Society (ARS), in their recommendations for different scenarios for 

Table 2C 
Comparison of predicted and reoptimised plans stratified by the nearest OAR 
defining centrality (≤2 cm proximity).

Metric Proximal 
bronchial tree

Trachea Heart Great 
vessels

Brachial 
plexus

PTV VPD ​ ​ ​ ​ ​
Δ 
Median

3.7 5.6 4.2 3.3 1.6

95%-CI − 0.8 to 16.5 − 0.6 to 
10.9

− 1.5 to 
18

− 0.3 to 
19.6

− 2.4 to 7.1

p-value <0.01 <0.01 <0.01 <0.01 <0.01
PTV 

D98%

​ ​ ​ ​ ​

Δ 
Median

5.2 5 4.5 4.1 1.9

95%-CI − 1.3 to 28.3 − 0.8 to 
9.6

− 3.3 to 
24.4

− 0.4 to 
19.1

− 2.4 to 
21.5

p-value <0.01 <0.01 <0.01 <0.01 <0.01
GTV VPD ​ ​ ​ ​ ​
Δ 
Median

0.0 1.1 0.00 0.00 0.00

95%-CI − 2.2 to 4.5 − 9.2 to 
6.3

− 2.7 to 
7.3

− 0.6 to 8 − 2.0 to 4

p-value 0.01 0.09 <0.01 0.4 0.1
GTV 

D98%

​ ​ ​ ​ ​

Δ 
Median

1.1 1.7 2.6 0.82 0.62

95%-CI − 8.4 to 14.2 − 12.7 to 
12.4

− 9.9 to 
20

− 3.5 to 8 − 9 to 13.4

p-value <0.01 0.3 <0.01 0.09 0.3
OAR 

D0.03cc

​ ​ ​ ​ ​

Δ 
Median

− 6.1 − 1.8 − 7.6 − 1.9 − 4.7

95%-CI − 21.6 to 26.4 − 17.3 to 
9.7

–33.0 to 
11.1

–23.1 to 
11.9

− 37.5 to 
23.4

p-value <0.01 0.2 <0.01 0.01 0.04

Legend: Difference between predicted and reoptimised values (Predicted – 
Reoptimised).
Range — Minimum to maximum across patients, OAR − Organ-at-Risk.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Spinal cord
Brachial plexus

Great vessels
Heart

Trachea
Esophagus

Proximal Bronchial Tree
D95%
D98%

Vprescription

> 10% improvement
5-10% improvement
2-5% improvement
< 2% improvement
unchanged
< 2% deterioration
< 5% deterioration
5-10% deterioration
> 10% deterioration

Fig. 2. PTV coverage and OAR dose changes across 36 treatment plans. This categorical heatmap visualises changes in PTV coverage (Vprescription, D98% and D95%) 
and organ-at-risk (OAR) sparing for structures located within 1 cm of the gross tumour volume (GTV) across 36 adaptive treatment series. Color coding illustrates the 
magnitude and direction of change: green indicates improvement in either PTV coverage or OAR protection, yellow to dark red denote deterioration − such as 
reduced PTV coverage or increased OAR dose − and grey represents no significant change. To enhance interpretability, the degree of change was stratified into the 
following thresholds: <2%, 2% to <5%, 5% to 10%, and >10%.
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(ultra-)central locations, structures that seemed most concerning for the 
expert panel included PBT (which includes the inferior 2 cm of the 
trachea), oesophagus and upper/superior trachea, which the panel 
agreed should be treated with equipoise to the PBT [4].

The prescribed regimens corresponded to a median single-fraction 
dose of 5 Gy (range 5–15 Gy) and a median total dose of 50 Gy (range 
40.5–60 Gy), with prescriptions defined at a median of 80% IDL (range 
65–80%). The most frequently used regimen was 10 fractions of 5 Gy 
(total 50 Gy at the 80% isodose line), representing 63.9% of all treat
ment courses (23/36). This prescription corresponded to a Dmax of 62.5 
Gy within the target volume. Given the moderate prescription levels, 
adherence to OAR dose constraints was generally well maintained 
[1,17]. Puckett et al. propose a D0.035cc constraint of 62.9 Gy for the 
great vessels [17], slightly higher than the expected Dmax within the GTV 
in our protocol. As a result, constraint violations for the great vessels 
were infrequent when treating with this 10-fraction regimen. Similarly, 
published dose limits for the trachea and main bronchus, such as a 
D0.035cc threshold of 59 Gy (118% of a 50 Gy prescription), were 
generally achievable when high-dose heterogeneity was minimised and 
PRVs were incorporated. However, the primary limitation of this frac
tionation scheme lies in its relatively low biologically effective dose 
(BED10), which is approximately 75 Gy, well below the ~100 Gy BED 
typically considered necessary for ablative SBRT [25,26].

Several studies have explored higher dose regimens for central and 
ultra-central tumours, reporting varying toxicity outcomes [27–29]. The 
Nordic HILUS study administered a total dose of 56 Gy delivered in 8 
fractions of 7 Gy each, prescribed to the 67% IDL (~150% of the PD), 
reporting G3+ toxicity in 34% of cases [27]. In two previous Dutch 
retrospective analyses using a fractionation scheme of 5 Gy × 12 (BED10 
= 90 Gy) with varying definitions of ultra-central tumours, a Dmax less 
than 140–145% of the prescription dose was associated with G3+
toxicity in 38% and 21% of cases, respectively [30,31]. Additionally, the 
recent ARS guidelines, along with the Radiosurgery Society and Inter
national Stereotactic Radiosurgery Society, all recommend among other 
regimens 60–70 Gy in 8–10 fractions for ultra-central tumours, as well as 
50–60 Gy in 5 fractions or 60–70 Gy in 8–10 fractions for central tu
mours [4,32,33]. Currently, a German phase 1 dose escalation study 
(MAGELLAN) is investigating SBRT for ultra-central lung tumours with a 
starting dose level of 10 × 5.5 Gy and 0.5 Gy per fraction dose in
crements up to 6.5 Gy [34]. The potential for dose escalation remains a 
key therapeutic goal, especially for ultra-central tumours where safely 
delivering an effective dose to achieve tumour control is most chal
lenging [34,35]. In this context, stereotactic MR-guided adaptive 
radiotherapy provides a promising strategy by allowing precise dose 
modulation and adaptive sparing of nearby OARs, thereby effectively 
expanding the therapeutic window in these high-risk cases. However, 
the validation of these dosimetric improvements with adaptations and 
MRgRT clinical trials is essential to determine whether they result in 
tangible benefits such as reduced toxicity, improved tumour control, or 
prolonged overall survival.

In five of our patients, the GTV was expanded to the PTV using a 
minimal isotropic margin of 3 mm, enabled by the use of online gating. 
This approach could significantly reduce radiation exposure to adjacent 
OARs and improve planning flexibility. However, data show that smaller 
volumetric expansion of GTV to PTV is associated with a higher risk of 
death in centrally located lung tumours [36]. Further, the true clinical 
significance of such narrow margins remains uncertain and requires 
further investigation. The use of PRV margins depends on clinical 
judgment and is usually individualised based on tumour location and 
proximity to critical structures. Evidence from secondary analyses of the 
SABR-5 trial suggests that small reductions in target coverage, when 
made to respect PRV-defined constraints, do not necessarily compromise 
local control [37].

Limitations

The primary limitation of this study is the predominant use of 
moderate-dose fractionation (e.g., 5 Gy × 10), which results in a lower 
biologically effective dose and may restrict how well our findings apply 
to high-dose, ablative regimens used in ultra-central tumours. However, 
due to discrepancies reported in high-grade toxicity, this might be 
viewed as a safer approach. A second major limitation is the heteroge
neity in treatment regimens and use of PRVs; patients received different 
doses and fractionation schedules delivered to the PTV or PTV optimi
sation structure, which may reflect varying preferences by treating 
physicians and could confound comparisons and weaken subgroup- 
specific conclusions. In the next stage, we are preparing a manuscript 
on the clinical outcomes of our patients treated with this regimen and 
plan to homogenise dose prescription and planning techniques. Never
theless, in the ARS guidelines, planning techniques such as decreasing 
PTV margins, applying dose constraints to PRVs, contouring critical 
OARs on four-dimensional scans, and limiting hotspots within the in
ternal target volume to 120% of the prescription dose are generally 
considered appropriate depending on the situation [4]. These recom
mendations are universal and likely address non-adaptive, CT-based 
treatment delivery. Given the inherent advantages of oMRgRT, less 
conservative approaches may potentially be applied. A third significant 
limitation is the retrospective design. Additional limitations include 
small sample sizes in certain subgroups − such as tumours near the 
trachea and brachial plexus − that restrict statistical power and the 
applicability of results to these specific anatomical locations.

Conclusions

Daily online adaptive oMRgRT significantly improves PTV coverage 
and reduces OAR doses in centrally located lung lesions, with the most 
pronounced benefits observed in tumours near mobile structures such as 
the PBT and heart. Adaptive planning enables tailored trade-offs be
tween target volume coverage and OAR sparing, potentially expanding 
the therapeutic window, particularly for ultra-central lung tumours.

Subgroup analysis showed that defining central tumours solely by 
proximity to OARs does not consistently capture dosimetric complexity 
or predict the degree of benefit from adaptive MR-guided SBRT. Tumour 
location influenced both the choice of fractionation regimen and the 
degree of planning complexity, reflecting anatomical and clinical 
factors.

These findings support the routine use of oMRgRT in complex and 
high-risk thoracic cases. However, prospective studies are needed to 
confirm whether dosimetric improvements translate into clinical bene
fits and to refine adaptation protocols across varying tumour locations.
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