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• Introduction
• Imaging modality and technology for adaptive 
radiotherapy

• Anatomical changes requiring adaptation
• Offline Adaptive radiotherapy
• Online Adaptive radiotherapy
• Managing Uncertainties

Outline
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Principles of adaptive radiotherapy
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• On board 3D imaging for anatomy monitoring
• Contour adaptation from planning CT to current 
anatomy

• Recomputation of the treatment plan based on the 
current anatomy

• Re-optimizing the treatment plan
• Plan-specific quality assurance
• Delivery of the adapted treatment plan

Adaptive radiotherapy workflow
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CT-on-rails technology was first developed in 
Japan (Uematsu et al. 1996; Uematsu et al. 
1999) and was commercially available from 
three different vendors.

In-room CT solution for volumetric imaging 
provodes the best image quality achievable 
compared to all other CT-based IGRT 
techniques .

The calibration between Hounsfield units and 
relative electron densities as required for dose 
calculations is well-established. 

On board 3D imaging for anatomy 
monitoring
CT-on-rails
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1) Need additional bunker space

2) Requires additional movements of the patient couch, increasing 
setup time compared to linac-integrated CT solutions.

3) Additional uncertainties related to isocenter shift

4) Does not allow for monitoring of the patient during the treatment. 

On board 3D imaging for anatomy 
monitoring
CT-on-rails: cons



7

David Jaffray group pioneered the 
design and construction of kV CBCTs 
(Jaffray et al. 1999, 2002) 

Allows acquisition of patient anatomy 
in treatment position, without 
repositioning 

Enables monitoring of patient 
anatomy during therapy

On board 3D imaging for anatomy 
monitoring
X-rays cone beam ct
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1. Low image quality (scatter correction needed); 

2. Contouring is difficult

3. Discrepancy in HU between planning CT and daily CBCT

On board 3D imaging for anatomy 
monitoring
CBCT: cons
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On board 3D imaging for anatomy 
monitoring
MRI-linac
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• Superior soft tissue contrast compared to CT and CBCT

• Continuous intra-fraction MR imaging 

• Online adaptive MRIgRT that incorporates real-time anatomical changes 
such soft-tissue deformity, volume changes, and changes in OAR 
positioning 

• Incorporation of MRIgRT-based functional imaging has the potential of 
detecting biochemical changes that precede anatomical changes 

On board 3D imagnig for anatomical 
monitoring
MRI-linac
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1) MRI scans do not readily provide the electron density distributions needed 
for dose calculations, so strategies for generating synthetic CT scans are 
needed. 

2) Long delivery times, high cost

3) High magnetic fields MRI, introduces addition safety risk for staff and 
patients

4) Low magnetic fields MRI have limitation in image quality and functional 
acquisitions

On board 3D imagnig for anatomical 
monitoring
MRI-linac: cons
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1. Deformable registration of old contours onto the new 
anatomy

2. Atlas-based auto contouring
3. Deep learning based auto contouring (through convolutional 

neural network CNN)

Contour adaptation for anatomical 
changes
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• Anatomical changes can occur in any region of the body but the 
pattern of change is region-specific

• Affect both tumor and healty organs
• Three types of anatomical changes can occur:
Day by day anatomic changes
1) Systematic changes
2) Random changes
3) Changes induced by the irradiation

Adaptation for Anatomical changes
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Djordjevic, M., et al Acta Oncologica, 53(5), 646–653. https://doi.org/10.3109/0284186X.2013.862593
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Offline adaptive radiotherapy
Average anatomy volume

An average anatomical model can be estimated by:
• Performing deformable registration of the planning scan to 
the scans of the initial fractions, 

• Calculating the average deformation vector field,  
• Deforming the planning scan and corresponding structures 
to create a synthetic scan representing the average 
anatomical configuration

A new treatment plan can subsequently be optimized on the 
average anatomy model. 
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24Nuver TT, et al Int J Radiat 
Oncol Biol Phys 
67:1559-1567, 2007
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Triggered adaptation refers to the process of adapting the 
treatment plan when exceeding a certain “threshold,” for 
example, when the patient experienced considerable 
anatomical changes such as weight loss. 

Offline adaptive radiotherapy
Triggered adaptation
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Weekly chest CT visualized by two radiation oncologists 
independently. 
For all CT simulations, each physician was able to judge whether 
reduction was 
(1) present and clinically significant 
(2) present and clinically nonsignificant, 
(3) absent. 
In the case of physician agreement for the first category, a 
Contrast-enhanced CT was performed, a new target volume 
was delineated, and a new treatment plan (replanning study) 
was performed. 
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Action level red: The GTV is outside the 
PTV. The radiation oncologist is called 
immediately and treatment is only given 
when approved by the radiation oncologist. 

Action level orange: The GTV is just inside 
the PTV. The radiation oncologist is notified 
by email and has to respond before the next 
fraction. Further diagnostics are. 

Action level yellow: There is an ITAC visible 
but the GTV is well inside the PTV. The 
radiation oncologist is notified by email about 
the ITAC but no response is necessary and 
treat- ment may continue. 

Action level green: No change visible. No 
action needed. 
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31Møller DS, et al Radiother Oncol. 2016 Oct;121(1):32-38. doi: 10.1016/j.radonc.2016.08.019. 
Epub 2016 Sep 16. PMID: 27647459.
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J Applied Clin Med Phys, Volume: 19, Issue: 6, Pages: 166-176, First published: 10 October 2018, DOI: (10.1002/acm2.12474) 
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Triggered adaptation has the disadvantage of being unpredictable: 
arrangements for re-scanning/replanning can only be made once a 
change has been observed. 

Rescanning can occur once (eg, halfway through the treatment 
course) or several times (eg, weekly during the treatment course)

To limit required resources, the original treatment plan can then be 
transferred and recalculated on the new anatomy to judge if it is 
still fulfilling the clinical objectives of tumor coverage and OAR 
sparing 
 

Scheduled adaptation
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• Online approaches are required to account for the anatomical 
changes observed on each particular day. 

• The approach most easily to implement consists of a library of 
treatment plans, created “a priori”, to account for expected 
anatomical changes such as variations in bladder volume. 

Online Adaptive Radiotherapy
Library of plans
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The different plans are typically made on a single CT scan (eg an “empty 
bladder” scan) with interpolated and possibly even extrapolated contours 
obtained from additional scan(s) (eg a “full bladder” scan) and deformable 
registration. 

Alternatively, a library of plans can be made on different CT scans (eg a 
“full bladder” scan followed by an “empty bladder” scan or using multiple 
CBCTs of the first few fractions. 

Instead of creating a library based on patient specific variations, one can 
also design a library based on population statistics to generate different 
CTVs or PTVs.

For each treatment fraction, the best plan from the library is subsequently 
selected, typically using visual comparison of the daily in-room scan with 
the contours of the library plans. For practical reasons, only libraries con- 
taining a limited number of plans (2-5) can be generated. 
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38Bondar ML, et al Int J Radiat Oncol Biol Phys. 2012 Aug 1;83(5):1617-23. doi: 
10.1016/j.ijrobp.2011.10.011. Epub 2012 Jan 21. PMID: 22270164.
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Two planning CT scans with a 
full and empty bladder were 
acquired in supine position.

Bladder and GTV structures 
as delineated on the full 
bladder CT were registered to 
the bladder and GTV 
structures from the empty 
bladder CT 

To represent different filling 
states, the following scale 
factors were used: 0%, 33%, 
67%, 100% and 133%, with 
0% and 100% structures 
corresponding to the empty 
and full bladder, respectively. 
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To account for both systematic and random complex anatomical 
changes as well as time trends, daily online replanning can be 
considered. With such an approach the plan is reoptimized every 
treatment fraction 

The challenge is to condense the time of scanning and treatment 
planning traditionally spanning a few days to a few weeks, to a 
few minutes. 

Online adaptive radiotherapy
Daily online replanning
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Online adaptive radiotherapy
Commercial solutions

Example MR-based (A), CBCT-based (B), and PET-based (C) online ART systems, featuring the integration of 
corresponding imaging system with a 6MV FFF LINAC, installed at University of California Los Angeles, University 
of Rochester, and University of Texas Southwestern Medical Center, respectively. 

Doma Lemus et al 
Cancers 2024, 16, 
1206 
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Two commercial MR-LINAC systems provide the necessary capabilities for 
online MR-guided planning adaptation. While the technological implementation 
and specifications of these systems may differ, their online adaptation mostly 
depends on anatomic MRI guidance. 

MRI based online adaptive RT

 Doma Lemus et al Cancers 2024, 
16, 1206 
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Adapt to position: isocenter shift is determined by performing 
rigid registration of daily MR images with the reference images. 
Subsequently, the initial treatment plan is adjusted to achieve the 
desired target coverage by modifying the shape and/or weighting of 
the MLC segments. 
Adapt to shape: process of re-optimization, taking into account 
the actual anatomy and adjusted shapes. The ATS procedure 
directly performs dose re-optimization after making contour 
alterations. 

MRI based online adaptive RT
Elekta Unity
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Initial treatment plan reassessed using the daily MR images and 
adjusted contours to determine if the original plan is still suitable 
for the current daily anatomy. 

If a dosimetric assessment, using the projected dose, determines 
that adaptive planning is required, the initial treatment plan will be 
re-optimized. 

MRI based online adaptive RT
MRIdian
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The first CBCT-based ART system, Varian Ethos, was introduced in 
2020 (Varian Medical Systems, Palo Alto, CA, USA). 
1. Improved CBCT image quality
2. CNN for contour segmentation, 
3. Machine learning-enhanced treatment planning system, 
4. Intelligent optimization engine (IOE), for adaptive plan generation

Online adaptive plans created within a typical timeframe of 15–25 min 

CBCT based online adaptive
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 Doma Lemus et al Cancers 2024, 16, 1206 
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Residual uncertainties

Sonke JJ, Aznar M, Rasch C. Adaptive Radiotherapy for Anatomical Changes. Semin Radiat 
Oncol. 2019 Jul;29(3):245-257. doi: 10.1016/j.semradonc.2019.02.007. PMID: 31027642.


