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Disclaimers

• The author has no conflicts of interest to report

• This webinar builds upon the previous MIRSIG webinars and assumes familiarity with 

DIR and its role in deformable dose accumulation/DIR-facilitated dose accumulation

• This webinar aims to provide education on DIR-facilitated dose accumulation using our 

research as case studies



Learning objectives:

• Identify different methods of DIR-facilitated dose accumulation

• Demonstrate awareness of a method that can be used to estimate the 

uncertainty in DIR-facilitated dose accumulation

• Understand potential applications of DIR-facilitated dose accumulation

• Demonstrate awareness of the remaining risks and uncertainties in DIR-

facilitated dose accumulation



Overview
1. Background

• Deformable dose accumulation/DIR-facilitated dose accumulation

2. Quantifying the uncertainty in DIR-facilitated dose accumulation

3. Applications of DIR-facilitated dose accumulation

• Assessing the validity of reduced PTV margins

• Towards efficient ART

4. Remaining uncertainties



1. Background
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1. Background

Chronological DIR-facilitated dose accumulation

CT week 1 CT week 2 CT week 3

...



1. Background

All-to-one DIR-facilitated dose accumulation

Planning CT

...

CT week 1 CT week 2 CT week 3



1. Background

DIR-facilitated dose accumulation

Planning CT

Not restricted to CTs, for example:

• CBCTs (with HU correction)

• Synthetic/deformed CTs 



2. DIR-facilitated dose accumulation uncertainty



• Literature has shown that the delivered dose may deviate from the planned dose due to

anatomical changes

• DIR-facilitated dose accumulation can be applied to estimate the delivered dose and verify

the validity of the treatment plan

• However, the accuracy of DIR-facilitated dose accumulation is seldom quantified and no

literature existed on its accuracy specifically for the intended HNRT dose accumulation

procedure at Wellington Hospital

2. DIR-facilitated dose accumulation uncertainty



2. DIR-facilitated dose accumulation uncertainty

Intended ‘all-to-one’ DIR-facilitated dose accumulation workflow
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Intended ‘all-to-one’ DIR-facilitated dose accumulation workflow



Schematic of how the uncertainty in the DIR-facilitated dose accumulation was assessed:

Varian SmartAdapt 

DIR based on Demons

Reference DIR based 

on B-Spline

We tested whether SmartAdapt 

DIR can reproduce a reference 

dose distribution

The initialization phase 

generated the same input data to 

ensure a fair dose comparison

2. DIR-facilitated dose accumulation uncertainty



Explanation of how the uncertainty in the DIR-facilitated dose accumulation was 
assessed:

1) Generate a reference CBCT and a reference deformed CT using in silico deformations 
based on clinically observed anatomical changes

2. DIR-facilitated dose accumulation uncertainty



Explanation of how the uncertainty in the DIR-facilitated dose accumulation was 

assessed:

2) Using the reference deformed CT, generate a reference reconstructed dose

Reference deformed CT

Reference reconstructed dose

2. DIR-facilitated dose accumulation uncertainty



Explanation of how the uncertainty in the DIR-facilitated dose accumulation was 

assessed:

3) Using the reference CBCT, generate an Varian SmartAdapt reconstructed dose

Reference CBCT

Varian SmartAdapt 

reconstructed dose

2. DIR-facilitated dose accumulation uncertainty



Explanation of how the uncertainty in the DIR-facilitated dose accumulation was 

assessed:

4) Compare the reference reconstructed dose against the Varian SmartAdapt reconstructed 

dose

DIR based on B-Spline DIR based on Demons

2. DIR-facilitated dose accumulation uncertainty



tot = dose diff. rel. to planned dose

95% percentile range

2. DIR-facilitated dose accumulation uncertainty
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2. DIR-facilitated dose accumulation uncertainty



• Quantified the accuracy of the DIR-facilitated accumulated dose

• We can use the estimated accuracy in a clinical implementation of dose accumulation

2. DIR-facilitated dose accumulation uncertainty



3. Applications of DIR-facilitated dose accumulation 
Validity of a PTV margin reduction



Rationale for our study

• Literature reported reduced treatment toxicity in HNRT with 5 to 3 mm PTV margin reduction but

the loco-regional control was not preserved in all studies

3. Applications of DIR-facilitated dose accumulation 
Validity of a PTV margin reduction



• VMAT plans for 12 patients: 3 and 5 mm PTV and

planning risk volume (PRV) margin plans

• The DIR-facilitated dose accumulation method

described above was used to accumulate dose

• CTV coverage was assessed using the DVH metric

D99%, consistent with literature [vanKranen2016]

• 1% of the CTV could represent a large absolute

volume, so coverage was also assessed by

individual voxels

3. Applications of DIR-facilitated dose accumulation 
Validity of a PTV margin reduction
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Validity of a PTV margin reduction



• The number of cases where the accumulated dose D99% of a CTV was less than 95% 

Dpresc was:

– Statistically significant for one 5 mm margin plan

– Borderline statistically significant for two 3 mm margin plans

Statistically significant = the accumulated dose 95% level of confidence does not contain 95% Dpresc

3. Applications of DIR-facilitated dose accumulation 
Validity of a PTV margin reduction



However for many cases, the accumulated dose included a substantial number of CTV voxels 

receiving less than 95% of the prescribed dose

5 mm PTV

margin

3. Applications of DIR-facilitated dose accumulation 
Validity of a PTV margin reduction



Loss in target coverage during treatment was:

• Very patient specific due to the interplay between local fluence, dose delivered per 

gantry angle, contribution of scatter and anatomical changes

• Independent of margin expansion and tightness of target volume coverage at 

planning increased the risk of clinically unacceptable dose delivery

• Predominantly occurring in the sub-dermal region

3. Applications of DIR-facilitated dose accumulation 
Validity of a PTV margin reduction



For many cases, the accumulated dose included a substantial number of CTV voxels receiving 

less than 95% of the prescribed dose

5 mm PTV

margin

3 mm PTV

margin

3. Applications of DIR-facilitated dose accumulation 
Validity of a PTV margin reduction



Sub-dermal/dermal recurrences in literature

5 mm PTV

margin

3 mm PTV

margin
9 marginal LR recurrences: 4 dermal

5 marginal LR recurrences: 3 dermal

1 marginal LR recurrence: 1 dermal

9 marginal LR recurrences: 2 dermal

3. Applications of DIR-facilitated dose accumulation 
Validity of a PTV margin reduction



• We did not observe a systematic difference in plan robustness for anatomical changes 

between 5 and 3 mm PTV/PRV margins

• A safe PTV margin reduction from 5 to 3 mm in HNRT may be achieved but requires 

individual patient dose monitoring considering the loss in coverage was patient specific

Using DIR-facilitated dose accumulation

3. Applications of DIR-facilitated dose accumulation 
Validity of a PTV margin reduction



3. Applications of DIR-facilitated dose accumulation 
Towards efficient ART



Different ART approaches

• Offline
– Triggered

Adapting the treatment when a “threshold” has been exceeded. E.g., non-rigid anatomical changes such as 
weight loss. Implementations of triggered offline adaption can include rescan/replans and average anatomy 
models.

– Scheduled

Adapting the treatment at a scheduled time-point(s). Implementations of scheduled offline adaption can also 
include rescan/replans and average anatomy models.

• Online
– Library of plans

Selecting the most appropriate plan from a collection of plans to account for the observed anatomical 
changes.

– Online replanning

Optimisation of the plan at every treatment fraction.

3. Applications of DIR-facilitated dose accumulation 
Towards efficient ART



A common disadvantage of the current ART approaches

“...is the reliability of the criteria to identify patients for adaptation” [Sonke2019]

False negatives: Patients who would benefit from ART can go undetected

False positives: Unnecessary ART may result in a high-resource burden 

3. Applications of DIR-facilitated dose accumulation 
Towards efficient ART



Deformable dose accumulation

Reliable deformable dose accumulation that includes an estimate of its uncertainty may 

provide more efficient ART by processing patients’ longitudinal changes

3. Applications of DIR-facilitated dose accumulation 
Towards efficient ART



4. Remaining uncertainties

Uncertainties in DIR-facilitated dose accumulation

• The underlying DVF (has been mentioned extensively during the MIRSIG webinars)

– Qualitative analyses can include checkerboard, overlap and image difference

– Quantitative analyses can include target registration error (TRE), overlap metrics, Jacobian, etc.

• The underlying DVF (and DVF-1) specifically for deformable dose accumulation

– Quantitative analyses can include the use of physical or in-silico phantoms as ground truth with subsequent dose 

comparison [Yeo2012] [Lowther2020] [Veiga2015] 



4. Remaining uncertainties

Uncertainties in DIR-facilitated dose accumulation

• The modes of tumour regression

– Elastic

The process whereby all tissue (tumour and normal) retreats concentrically with the tumour border 

including any subclinical microscopic malignant disease 

– Inelastic

The process where the tumour boundary retreats concentrically but independently of the surrounding 

normal tissue, potentially leaving pockets of subclinical microscopic malignant disease

Region of possible 

microscopic disease



4. Remaining uncertainties

Uncertainties in DIR-facilitated dose accumulation

The majority of DIR algorithms, which are based on intensity similarity of the two image sets, will tend to align 

the border of the regressed tumour mass (or normal tissue) with that of the initial tumour and will:

• For elastic regression, impose the dose received by the regressed tumour to all voxels of the initial tumour which 

would create energy, and violate the principle that energy should be conserved 

• For inelastic regression, in addition to the energy conservation limitation, will not appropriately account for dose to

the tissues surrounding the regressed tumour mass
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The ACPSEM Medical Image Registration Special Interest Group (MIRSIG) Online Webinars

Questions and Answers from the October 2020 Webinar Chaired by Adam Yeo (Talk 2 by Nick Lowther)

Question 1: Which approach Is better to accumulate the dose on planning CT or sum the 

dose from the individual fraction?

Answers: Neither approach is necessarily better. It is important to consider what tools 

you have at your department. For example, we did not have access to HU corrected 

CBCTs so we opted to use the all-to-one planning CT approach. Regardless of 

accumulation method, it is important to assess and be aware of the dose accumulation 

uncertainties.

Of note, if you were to chronologically accumulate dose using previous 

‘synthetic/deformed’ CTs, you may be introducing a systematic error. That error would be 

propagated through the accumulation chain. It is therefore preferable to use new DVFs for 

each registration in a chronological approach.

Question 2: How much of DVH accuracy by ART would translate into Clinical outcomes. 

What's tolerance to apply ART or noART? 

Answers: This is likely to be a chicken and egg scenario. At this time, there is limited 

information on the actually delivered dose corresponding to clinical outcomes. It is hoped 

that reliable DIR-facilitated dose accumulation that includes an estimate of its uncertainty 

could provide more efficient ART (and therefore the tolerances to apply or not apply ART) 

by processing patients’ longitudinal changes


