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Abstract

Dose mapping/accumulation (DMA) is a topic in radiotherapy (RT) for years, but has not yet
found its widespread way into clinical RT routine. During the ESTRO Physics workshop 2021
on “commissioning and quality assurance of deformable image registration (DIR) for current and
future RT applications”, we built a working group on DMA from which we present the results of
our discussions in this article. Our aim in this manuscript is to shed light on the current situation
of DMA in RT and to highlight the issues that hinder consciously integrating it into clinical RT
routine.

As a first outcome of our discussions, we present a scheme where representative RT use cases
are positioned, considering expected anatomical variations and the impact of dose mapping
uncertainties on patient safety, which we have named the DMA landscape (DMAL). This tool
is useful for future reference when DMA applications get closer to clinical day-to-day use.

Secondly, we discussed current challenges, lightly touching on first-order effects (related to the
impact of DIR uncertainties in dose mapping), and focusing in detail on second-order effects
often dismissed in the current literature (as resampling and interpolation, quality assurance
considerations, and radiobiological issues).

Finally, we developed recommendations, and guidelines for vendors and users. Our main

point include: Strive for context-driven DIR (by considering their impact on clinical decisions/
judgements) rather than perfect DIR; be conscious of the limitations of the implemented DIR
algorithm; and consider when dose mapping (with properly quantified uncertainties) is a better
alternative than no mapping.

Keywords

Dose mapping/accumulation; Deformable image registration (DIR); DIR uncertainties; Impact
of dose mapping uncertainties; Anatomical changes; Dose mapping/accumulation landscape
(DMAL)

Radiotherapy (RT) aims at treating cancer by delivering radiation to the affected zones
(target). In RT planning, a dose distribution is generated on a medical image. Dose
distributions are often highly heterogeneous and conformal with steep dose gradients
in anatomy close to the target which may move, deform, and/or respond to treatment.
It is useful to transfer the dose distribution from one image to another to compare
and/or accumulate doses to specific anatomical sub-volumes. Transferring or mapping
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dose distributions requires aligning the underlying images, assuming any transformation
describing the geometric mapping between the two frames of references of the images, can
be applied to their corresponding dose distributions [1] In Fig. 1a—b, we present a scheme
detailing this assumption. Note we refer to the source image as the image associated with
the dose to be mapped. Conversely, the destination image defines the grid where we want to
map the dose.

Aligning images is done using image registration, which aims at finding the transformation
that optimally aligns corresponding anatomy between two images. Rigid transformations,
consisting of rotations and translations, are often used to correct for global misalignments
(correcting patient positioning). However, rigid transformations are not sufficient to resolve
the misalignment due to local changes [2], or large position changes in patient set-up

[3,4]. In these cases, deformable image registration (DIR), is preferred [5-7]. The inputs
for DIR include two images, a fixed and a floating image, and the result is a non-rigid
transformation. The transformation (T in Fig. 1) is often represented as a deformation vector
field (DVF). DVFs are composed by a set of vectors originating from the voxel positions in
the fixed image and pointing to the corresponding locations in the floating image (typically
not coinciding with the centre of a voxel). Specifically, T maps point coordinates from the
fixed grid to the floating frame of reference.

Mapping the source dose distribution to the destination grid can be achieved by either
gridded resampling (which pulls or “fishes out” the dose from the floating image), or
scattered resampling (which pushes or shoots the dose, as in archery, to the floating image).
Depending on the selected strategy, the source/destination image takes the role of the fixed
or floating image in the registration, Fig. 1c. For several applications, the mapped dose is
then summed up with another dose, which is known as dose accumulation.

Uncertainties in the registration will introduce dose mapping uncertainties. An important
factor affecting registrations is the degree of anatomical variation. Small differences may
be accurately registered by most algorithms while complex changes may not. However, a
limited number of algorithms attempt to address complex changes [2,3], such as sliding
tissue [4,5], (dis)appearance of tissue (including different tumour regression modes [6]
and surgical interventions [7-11]). Often these advanced algorithms are only available
for research. Other factors can also affect the quality of the registration, such as image
acquisition artefacts, lack of contrast, choice of parameters, etc. [1,12]. These complex
changes and other factors lead to large uncertainties in the registration, and hence
uncertainties in the mapped dose, particularly in regions where high dose gradients are
present (Fig. 2). Therefore, quantifying dose mapping uncertainties would need to account
for both registration uncertainties and dose characteristics.

Dose mapping can be complex and challenging. It is often not clear what the ‘correct’
transformation is, and exactly how this should be used to resample and accumulate

the doses. Uncertainties in dose mapping could impact treatment outcomes. An extreme
example is if new fractions are re-optimised accounting for estimated delivered dose
(mapped with significant errors), which can ultimately result in relapse (if the target was
seriously underdosed) or severe side effects (if normal tissues are overdosed). Consequently,
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determining the proper registration needs to consider at least these two aspects: degree of
anatomical variations and the impact of dose mapping uncertainties.

In this manuscript, we will present considerations demonstrating that DMA is more than
just applying the results of a registration, as correct dose mapping is not guaranteed even
with “perfect” registrations. We also propose a visualisation aid to exemplify the variation in
anatomy and impact of uncertainties on the patient’s treatment for a range of use cases. We
finish the paper with a list of recommendations aimed at users and vendors. Notice that we
will not discuss image registration in depth, as several reviews are available in the literature
[1,3,13,14], including reviews focussed on DMA [2,15].

Workshop discussions

Discussions were held during the ESTRO Physics workshop 2021 on “commissioning and
quality assurance of DIR for current and future RT applications”. This workshop included
two focussed online sessions with more than 20 participants. During the second session
aspects identified in the first session were discussed in groups. The result of the discussions
in the “DMA” group forms the basis of this article.

Dose mapping/accumulation landscape (DMAL)

A direct outcome of these discussions was a scheme representing the current landscape of
DMA use cases. The scheme was based on two axes: the degree of anatomical variations
expected, and the impact of dose mapping uncertainties on patient safety.

Anatomical variations

The degree of anatomical variations between the images may challenge the registration
algorithms [16]. Anatomical variations can be divided into two main categories in RT
applications, intraand inter-patient (Fig. 3a).

For intra-patient applications, the degree of anatomical variations often increases with the
time difference between images: in an extreme example, large anatomical variations are
observed between medical scans over lifetime (newborn vs adult). This is particularly
relevant in the re-irradiation context, where dramatic changes can be caused by treatment
and time. Alternatively, smaller changes can be expected when registering images taken
minutes apart, such as intra-fraction images [17].

For variations during treatment, we distinguish between inter-[18] and intra-fraction changes
[19,20]. These include disappearance and appearance of tissue and content (e.g. bladder/
rectum filling [21,22]), and tissue changes (e.g. tumour regression/growth, weight loss) [23—
25]. The changes vary from small (millimetres) to large (centimetres) [24,26,27] (Fig. 3a).
The range varies depending on several factors like tumour site, and healthy surrounding
tissues [28,29]. Furthermore, anatomical variations occur in all directions often leading to
complex deformations [30—-32]. These complex changes inherently challenge the assumption
of 1-to-1 anatomical mapping made by most DIR algorithms.
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For inter-patient dose mapping applications, anatomical variations have a different meaning,
representing anatomical differences between individuals rather than changes over time.
Interpatient dose mapping is used to explore local association of doses and outcomes [33],
or assess biological effects [34]. The magnitude of inter-patient differences tends to be larger
than most intrapatient changes. Moreover, “corresponding” anatomy is not well defined,

as there is not a strict 1-to-1 anatomical mapping due to the natural variability between
patients.

Impact of uncertainties

The impact of uncertainties depends on the intended use of the mapped dose, with increasing
impact to applications close to a particular patient’s pathway, Fig. 3b. For this axis, we
propose three main levels with no strict borders. With low impact for patient’s safety,

we considered the use cases where mapped doses are used to quantify, like delivered

doses in retrospective studies [35], or dose variations across large groups [36,37]. With

an intermediate impact, we considered applications where the mapped/accumulated dose

is used to inform by estimating global statistics. For example, when dose from an initial
treatment is mapped to a subsequent image for re-treatment, and only DVH statistics are
used to inform dose constraints in a re-irradiation plan [38]. Last, with the highest impact for
patient’s safety, we consider cases when the (voxel-by-voxel) mapped doses are incorporated
to change a patient’s treatment. For instance, online adaptive RT (ART), when a fraction

is adapted on the spot using an estimation of the delivered dose. Uncertainties in the

mapped dose due to inelastic tumour regression (visible tumour regression with the healthy
surrounding tissue staying in place [25]), may result in underdosing invisible disease which
could increase the risk of local recurrence. These are some of the reasons for cautious
clinical integration of this tool.

Current landscape

The dose mapping/accumulation landscape (DMAL), Fig. 4, is populated with relevant
example use cases that highlight how these dimensions vary for different use cases. A
selection of three cases are discussed in Supplement 1.

Identification of current challenges

Nine participants from the original workshop met five times between January and April
2022. During these meetings, we discussed articles highlighting critical issues and current
challenges in implementation and clinical adoption of dose mapping, Supplement 2. Due to
space constraints, we present our considerations for four issues and challenges in detail.

We hypothesise that there are first- and second-order effects on the uncertainties of DMA.
The first-order effects relate to the impact of registration uncertainties on dose mapping.
Mentioned earlier, it is often impossible for the registration result to ‘accurately’ map the
anatomy between two images. We argue that considering what is an appropriate registration
and the impact of uncertainties for a particular application is more relevant than discussing
its absolute ‘accuracy’, as we lack a ‘ground truth’ mapping with which to validate the
accuracy. Second-order effects, including issues such as energy/mass transfer vs dose
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mapping, resampling/interpolation, etc., also contribute to dose mapping uncertainties, but
with a smaller impact. For dose accumulation, biological uncertainties such as using a given
a/p value for EQD2 or BED, or the validity of the LQ model, are relevant.

Moreover, uncertainties could impact the applications in a systematic or random manner.
For example, when a prior treatment’s dose distribution is transferred onto a subsequent
re-irradiation scan any mapping uncertainty will have a systematic impact on the second
treatment. Conversely, uncertainties associated with accumulating the dose of a fractionated
treatment can typically be considered random.

First-order effects

Evaluating the correctness of a registration is extremely challenging as ground truth

is commonly unavailable. Phantoms or biomechanical models are proposed to quantify
registration errors at commissioning [1,39]. For patient-specific applications, tools still need
to be developed and used in daily practice [40]. Alternatively, methods to quantify dose
mapping uncertainty as maps [41,42] are available, section Quality Assurance. However,
dose uncertainty estimations only assess consistency. Determining whether the registration is
correct goes beyond quantifying consistency. Attempts to study this aspect with deformable
phantoms have been reported [43]. Auxiliary structures/landmarks can also be used to
determine the degree of accuracy, as suggested in TG-132 [1] or dense landmark clouds, as
suggested by Paganelli [40]. However, the validity of these metrics is limited to the region
where these contours/points are defined. Therefore, this is still an open issue which requires
careful consideration when applying DIR in daily clinical applications.

As shown in Fig. 2, the registration uncertainties interplay with the dose distribution
characteristics, particularly dose gradients [33,44]. The theoretical impact of registration
uncertainties to map a dose distribution can be quantified using the distance to dose
difference (DTD) [44]. DTD indicates the local admissible registration uncertainty that
would keep dose mapping uncertainty below a given tolerance. They found that registration
uncertainties of maximum 1 mm would be allowed in regions of steep dose gradients, while
uncertainties of > 20 mm are acceptable in regions of low dose gradients, for an IMRT lung
dose distribution using a 5 % of the prescribed dose as tolerance.

Generally, DIR is performed for mono- (such as CT-CT) or multimodal (CT-CBCT or
CT-MR, etc) images. In multimodal DIR, the differences in the images pose an additional
challenge. For example, due to CBCT noise, artefacts, reduced image quality and limited
field of view/length, impairs CT-CBCT DIR [45,46]. Challenges in MR-CT DIR occur e. g.
by MRI of the lungs which show less structure than CT [47] or by CT images of the prostate
which do not show clear boundaries of the organ [48].

Mentioned earlier, there is often no true 1-to-1 mapping between images, especially

for (dis)appearance of tissue or anatomies from different individuals. However, the vast
majority of registration algorithms attempt to obtain a 1-to-1 mapping between the images
(especially diffeomorphic registration algorithms) [49-51]. Even though this may not be
a good representation of the true mapping between the images, it is recommended to use
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transformations that represent a 1-to-1 mapping when resampling dose (positive Jacobian
determinant).

Finally, RT accounts for estimates of accuracy at each stage, including dose distributions
calculated on grids of 1-3 mm and machines that are accurate to within 2 % or 2 mm. A first
goal should be to aim for DIR uncertainties that align with the estimates of the other steps,
so that DIR-based DMA is not an outlier in the overall process [52].

Second-order effects

Resampling and interpolation—There has been some discussion in the literature on
how dose distributions (represented as images) should be resampled when deforming them
with a transformation. Two distinct approaches have been proposed: ‘direct dose mapping’
(DDM) and “energy/-mass transfer’ (EMT) [2,53]. DDM directly resamples the dose,
whereas EMT first converts the dose into energy and mass, resamples the energy and

mass separately, and then calculates the dose from the resampled energy and mass. Some
publications claimed or implied that the EMT method is based on more sound physical
principles than the DDM method, and therefore gives more correct results [2,53]. We
argue that this is based on a misconception that voxels in an image represent discrete
anatomical units rather than a discrete sampling of an underlying continuous function. Better
understanding and rigorous application of sampling theory would help demonstrate that if
the dose, energy, and mass images are resampled correctly, then the same results should
be achieved regardless of whether the dose is first converted into energy and mass or not.
Therefore, the differences between DDM and EMT comes down to how the resampling is
implemented.

Differences between results of the DDM and EMT methods presented in the literature are
due to differences in the way the dose images and energy/mass images are interpolated,

with neither of the methods following what is commonly considered as best practice for
resampling images. We will now highlight some of the main sources of confusion and issues
that should be considered when resampling a dose/energy/mass image using a 1D example,
Fig. 5. Then, we will provide recommendations on how to best resample dose distributions.
For a more detailed discussion of these issues and others related to image resampling see
[54-57].

One essential difference between the DDM and EMT methods, as presented in the

literature, is the use of ‘pull’ vs “‘push’ resampling or interpolation, Fig. 1c. DDM uses

pull interpolation whereas EMT uses push interpolation. In general, pull interpolation is
preferred when resampling images as the interpolation step occurs on a regular grid, whereas
push interpolation requires interpolating scattered data points. Depending on the method
used, scattered data interpolation can lead to undulating artefacts and even ‘holes’ in the
resampled image (shown in the EMT method [53] exemplified in Fig. 5c) or relies on
methods that are considerably more computationally demanding. This is the reason that all
registration algorithms use pull interpolation in their internal optimisation (to the best of our
knowledge).
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Push interpolation has been used for EMT to ensure that the overall energy/mass was
conserved during resampling. Notice that mass can also be preserved when using pull
interpolation by multiplying the resampled image by the local volume change (Jacobian
determinant), as proposed for mass-preserving registration algorithms [58,59]. Note, such
mass-preserving registration algorithms should not be used for most dose resampling
applications, as the assumption of mass preservation between the images is not valid (for
example due to (dis)appearing tissue or different patients). Our recommendation is to always
use pull interpolation when resampling either dose, energy or mass while accounting for
local volume changes.

Another cause of the differences between DDM and EMT results in the literature is that the
mappings are required in the opposite directions, so separate registrations are performed for
each method (swapping the fixed and floating images, Fig. 1¢). Inconsistencies between the
registration results used for each method (unless an inverse consistent registration is used,
which was not the case in [53]), further contribute to the differences in the results observed
between the two methods.

On a more technical side, the choice of interpolation method or kernel is key when
resampling an image. Linear interpolation is the most well-known and widely used
interpolation method. It is very fast but it introduces a small amount of blurring to the
resampled image. Other interpolation methods, such as cubic convolution, windowed-sinc
(with Lanczos, Blackman or Welch kernels) or spline-based methods, introduce less blurring
but can lead to ringing, where the maximum/minimum values in the resampled images

are larger/smaller than the maximum/minimum values in the original image [56,57,60],
potentially introducing negative dose/energy/mass values. The blurring introduced from a
single application of linear interpolation is small and unlikely to have a large impact,
however, if the image is resampled multiple times the blurring will accumulate and

cause noticeable degradation of the resampled images. This effect will have impacted

the evaluation of the DDM method presented in [53] where the dose was resampled 3
times (first resampled onto the source CT image grid, then onto the target CT image grid,
and finally resampled onto the target dose image grid) introducing unnecessary blurring

to the result. Therefore, we strongly recommend avoiding resampling an image multiple
times, instead composing the transformations and only resampling with the final composed
transformation.

The final issue we want to highlight is aliasing. This occurs when the original image
contains higher frequency information than can be represented in the resampled image,
either because the resampled image has a lower resolution or because the transformation
causes parts of the image to be compressed. When aliasing occurs the high frequency
information incorrectly appears as lower frequencies, which in practice can lead to structures
arbitrarily appearing brighter or darker than they should in the resampled image [56,57].
Therefore, we would recommend using a spatially varying interpolation kernel, as described
in [55] when the transformation contains regions with large compressions (by a factor of 2 or
more) within regions of a high dose gradient.
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Quality assurance considerations—Quality assurance (QA), defined as the procedures
and processes followed to ensure that the quality of each dose mapping is maintained,

is essential in clinical practice. However, this is difficult to implement due to unknown
ground truth and uncertainties that arise from patient-specific characteristics (for example,
cervix-uterus inter-fractional changes [61]). In addition, dose accumulation QA consists

of several essential steps: ensuring the appropriate mapping/accumulation workflow was
followed, QA of DIR, QA of dose mapping, and finally a review of all steps [1].

Determining the best workflow for DMA is not trivial, and to the best of the authors’
knowledge, there are no resources available for this specific matter. We define mapping/
accumulation workflow as the selection of a given algorithm, its parameters, directionality,
resampling strategy, and the definition of the minimum set of metrics and/or procedures for
QA. Prior to defining a workflow, we propose to clearly define 1) what is the intended use of
the DMA, and 2) which is the region of interest (ROI), which will then inform the expected
anatomical variation. With these aspects, it is easier to identify the potential impact of dose
uncertainty, such as illustrated in our DMAL, Fig. 4. Particularly, consider defining how to
handle extreme anatomical variations (such as missing organs in the re-irradiation settings,
or completely different anatomy as in inter-patient registrations).

Next, it is needed to assess whether DIR has fulfilled its task. Ideally, DIR would have
aligned all the corresponding anatomy between the images, properly accounting for missing
tissue (or organs). This could be translated to level O in the registration uncertainty
assessment levels proposed in the TG-132 [1]. However, current registration algorithms
often performed less optimal than this, with a recent publication comparing commercial
systems reporting mean target registration error (TRE) ranging between 2.8 and 6.8 mm
[16]. For DMA, locally aligned DIR, focused on the ROI (and/or the regions containing
dose) would suffice (level 1, TG-132 [1]). However, these levels rely on quantifying the
alignment of the anatomy, assumed to be defined on both images, using metrics such

as TRE, mean distance to agreement, dice similarity coefficient (DSC). This presents a
challenge as these anatomical landmarks/contours are often not available for one or both
images. The validity of these geometrical metrics is limited to their direct vicinity, and
cannot account for distortions far from their location [62]. DVF-based metrics (Jacobian
determinant, inverse consistency error (ICE) and transitivity error (TE)) provide information
in all locations where the DVF is defined. However, they don’t assess registration
correctness but local volume changes (Jacobian) and consistency (ICE and TE), therefore
they are insufficient on their own for QA [40]. We strongly recommend visual inspection of
the deformed image and the transformation (deformed grid/DVF visualisation), focused on
the ROI, as a strict minimum to provide a global assessment of DIR performance.

Testing the selected algorithm and parameters to phantoms (either physical or digital) also
provides insight, as done at commissioning in clinical applications. Several phantoms have
been developed and made available for the community. These include known ground truth
features, such as landmarks, DVF and dose distribution [1]. For digital phantoms, a current
limitation is that they are often provided in file formats other than DICOM, and treatment
planning systems are relatively closed to import data beyond DICOM. Converting between
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file formats requires tools and custom scripts that may not be available on clinical systems,
increases workload and potential for making mistakes, and hinders clinical adoption.

Next comes QA dose mapping itself. Where corresponding anatomical landmarks are visible
in each image, the dose to the landmark can be sampled from both the original and mapped
dose distributions. With accurate registrations, these doses should be equal. Assessing the
discrepancies between their TRE and dose deviations may give an indication of the cause

of the uncertainty, whether due to spatial registration inaccuracy or a second-order effect.
The confidence in the landmark identification is a limitation. Furthermore, this assessment is
valid in the landmarks’ proximity.

Other strategies were proposed to assess the impact of inverse (in)consistent registrations,
for instance the DVH overlap method [63]. Using the terminology introduced in Fig. 1,
two transformations are used: source-to-destination and its inverse, destinationto-source.
Structures defined on the destination grid are propagated onto the source dose distribution,
and the source dose distribution is mapped to the destination grid. The impact of
inconsistencies in the registration within the structures is assessed by comparing the
derived dose volume histograms (DVH) of dose/-contour sets. If the volume of the
structure is conserved, the mapped DVH should be equal to the original DVH and imply
minimal inverse consistency error (ICE). For this method, structures must be present in
the destination image and the quantification would only be valid for the region delineated.
Moreover, variations between original and mapped DVHs will depend on the structure
volume; with small mapping errors exacerbated in small volume structures, while larger
mapping errors may be masked in large volume structures. Another strategy used the
inconsistencies of registration defined as the net displacement of every voxel in different
structures after successive application of the forward and backward transformations, and
summarised differences using DVH bands [64]. However, these methods in isolation do not
provide enough information for QA.

Methods were proposed to quantify dose mapping uncertainty in a local scale, by generating
uncertainty maps [41,42,65]. In general, these maps contain the standard deviations of
different mapped doses, calculated on each voxel. Salguero and colleagues [41] proposed

a general framework to estimate voxel-wise dose mapping uncertainty: First, a cluster of
points is obtained for each voxel from an iterative DIR, where each iteration included an
“artificial” perturbation in the registration. Next, the dispersion of these points is used to
compute spatial uncertainty. Last, the spatial uncertainty estimates are used in combination
with the mapped dose distribution to compute the point-by-point dose standard deviation.
Another strategy relies on a deformation model created using principal component analysis
to sample spatially-correlated uncertainties and quantify their impact in daily dose mapping
[42]. Hub and colleagues [65] estimated dose mapping uncertainties based on varying
b-spline coefficients. Dose mapping uncertainties maps allow to keep spatial components
of uncertain regions, which can help decide whether the mapped dose is of use. Therefore,
we recommend quantifying the impact of registration uncertainties on dose mapping after
a global assessment of DIR performance using one of these strategies [41,42,65]. In this
context, a clear challenge is the lack of software tools facilitating the quantification and
visualisation of these uncertainty maps in clinical practice.

Radiother Oncol. Author manuscript; available in PMC 2025 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Murr et al.

Page 11

Finally, QA carried out with developer methods and tools cannot replace the assessment of
the user. Therefore, verification of DIR and DMA results by the user is essential.

Radiobiological issues—An important point raised during workshop discussions is that
dose is at the end of the day a surrogate for what we really want to quantify, that is

the radiobiological effect of the treatment. As outlined by Jaffray and colleagues [66]

in their QUANTEC vision paper, the delivered dose has been poorly understood. Recent
advances in DIR are allowing the delivered dose to be more accurately defined. Now that the
delivered physical dose can be investigated, how do we incorporate this information into our
understanding of radiobiology? A good example of a study linking radiobiological endpoints
to the delivered - not planned dose - was performed by Bohoudi and colleagues [35].

They sought to identify delivered dose parameters linked with bladder toxicity. Dose was
accumulated for 101 prostate SBRT patients treated with ART. The accumulated bladder
V20-32 Gy showed better correlation than the planned VV20-32 Gy with an increase in
International Prostate Symptom Score. However, there were large bladder volume variations,
potentially impacting the accuracy of the DIR.

Estimating biological accumulated dose is not straight forward. The Linear quadratic model
(LQM) assumes fractional doses of equal magnitude used in a power-to-n law. Given the
dose, especially to OARs, can vary each treatment, it is not valid to accumulate linearly
using DIR. The concept of total biological dose, bEQDy, has been introduced by Niebuhr
et al [67] to address this issue. Briefly, the bEQDy, represents the total treatment dose that
yields a given biological effect but takes each dose per fraction into account rather than an
average. Niebuhr et al report that the bEQD4 was systematically higher than conventionally
accumulated dose with differences in hot spots of 3.3—-4.9 Gy for conventional and 8.4

Gy for hypofractionated prostate cancer treatment plans. Determining the impact of these
differences for outcome modelling and adaptive strategies is still unclear.

Discussion

In this manuscript, we presented the current landscape of dose mapping/accumulation in RT,
visually via the DMAL, Fig. 4. DMAL connects the expected anatomical variations and the
impact of dose mapping uncertainties for patient safety and can be used in the future for
analysis and safety considerations of new use cases. Unlike the magnitude of anatomical
variations, metrics to quantify the impact of uncertainties on patient safety are lacking. Open
discussions in a multi-disciplinary team are essential to define the position of any new use
case. In our approach, we identified three main levels in the impact of uncertainties on
patient safety, which are related to how the mapped/accumulated dose is used in the use
cases. For use cases in the right side of the DMAL, a full quantification of dose mapping
uncertainties (including both correctness and consistency) is required. However, tools to
quantify these are not available in commercial packages. Therefore, we recommend extreme
caution, with a very limited use in clinical practice. Vendors are encouraged to develop

and implement tools to streamline this quantification soon, and ideally incorporate these
uncertainties in treatment plan optimisation.
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We also presented considerations on the current challenges in DMA, going beyond DIR
uncertainties, which is the main focus of published literature [2,15]. We argue that the
discussion on energy/mass transfer vs direct dose mapping is irrelevant, since, if done
correctly, the results should not differ. This is at the end of the day, an implementation
choice. We recommend using DDM in DMA implementations. However, we acknowledge
that this decision is not in the hands of most users. Thus, it is further recommended
transparent communication from the vendors on the selected strategy implemented in their
clinical software to raise awareness of the limitation and possible impact of these for the
users.

To get a comprehensive understanding of a DMA system, we recommend following four QA
steps: ensuring the appropriate mapping/accumulation workflow was followed, QA of the
DIR result, QA of the DMA result, and finally a review of the impact the DMA uncertainties
will have on the clinical application. Implementing a DMA workflow involves many inter-
connected tasks and decisions, and requires a well-coordinated team including dosimetrists,
physicists, and radiation oncologists each playing different roles to ensure patient safety.

We discussed the limited use and availability of digital phantoms for clinical systems
commissioning, especially as non-standard file formats hinder their use clinically. Moreover,
specific phantoms to enable commissioning, and automatic identification of corresponding
landmarks would be of use for dose mapping QA.

The last major issue discussed in our manuscript was the impact of radiobiological
uncertainties in dose accumulation. Dose, as a surrogate of the radiobiological effect of the
treatment, is poorly understood. However, with DMA tools, we can start gaining insights
on the true correlation between delivered dose and treatment outcomes. Furthermore,
converting to radiobiologically-corrected doses (EQD2 or BED) relies on the use of the
LQM, which can be an oversimplification of the real biological effect of dose in different
tissues. Even with their shortcomings, we recommend using biologically corrected doses
when accumulating doses.

Advanced registration techniques including diffeomorphic, symmetric, and inverse
consistent algorithms, have been available in research software for years [51], and continue
to be further developed [68], but few commercial packages include these features, limiting
their use in clinical practice. There are also still several open research questions, such as
how to best account for (dis) appearing tissue and sliding motion, process longitudinal data,
and utilise recent advances in learning-based approaches [68]. The challenge of producing
better registrations for DMA requires understanding exactly how the registration will be
used to map/accumulate dose, and how the results will be interpreted and utilised in the
clinical workflow. Multi-disciplinary work, where physicists, radiobiologist, clinicians, and
computer scientists/engineers collaborate closely together is key to make real progress with
dose mapping addressing the issues raised in this paper and beyond.

Several aspects cannot be improved by algorithms. As mentioned before, dose mapping
relies on the registration of the underlying anatomy captured in medical images. Therefore,
dose mapping applications will be hindered by any limitations in image acquisition

and reconstruction. Additionally, complex anatomical changes such as inelastic tumour
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regression happening during treatment [6,69] will completely mislead any intensity-
based registration and may result in highly uncertain dose mapping. Even though
methods were proposed to identify these regression modes [6], these have not yet been
actively incorporated in DMA. Mitigation strategies are required in the meantime; again,
quantification of dose mapping uncertainties is a must.

Our last take-home message is to strive for a context-driven DIR rather than a perfect

DIR. This may mean sacrificing global registration accuracy to favour locally accurate
registrations or have multiple registrations depending on the organ/application. Here, it

is important to be aware of the limitations of the implemented DIR algorithm, which is
essential to understanding the impact of DIR and dose mapping uncertainties in the context
of clinical decisions and judgements. For some use cases, keep in mind that dose mapping
(with properly quantified uncertainties) is a better alternative than no mapping.

Recommendations for vendors

. Develop and implement tools and visualisation means, which can be run quickly
and easily after every registration in the system, aiming at:

- Analysing the resulting transformations. Whenever contour/-landmarks
are available (or created via automatic segmentation), we recommend
including distance metrics, as recommended by TG-132, but warning
the user on their limited validity. We also recommend visualising
the DVF, as well as generating the map of the determinant of the
Jacobian (to highlight contractions, expansions and registration folds).
Additionally, visualisation of the inverse-consistency metric, bending
energy, harmonic energy, curl would be desirable.

- Identifying dose gradients to highlight the regions of high dosemapping
uncertainty. We recommend overlaying this on the images as well as on
the DVF/Jacobian maps.

- Applying multiple algorithms (or parameters for the same algo-rithm)
to provide a range of plausible registrations and estimate dose mapping
uncertainty from these. Visualization can be done as confidence bands
around individual DVHs or uncertainty maps (such as proposed in
[41,42,65]. This is key to enabling QA.

. Integrate tools for performing and evaluating dose mapping with other clinical
software such as auto-contouring and treatment planning systems to provide a
seamless and automated clinical workflow for adaptive radiotherapy.

. Allow the user to export registration results (including initial rigid/affine and
subsequent DVFs) for external evaluation and/or comparisons. This would
ideally be in a standardised, well-documented, and easy to read format. For the
DVF, we recommend using standard file formats, such as the DICOM extension
for Deformable Registration in Radiation Oncology (DRRO) proposed by the
IHE Radiation Oncology Technical Framework [70].

Radiother Oncol. Author manuscript; available in PMC 2025 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Murr et al.

Page 14

Generate clear descriptions of the workflow applied, to allow traceability for
mapped doses.

Include in all training/tutorials resources clear indications of the limitations

of the registration algorithm (e.g., inability of registering disappearing tissues)
and dose mapping strategy implemented (e.g., direction of registration and
resampling strategy) and their impact in a variety of cases, including ‘simple’
and challenging cases, such that users can easily identify possible shortcomings
during normal operation.

Allow the user to specify regions of interest where the registration should be as
accurate as possible.

Implement built-in workflows for resampling dose following the advice in this
paper.

Benchmark tools and algorithms on public data sets and publish results.
Implement state-of-the-art DIR algorithms into commercial products, especially

if their aim is dose mapping/accumulation. Examples include diffeomorphic,
inverse consistent, symmetric and sliding motion.

Recommendations for users

Clearly identify the purpose of the DMA, and relate it to the DMAL, to
determine the potential impact of the dose mapping uncertainties. This should
be done both, at commissioning and at QA time.

Consider local dose mapping uncertainties, ideally quantified with tools provided
by vendors, and the impact this uncertainty will have on the specific application.
Getting the appropriate registration for the application/organ/region should be the
first priority, which may mean that you sacrifice global registration accuracy, or
have multiple registrations. Always, consider which alternative is better for the
patient: uncertain dose mapping or not mapping the dose at all (e.g., using DVH
statistics) in the context of extra workload.

Be aware of the software limitations and how to assess uncertainties, both for
DIR and for dose mapping. For this we recommend training to develop a clear
and comprehensive understanding on:

- The DIR software used in their practice, including limitations, and
implementation decisions,

- The evaluation of DIR, both qualitatively and quantitatively, [1]

- The dose mapping workflow used in their clinical software, including
highlighting the regions of high impact due to uncertainties such as
regions of high dose gradient

- The evaluation of DMA uncertainties, ideally with tools provided by
vendors,
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- The proper use of tools provided by vendors for QA for DIR andDMA,
and their importance in daily practice.

. If feasible, apply multiple algorithms (or multiple feasible parameters) for the
same task to provide a range of plausible registrations, from which a dose
mapping uncertainty measure can be derived for every registration run which can
have direct patient impact.

. Document clearly the registration workflow followed to map/accumulate dose
distributions for each patient and the QA results.

. Develop departmental procedures and policies to perform DMA consistently,
ideally following international recommendations/guidelines. Important aspects to
account for include achievable and required accuracies for use cases in different
anatomical sites (keeping patient safety in mind), alternative approaches when
the registration is not successful or the dose mapping is highly uncertain, and
how to handle tissue not present in both images.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Fundings

We thank other ESTRO workshop participants for their contribution in initial discussions. These include Soban
Asghar; Sara Bornedal; Lando S. Bosma; Florian Cremelie; Joanna Gora; Sarah Haupt; Stephen F. Kry; Phil
Novosadl; Sara Poeta; Marija Popovic; Stina Svensson; Petra Trnkova; Adam Yeo; Cornel Zachiu.

Martina Murr reports funding from DFG ZI 736/2-1 and MU 6403/1-1 (PAK 997/1-1).

Kristy Brock reports funding from NIH/NCI under award number P30CA016672, NIH/NCI under award number
1R01CA221971, NIH/NCI under award number PO1CA261669, a generous gift from the Apache Corporation, the
Helen Black Image Guided Fund, and support from the Image Guided Cancer Therapy Research Program at The
University of Texas MD Anderson Cancer Center.

Jamie McClelland acknowledges funding from CRUK via the Network Accelerator Award Grant (A21993) to
the ART-NET consortiumand the Wellcome/EPSRC Centre for Interventional and Surgical Sciences (WEISS)
(203145/7/16/Z).

Isak Wahlstedt reports funding from ViewRay and the Danish Comprehensive Cancer Center.

Eliana Vasquez Osorio reports funding by Cancer Research UK RadNet Manchester [C1994/A28701].

Mohammad Hussein was supported by the National Measurement System of the UK’s Department for Business,
Energy and Industrial Strategy.

References

[1]. Brock KK, Mutic S, McNutt TR, Li H, Kessler ML. Use of image registration and fusion
algorithms and techniques in radiotherapy: report of the AAPM Radiation Therapy Committee
Task Group No. 132. Med Phys 2017;44:e43-76. 10.1002/mp.12256. [PubMed: 28376237]

[2]. Chetty 1J, Rosu-Bubulac M. Deformable registration for dose accumulation. Semin Radiat Oncol
Jul. 2019;29:198-208. 10.1016/j.semradonc.2019.02.002. [PubMed: 31027637]

[3]. Crum WR, Hartkens T, Hill DLG. Non-rigid image registration: theory and practice. Br J Radiol
Dec. 2004;77:5S140-53. 10.1259/bjr/25329214. [PubMed: 15677356]

Radiother Oncol. Author manuscript; available in PMC 2025 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Murr et al.

Page 16

[4]. Delmon V, Rit S, Pinho R, Sarrut D. Registration of sliding objects using direction dependent
B-splines decomposition. Phys Med Biol Mar. 2013;58:1303-14. 10.1088/0031-9155/58/5/1303.
[PubMed: 23388109]

[5]. Eiben B, Bertholet J, Menten MJ, Nill S, Oelfke U, McClelland JR. Consistent and
invertible deformation vector fields for a breathing anthropomorphic phantom: a post-processing
framework for the XCAT phantom. Phys Med Biol Aug. 2020;65:. 10.1088/1361-6560/
ab8533165005.

[6]. Amugongo LM, Green A, Cobben D, van Herk M, McWilliam A, Osorio EV. Identification of
modes of tumor regression in non-small cell lung cancer patients during radiotherapy. Med Phys
Jan. 2022;49:370-81. 10.1002/mp.15320. [PubMed: 34724228]

[7]. Risholm P, Samset E, Talos I-F, Wells W. A non-rigid registration framework that accommodates
resection and retraction. Inf Process Med Imaging Proc Conf 2009;21:447-58.

[8]. Nithiananthan S et al. Extra-dimensional demons: a method for incorporating missing tissue in
deformable image registration. Med Phys Sep. 2012;39:5718-31. 10.1118/1.4747270. [PubMed:
22957637]

[9]. Drobny D, Carolus H, Kabus S, and Modersitzki J, ‘Handling NonCorresponding Regions in
Image Registration’, in Bildverarbeitung fur die Medizin 2015, Berlin, Heidelberg, 2015, pp.
107-112. doi: 10.1007/978-3-662-46224-9_20

[10]. Pirpinia K, Bosman PAN, Sonke J-J, van Herk M, and Alderliesten T, ‘Evolutionary
multi-objective meta-optimization of deformation and tissue removal parameters improves the
performance of deformable image registration of pre- and post-surgery images’, in Medical
Imaging 2019: Image Processing, Mar. 2019, vol. 10949, pp. 838-848. doi: 10.1117/12.2512760.

[11]. Tward D et al. , ‘Diffeomorphic Registration With Intensity Transformation and Missing
Data: Application to 3D Digital Pathology of Alzheimer’s Disease’, Front. Neurosci, vol. 14,
2020, Accessed: Oct. 27, 2022. [Online]. Available: https://www.frontiersin.org/articles/10.3389/
fnins.2020.00052.

[12]. Schultheiss TE, Tome WA, Orton CG. Point/counterpoint: it is not appropriate to “deform”
dose along with deformable image registration in adaptive radiotherapy. Med Phys Nov.
2012;39:6531-3. 10.1118/1.4722968. [PubMed: 23127047]

[13]. Oh S, Kim S. Deformable image registration in radiation therapy. Radiat Oncol J Jun.
2017;35:101-11. 10.3857/r0j.2017.00325. [PubMed: 28712282]

[14]. Oliveira FPM, Tavares JMRS. Medical image registration: a review. Comput Methods Biomech
Biomed Eng 2014;17:73-93. 10.1080/10255842.2012.670855.

[15]. Xiao H, Ren G, Cai J. A review on 3D deformable image registration and its application in dose
warping. Radiat Med Prot Dec. 2020;1:171-8. 10.1016/j.radmp.2020.11.002.

[16]. Rong Y et al. Rigid and deformable image registration for radiation therapy: a self-study
evaluation guide for NRG oncology clinical trial participation. Pract Radiat Oncol Jul.
2021;11:282-98. 10.1016/j.prro.2021.02.007.

[17]. Rigaud B et al. Deformable image registration for radiation therapy:
principle, methods, applications and evaluation. Acta Oncol Sep. 2019;58:1225-37.
10.1080/0284186X.2019.1620331. [PubMed: 31155990]

[18]. Huijskens SC et al. Quantification of renal and diaphragmatic interfractional motion in pediatric
image-guided radiation therapy: a multicenter study. Radiother Oncol Dec. 2015;117:425-31.
10.1016/j.radonc.2015.09.020. [PubMed: 26433905]

[19]. Huang E et al. Intrafraction prostate motion during IMRT for prostate cancer. Int J Radiat Oncol
Jun. 2002;53:261-8. 10.1016/S0360-3016(02)02738-4.

[20]. Lee J et al. Image-guided study of inter-fraction and intra-fraction set-up variability and
margins in reverse semi-decubitus breast radiotherapy. Radiat Oncol Dec. 2018;13:254. 10.1186/
$13014-018-1200-1. [PubMed: 30587208]

[21]. Roch M et al. Impact of rectum and bladder anatomy in intrafractional prostate motion
during hypofractionated radiation therapy. Clin Transl Oncol May 2019;21:607-14. 10.1007/
$12094-018-1960-y.

Radiother Oncol. Author manuscript; available in PMC 2025 March 04.


https://www.frontiersin.org/articles/10.3389/fnins.2020.00052.
https://www.frontiersin.org/articles/10.3389/fnins.2020.00052.

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Murr et al.

Page 17

[22]. Dutta S et al. Dosimetric impact of variable bladder filling on IMRT planning for

locally advanced carcinoma cervix. J Egypt Natl Cancer Inst Jul. 2020;32:31. 10.1186/
543046-020-00033-5.

[23]. Hamming-Vrieze O et al. Analysis of GTV reduction during radiotherapy for oropharyngeal

cancer: implications for adaptive radiotherapy. Radiother Oncol Feb. 2017;122:224-8. 10.1016/
j.radonc.2016.10.012.

[24]. Sonke J-J, Aznar M, Rasch C. Non-rigid image registration: theory and practice. Semin Radiat

Oncol Jul. 2019;29:245-57. 10.1016/j.semradonc.2019.02.007. [PubMed: 31027642]

[25]. Sonke J-J, Belderbos J Adaptive radiotherapy for lung cancer. Semin Radiat Oncol Apr.

2010;20:94-106. 10.1016/j.semradonc.2009.11.003. [PubMed: 20219547]

[26]. Mutanga TF, de Boer HCJ, Rajan V, Dirkx MLP, Incrocci L, Heijmen BJM. Day-to-day

reproducibility of prostate intrafraction motion assessed by multiple kV and MV imaging of
implanted markers during treatment. Int J Radiat Oncol Biol Phys May 2012;83:400—7. 10.1016/
j.ijrobp.2011.05.049. [PubMed: 22019244]

[27]. Kontaxis C et al. Delivered dose quantification in prostate radiotherapy using online 3D cine

imaging and treatment log files on a combined 1.5T magnetic resonance imaging and linear
accelerator system. Phys Imaging Radiat Oncol Jul. 2020;15:23-9. 10.1016/j.phro.2020.06.005.
[PubMed: 33458322]

[28]. Mencarelli A et al. Deformable image registration for adaptive radiation therapy of head and

neck cancer: accuracy and precision in the presence of tumor changes. Int J Radiat Oncol Nov.
2014;90:680-7. 10.1016/j.ijrobp.2014.06.045.

[29]. Brouwer CL, Steenbakkers RJIHM, Langendijk JA, Sijtsema NM. Identifying patients who may

benefit from adaptive radiotherapy: Does the literature on anatomic and dosimetric changes in
head and neck organs at risk during radiotherapy provide information to help? Radiother Oncol
Jun. 2015;115:285-94. 10.1016/j.radonc.2015.05.018. [PubMed: 26094076]

[30]. Zachiu C et al. Anatomically-adaptive multi-modal image registration for image-guided external-

beam radiotherapy. Phys Med Biol Nov. 2020;65:. 10.1088/1361-6560/abad7d215028.

[31]. Rigaud B et al. Modeling complex deformations of the sigmoid colon between external

beam radiation therapy and brachytherapy images of cervical cancer. Int J Radiat Oncol Apr.
2020;106:1084-94. 10.1016/j.ijrobp.2019.12.028.

[32]. Bleeker M, Hulshof MCCM, Bel A, Sonke J-J, van der Horst A. Gastric deformation models

for adaptive radiotherapy: personalized vs population-based strategy. Radiother Oncol Jan.
2022;166:126-32. 10.1016/j.radonc.2021.11.028. [PubMed: 34861269]

[33]. Veiga C et al. Toward adaptive radiotherapy for head and neck patients: uncertainties in dose

warping due to the choice of deformable registration algorithm. Med Phys Feb. 2015;42:760.
10.1118/1.4905050. [PubMed: 25652490]

[34]. Skaarup M et al. A framework for voxel-based assessment of biological effect after

proton radiotherapy in pediatric brain cancer patients using multi-modal imaging. Med Phys
2021;48:4110-21. 10.1002/mp.14989. [PubMed: 34021597]

[35]. Bohoudi O, Bruynzeel AME, Tetar S, Slotman BJ, Palacios MA, Lagerwaard FJ. Dose

accumulation for personalized stereotactic MR-guided adaptive radiation therapy in prostate
cancer. Radiother Oncol J Eur Soc Ther Radiol Oncol Apr. 2021;157:197-202. 10.1016/
j.radonc.2021.01.022.

[36]. Palma G, Monti S, Cella L. Voxel-based analysis in radiation oncology: a methodological

cookbook. Phys Med Jan. 2020;69:192-204. 10.1016/j.ejmp.2019.12.013. [PubMed: 31923757]

[37]. Shortall J et al. Flogging a dead salmon? reduced dose posterior to prostate correlates with

increased PSA progression in voxel-based analysis of 3 randomized phase 3 trials. Int J Radiat
Oncol Biol Phys Jul. 2021;110:696-9. 10.1016/j.ijrobp.2021.01.017. [PubMed: 34089676]

[38]. Armstrong S, Hoskin P. Complex clinical decision-making process of re-irradiation. Clin Oncol

Nov. 2020;32:688-703. 10.1016/j.clon.2020.07.023.

[39]. Zhong H, Kim J, Li H, Nurushev T, Movsas B, Chetty 1J. A finite element method to correct

deformable image registration errors in low-contrast regions. Phys Med Biol May 2012;57:3499—
515. 10.1088/0031-9155/57/11/3499. [PubMed: 22581269]

Radiother Oncol. Author manuscript; available in PMC 2025 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Murr et al.

Page 18

[40]. Paganelli C, Meschini G, Molinelli S, Riboldi M, Baroni G. Patient-specific validation of

deformable image registration in radiation therapy: overview and caveats. Med Phys Oct.
2018;45:e908-22. 10.1002/mp.13162. [PubMed: 30168155]

[41]. Salguero FJ, Saleh-Sayah NK, Yan C, Siebers JV. Estimation of three-dimensional intrinsic

dosimetric uncertainties resulting from using deformable image registration for dose mapping.
Med Phys Jan. 2011;38:343-53. 10.1118/1.3528201. [PubMed: 21361202]

[42]. Murphy MJ, Salguero FJ, Siebers JV, Staub D, Vaman C. A method to estimate the effect of

deformable image registration uncertainties on daily dose mapping. Med Phys Feb. 2012;39:573—
80. 10.1118/1.3673772. [PubMed: 22320766]

[43]. Yeo UJ et al. Is it sensible to “deform” dose? 3D experimental validation of dose-warping. Med

Phys 2012;39:5065-72. 10.1118/1.4736534. [PubMed: 22894432]

[44]. Saleh-Sayah NK, Weiss E, Salguero FJ, Siebers JV. A distance to dose difference tool for

estimating the required spatial accuracy of a displacement vector field. Med Phys 2011;38:2318-
23.10.1118/1.3572228. [PubMed: 21776765]

[45]. Barber J et al. Deforming to best practice: key considerations for deformable image registration

in radiotherapy. J Med Radiat Sci 2020;67:318-32. 10.1002/jmrs.417. [PubMed: 32741090]

[46]. Sarrut D, Baudier T, Ayadi M, Tanguy R, Rit S. Deformable image registration applied to lung

SBRT: usefulness and limitations. Phys Med Dec. 2017;44:108-12. 10.1016/j.ejmp.2017.09.121.
[PubMed: 28947188]

[47]. Yang Y X, Teo S-K, Van Reeth E, Tan CH, Tham IWK, Poh CL. A hybrid approach for fusing

4D-MRI temporal information with 3D-CT for the study of lung and lung tumor motion. Med
Phys 2015;42:4484-96. 10.1118/1.4923167. [PubMed: 26233178]

[48]. Zhong H, Wen N, Gordon J, Elshaikh MA, Movsas B, Chetty 1J. An Adaptive MR-

CT registration method for MRI-guided prostate cancer radiotherapy. Phys Med Biol Apr.
2015;60:2837-51. 10.1088/0031-9155/60/7/2837.

[49]. Vercauteren T, Pennec X, Perchant A, Ayache N. Diffeomorphic demons using ITK’s finite

difference solver hierarchy. Insight J Nov. 2008. 10.54294/ux20bj.

[50]. Ashburner J A fast diffeomorphic image registration algorithm. Neuroimage Oct. 2007;38:95—

113. 10.1016/j.neurcimage.2007.07.007. [PubMed: 17761438]

[51]. Avants BB, Epstein CL, Grossman M, Gee JC. Symmetric diffeomorphic image registration with

cross-correlation: evaluating automated labeling of elderly and neurodegenerative brain. Med
Image Anal Feb. 2008;12:26-41. 10.1016/j.media.2007.06.004. [PubMed: 17659998]

[52]. Nenoff L et al. Deformable image registration uncertainty for inter-fractional dose

accumulation of lung cancer proton therapy. Radiother Oncol Jun. 2020;147:178-85. 10.1016/
j.radonc.2020.04.046. [PubMed: 32380117]

[53]. Li HS et al. , “‘Direct dose mapping versus energy/mass transfer mapping for 4D dose

accumulation: fundamental differences and dosimetric consequences’, Phys. Med. Biol, vol. 59,
pp. 173-188, Jan. 2014, doi: 10.1088/0031-9155/59/1/173. [PubMed: 24334328]

[54]. Dodgson NA, ‘Image resampling’, University of Cambridge, Computer Laboratory, UCAM-CL-

TR-261, 1992. doi: 10.48456/tr-261.

[55]. Cardoso MJ, Modat M, Vercauteren T, and Ourselin S, “‘Scale Factor Point Spread

Function Matching: Beyond Aliasing in Image Resampling’, in Medical Image Computing
and Computer-Assisted Intervention — MICCAI 2015, Cham, 2015, pp. 675-683. doi:
10.1007/978-3-319-24571-3_81

[56]. Thévenaz P, Blu T, and Unser M, Eds., ‘Image Interpolation and Resampling’, Handb. Med.

Imaging Process. Anal, 2000.

[57]. Thévenaz P, Blu T, Unser M. Interpolation revisited [medical images application]. Med Imaging

IEEE Trans On Jul. 2000;19:739-58. 10.1109/42.875199.

[58]. Yin Y, Hoffman EA, Lin C-L. Mass preserving nonrigid registration of CT lung images using

cubic B-spline. Med Phys 2009;36:4213-22. 10.1118/1.3193526. [PubMed: 19810495]

[59]. ‘Mass-preserving image registration using free-form deformation fields’. https://

ieeexplore.ieee.org/document/5402070 (accessed Oct. 19, 2022).

[60]. Meijering EHW, Niessen WJ, Pluim JPW, and Viergever MA, ‘Quantitative Comparison of

Sinc-Approximating Kernels for Medical Image Interpolation’, in Medical Image Computing

Radiother Oncol. Author manuscript; available in PMC 2025 March 04.


https://ieeexplore.ieee.org/document/5402070
https://ieeexplore.ieee.org/document/5402070

1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Murr et al.

Page 19

and Computer-Assisted Intervention — MICCAI’99, Berlin, Heidelberg, 1999, pp. 210-217. doi:
10.1007/10704282_23.

[61]. Mahantshetty U et al. Set-up errors, organ motion, tumour regression and its implications on

internal target volume-planning target volume during cervical cancer radiotherapy: results from a
prospective study. Clin Oncol Mar. 2022;34:189-97. 10.1016/j.clon.2021.10.010.

[62]. Kessler ML. Image registration and data fusion in radiation therapy. Br J Radiol Sep. 2006;vol.

79:599-S108. 10.1259/bjr/70617164. [PubMed: 16980689]

[63]. Kainz K et al. Use of a DVH overlay technique for quality assurance of deformable image

registration-based dose accumulation. Med Phys 2022;49:611-23. 10.1002/mp.15375. [PubMed:
34826153]

[64]. Lowther NJ, Marsh SH, Louwe RJW. Quantifying the dose accumulation uncertainty

after deformable image registration in head-and-neck radiotherapy. Radiother Oncol Feb.
2020;143:117-25. 10.1016/j.radonc.2019.12.009. [PubMed: 32063377]

[65]. Hub M, Karger CP. Estimation of the uncertainty of elastic image registration with the demons

algorithm. Phys Med Biol Apr. 2013;58:3023-36. 10.1088/0031-9155/58/9/3023.

[66]. Jaffray DA, Lindsay PE, Brock KK, Deasy JO, Tomé WA. Accurate accumulation of dose

for improved understanding of radiation effects in normal tissue. Int J Radiat Oncol Mar.
2010;76:5135-9. 10.1016/j.ijrobp.2009.06.093.

[67]. Niebuhr NI et al. Biologically consistent dose accumulation using daily patient imaging. Radiat

Oncol Apr. 2021;16:65. 10.1186/s13014-021-01789-3. [PubMed: 33823885]

[68]. Lee D, Alam S, Jiang J, Cervino L, Hu Y-C, and Zhang P, ‘Seq2Morph: A deep

learning deformable image registration algorithm for longitudinal imaging studies and adaptive
radiotherapy’, Med. Phys, vol. n/a, doi: 10.1002/mp.16026.

[69]. Hamming-Vrieze O et al. Evaluation of tumor shape variability in head-and-neck cancer patients

over the course of radiation therapy using implanted gold markers. Int J Radiat Oncol Biol Phys
Oct. 2012;84:e201-7. 10.1016/j.ijrobp.2012.03.014. [PubMed: 22560548]

[70]. IHE Radiation Oncology Technical Committee, ‘Technical Frameworks, IHE Radiation

Oncology, Deformable Registration in Radiation Oncology (DRRO)’, IHE International, Apr.
13, 2022. https://www.ihe.net/resources/technical_frameworks/ (accessed Nov. 09, 2022).

Radiother Oncol. Author manuscript; available in PMC 2025 March 04.


https://www.ihe.net/resources/technical_frameworks/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Murr et al. Page 20

a) Image registration set-up b) Assumption

Source Destination

- T,
@’ fT.e) — ©

v

Transformation T

c) Definition of f(T,l), depending on the mapping strategy chosen.

f(T,l) as gridded resampling. f(T,l) as scattered resampling.
a.k.a. pulling, “fishing”. T also called backward registration. a.k.a. pushing, “archery”. T also called forward registration.
Source estination Source Destination
Fixed image

Floating image Fixed image Floating image

@ 4
N @

Fig. 1.

chhematic presenting the use of image registration to map dose distributions. a) Registration
set-up. Registration is performed between the source and destination images, here presented
in black and white drawings, aiming at mapping the source dose distribution to the
destination grid. b) Dose mapping using transformation T, showing the underlying
assumption that the registration aligning the pair of images is valid to map any spatially
correlated image, such as dose distributions. c) Application of the transformation, depending
on the used mapping strategy. Note we distinguish between source/destination and fixed/
floating images. Source image is the image that is associated with the dose to be mapped.
Destination image is where we want to map the dose. Fixed and floating images are the roles
these images take in the registration process.
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Fig. 2.

An illustrative case demonstrating the effect of registration uncertainties on dose mapping,
and its interplay with dose gradients. For each voxel, A and B, two arrows are shown: 1) a
red arrow representing an “erroneous” vector resulting after image registration, 2) a green
arrow representing the “correct” vector. Even though there is a large distance between the
end-points of two arrows for voxel A, its mapped dose differs slightly. On the other hand, the
distance between the end-points for voxel B is small (below “accepted thresholds”), but the
mapped dose differs considerably.
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< [ Impact of dose mapping uncertainties —
low high
Typical Quantify Inform Incorporate
purpose
of the In retrospective settings, for group Mostly in patient-specific settings, In patient-specific settings, where
dl analysis. where mapped dose is used to mapped dose is directly
mappe inform a secondary treatment accounted for in a secondary
accumulated Examples include delivered dose (e.g., to derive DVH statistics). treatment optimisation.
dose estimation for NTCP/TCP or local

dose relationship (voxel-wise

analysis).

Fig. 3.

For example in the re-irradiation
or treatment modality combination
(EBRT+BT) settings.

For example in the re-irradiation
or online ART.

Illustration of the DMAL axes. a) Expected anatomical variations. b) Impact of dose
mapping uncertainties on patient safety.
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Impact of dose mapping uncertainties

Voxel-wise analysis
or image-based
data mining
(outcome vs. local
dose relations)

Late effects, e.g.,
RILD

Fig. 4.

DMAL, presenting the current landscape of use cases. The span of each box represents
the typical ranges in the anatomical variation and expected impact of dose mapping
uncertainties for a given use case.
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a) Deformation Vector Field (DVF)

- A y A A | = o 4+ | 1D Destination grid
NAAAA4"117 /1 1D Source grid
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b) Input for resampling on source grid
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c¢) Output after resampling on destination grid

N 7 T 0 Dose distribution

2

3 456 78 9 1011 12 13
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Fig. 5.
1D scheme highlighting the main problems of using ‘energy/mass transfer’ resulting from

naive use of push interpolation. a) The DVF used to push the data representing a constant
expansion over 1/3 of the image and a constant compression over the other 2/3, with the 2nd
pixel having no mapped pixels. b) The input data. ¢) The resampled data using the EMT
method described in [53]. For each voxel in the dose distributions shown in b) and c), the
value corresponds to energy divided by mass. Note the 2nd pixel of the resampled energy
and mass distributions corresponds to a ‘hole’ (value of 0), which results in an undefined
mapped dose value (hatched pixel). Additionally, the energy and mass distributions contain
undulations that would not be expected from the DVF (as it represents constant expansion/
compression) and the dose has an undesirable ‘step-like’ appearance (pixel 3 vs 4 having the
same value, same for 5 vs 6 and 7 vs 8).
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