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Abstract
Objective. In online adaptive radiotherapy a newplan is generated every fraction based on the organ
and clinical target volume (CTV) delineations of that fraction. This allows for a planning target volume
margin that does not need to be constant over thewhole course of treatment, as is the case in
conventional radiotherapy. This work aims to introduce an approach to update themargins each
fraction based on the per-patient treatment history and explore the potential benefits of such adaptive
margins.Approach.We introduce a novelmethodology to implement adaptivemargins, isotropic and
anisotropic, during a treatment course based on the accumulated dose to theCTV.We then simulate
treatment histories for treatments delivered in up to 20 fractions using various choices for the standard
deviations of the systematic and random errors and homogeneous and inhomogeneous dose
distributions. The treatment-averaged adaptivemarginwas compared to standard constantmargins.
The change in theminimumdose delivered to theCTVwas compared on a patient and a population
level. All simulations were performedwithin the vanHerk approach and its known limitations.Main
results.The populationmean treatment-averagedmargins are down to 70%and 55%of the
corresponding necessary constantmargins for the isotropic and anisotropic approach. The reduction
increases with longer fractionation schemes and an inhomogeneous target dose distribution.Most of
the benefit can be attributed to the elimination of the effective systematic error over the course of
treatment. Interpatient differences in treatment-averagedmargins were largest for the isotropic
margins. For the 10%of patients that would receive a lower than prescribed dose to theCTV this
minimumdose to theCTV is increased using the adaptivemargin approaches. Significance.Adaptive
margins can allow to reducemargins inmost patients without compromising patients with greater
than average targetmotion.

1. Introduction

Modern platforms that allow for image-guided online adaptive radiotherapy, usingmagnetic resonance imaging
or cone beamCTare rapidly expanding their base of installations (Mutic andDempsey 2014, Acharya et al 2016,
Raaymakers et al 2017,Winkel et al 2019). These systems combine improved image quality with the possibility to
daily adapt the delineations and re-optimize the plan.Online treatment plan adaptation and re-optimization are
expected to become commonpractice in radiotherapy in the coming years (Sibolt et al 2021).

By daily updating the treatment plan, interfraction uncertainty will decrease and themain positioning
uncertainty left is intrafraction anatomical changes and targetmotion.Moreover, due to daily delineation and
replanning, systematic errors in those steps becomemore random in nature. Therefore, planning target volume
(PTV)margins can be reduced for online plan adaptation. Themagnitude of thesemargin reductions is still
being explored formost treatment sites (deMuinckKeizer et al 2020).

Thewell-known andwidely used vanHerkmargin recipe (VanHerk 2004, VanHerk et al 2000) is based on
the premise that amargin is sufficient when the dose delivered to the clinical target volume (CTV) reaches a

OPEN ACCESS

RECEIVED

8May 2022

REVISED

25August 2022

ACCEPTED FOR PUBLICATION

12 September 2022

PUBLISHED

30 September 2022

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2022TheAuthor(s). Published on behalf of Institute of Physics and Engineering inMedicine by IOPPublishing Ltd

https://doi.org/10.1088/1361-6560/ac9175
https://orcid.org/0000-0001-7663-4390
https://orcid.org/0000-0001-7663-4390
https://orcid.org/0000-0001-5155-5274
https://orcid.org/0000-0001-5155-5274
https://orcid.org/0000-0003-2807-8670
https://orcid.org/0000-0003-2807-8670
mailto:erik.vanderbijl@radboudumc.nl
https://doi.org/10.1088/1361-6560/ac9175
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6560/ac9175&domain=pdf&date_stamp=2022-09-30
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6560/ac9175&domain=pdf&date_stamp=2022-09-30
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


fraction q of the prescribed dose for p percent of the population, with common choices q=0.95 and p=90%.
Since thismeans that themargin is determined by the 10%patients with the largest errors,margins for
individual patients can be improved by including individualized information compared to population based
estimates. Patient-specificmotion patterns for example have been used for individualisedmargins in
conventional radiotherapy approaches such as libraries of plans (Collins and Leech 2018) and individual
margins to account for respiratorymotion (Peulen et al 2014). In these approaches, the patient-specific
reproducibility of themovement of the bladder (DeAhmad et al 2013, Jong et al 2020) or respiratory pattern are
exploited to reducemargins.

Margin recipes are based on the expected delivered dose, but could potentially be improved by taking into
account the actual delivered dose of previous fractions, and in this way account for anatomical change during the
course of treatment. A tempting thought is to reduce the PTVmargins if the CTVmotionwas small in the
previous fractions. In this way, patients that happen to have a smaller targetmotion than the population average
will end upwith a smaller overall treatmentmargin. The opposite logic can applied aswell: ifmotion is larger
than themargin tolerates, the PTVmargin can be increased to ensure CTV coverage. Since adaptive plans are
optimized every fraction, it is relatively straightforward to implement such an adaptive PTVmargin in an online
adaptive workflow. Alternative approaches were the dose is increased locally to account for an underdosage in
previous fractions are explicitly not considered, In this workwe explicitly keep the prescribed dose per fraction
constant and only adjust themargins.

The aimof this study is to investigate and quantify the possible benefit of dailymargin adaptation in online
adaptive radiotherapy for individual patients. To this end, we simulate radiation treatments, with similar
assumptions as in the vanHerk approach: spherical, rigid tumours, treatedwith an isotropic, conformal dose
distribution, for afinite number of fractions (DeBoer andHeijmen 2001, Gordon and Siebers 2007,Herschtal
et al 2012).We consider adaptivemargins that are updated each fraction.Where themargin for the current
fraction is determined from the accumulated dose over the previous fractions and the number of fractions that
remain to be given. In order to keep the problem tractable, understandable and in linewith existing literature we
performour simulationswithin the idealised situation of the vanHerk recipe and do not account explicitly for
the additional uncertainties caused by the dose accumulation.

First, we introduce ourmethodology for obtaining isotropic adaptivemargins based on the accumulated
dose over the already given fractions, and subsequently generalize this to anisotropic adaptivemargins. In order
to apply and evaluate thesemethodswe consider the adaptivemargin recipewithin the classicalmargin
framework and then describe how treatment histories were simulated for various choices of systematic and
randomerrors. Besides these parameters, we consider two different cases, an homogeneously planned dose
distribution and an inhomogeneous planned dose distribution to gauge the influence of dose inhomogeneity on
the adaptivemargin approaches.We continuewith a comparison of the averagemargins over a course of
treatment as given by the two adaptivemargin approaches to the classicalmargins that are constant over the
course of treatment. In order tomake a fair comparisonwe compare the adaptive approaches, which by
constructionwork for afinite number of fractions to the classicalmargin approach obtained for a finite number
of fractions via simulations.We elaborate further on themotivation and clinical relevance of these assumptions
and explored parameter values in the discussion.

2.Materials/methods

2.1.Model description
2.1.1. Adaptivemargin recipe
The aimof themargin proposed here is, similar to the classicalmargin recipes (VanBel et al 1996, Van
Herk 2004,Herk et al 2000), that afterN fractions of radiotherapy, theminimumdose to theCTV is at least q
times the prescribed dose for p percent of the population. Commonly used choices are q=0.95 and p=90%
for conventional radiotherapywith a homogeneous dose distribution in the target and q=0.80 for
inhomogeneous dose distributions as often applied in stereotactic radiotherapy (Peulen et al 2014).Within this
work all dosewill be normalized to the prescribed dose andwe denote the target dose as q such that q=1.0
means theCTV is covered by the prescribed dose.

The rationale for the adaptivemargin recipe that we propose is the following. For simplicity we shall first
describe the approach using an isotropicmargin.We define themargin functionM(N, q, p) as the function that
yields constant classicalmargin required for radiotherapy delivered inN fractions to administer the target dose q
to theCTV, for p percent of the population.

The adaptivemargin for fraction n+1 depends on the accumulatedminimumdose to theCTVafter the
previous n fractions, denoted asDn. This accumulatedminimumdose, as a fraction of the prescribed dose, is
related to the dose per fraction

( )d ri via
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the assumption that thismarginwill be used for the remainder of the treatment such that the dose q is reached in
p percent of the population, given that the doseDn is already delivered. In order to arrive at the desired dose q
afterN fractions we have to deliver a target dose qn in the remainingN-n of the fractions, which is given by
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Themargin for fraction n+1 can then be obtained from the constantmargin formula, via

= -+ ( ) ( ) ( )m N q p M N n q p, , , , . 3n n1

Via the patient-specific accumulated dose a personalized adaptivemargin is obtained from the population based
margin function.Note that adaptivemargin for thefirst fraction (n=0 fractions delivered) is justM(N, q, p),
which equals the classical constantmarginwhichwe for clarity denote asmc.

Themore elaborate anisotropic approach follows from replacing the accumulatedminimal doseDnwithDn(
r ), the accumulated dose at the edge of theCTV in the direction


r .Dn(


r ) follows from equation (1) by omitting

themin operation. As a consequence, both qn andmn become depended on these directions via equations (2), (3)
upon replacement of


 ( )D D r .n n This approach results in an anisotropicmargin around theCTV. For details

see the supplementary information (available online at stacks.iop.org/PMB/67/195016/mmedia), section 1.
Figure 1 illustrates how themargins are updated anisotropically throughout the course of treatment in a one

dimensional example for three fractions for an individual treatment. In the example the anisotropic adaptive
margins are on average smaller than the constantmargins, and adjust themselves to themotions over the course
of treatment, in supplementary information 3b an illustration of anisotropicmargins in three dimensions is
discussed. In the proposed framework, for every fraction a small percentage of the patients will be unable to
reach the target dose, just as is the case for constantmargins over thewhole treatment. However, in the current
approach, it is possible to increase themarginswhen a patient is on course to endwith a dose below the target
dose q.Therefore, in some cases, the intermediate target dose qn becomes larger than 1.0. This occurs when the
accumulated dose at some time during treatment becomes too low to get to the target q evenwhen using infinite
margins for the rest of the course. In a constantmargin approach this problemdoes not occur by accepting
100%-p percentage of the patients failing to reach the dose q. To avoid unrealistically largemargins in the
adaptive approachwe limit qn�0.995.

Because of this, it follows that the variablemargin approach cannot guarantee to reach p percent of the
population. For a fair comparison, we introduce popt in equation (3) and run the simulation experiments listed

belowwith different popt such that for each experiment we arrive close to p=90%. The optimal interim
population percentage popt was obtained by performing the simulationsmultiple times using different values in
steps of 0.5%.

Figure 1. Illustration of the effect of the anisotropic adaptivemargin (solid lines) recipe on the accumulated dose for three fraction
radiotherapy in the one dimensional situation, compared to the classical constantmargin approach (dashed lines). The normalized
accumulated dose per fraction is plotted for these twomethods. The vertical lines indicate themargins used each fraction, which are
equal to the constantmarginsmc. The first fraction (a), the anisotropic adaptive and constantmargins are the same. A large
displacement of δx1=2mc to the right results in a higher than desired dose at the right and a lower than expected dose at the left end of
the CTV (shaded area). The second fraction (b) is plannedwith the anisotropic adaptivemargins adjusted according to the
accumulated dose after the first fraction, thus increasing themargins on the left while reducing themon the right. The effect of the
randomdisplacement in fraction 2: δx2=−0.8mc to the left results in a small difference in the accumulated dose for to adaptive and
classical constantmargins. After the third fraction (c) and another shift δx3=1.2mc to the right has occurred. TheCTV is covered by
the desired dose only in the adaptive anisotropicmargins case while reducing the averagemargin used over the course of treatment.
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3. Simulations

In order to analyse the consequences of the adaptivemargin approachwe investigate the adaptivemargin under
similar assumptions as the vanHerk recipe formargins.We assume a spherical CTVwith radiusR and a
perfectly conformal dose distribution described by a gaussian convolution penumbrawithwidthσp=3.2mm.
Systematic and random errors are described by a three-dimensional normal distributionwithwidthsS and s
respectively.We elaborate on the clinical relevance of this approach in the discussion.

For the accumulated dose to theCTVwe limit our calculations to the edge of theCTVonly, since that is
where theminimumdose occurs in the limit of small errors compared to the size of the CTV.We discretise the
surface of theCTVwith 500 points using a Fibonacci sphere that almost equidistantly samples the sphere, for
details we refer to the supplementary information, section 2. The systematic and random errors were sampled
froma randomnumber generator (Numpy v1.19.2, Python v3.8.5)with 3Dnormal distributionwithwidthsS
and s. For all simulationswe used a population size of 10 000 patients.

Before the adaptivemargin simulations could be performed themargin functionM(N, q, p) had to be
obtained.Numerous approximations toM(N, q, p) have appeared in the literature (DeBoer andHeijmen 2001,
Gordon and Siebers 2007,Herschtal et al 2012), but we chose to obtainM(N, q, p) from simulations. To this end
we accumulated the dose on the edge of theCTVwithN fractions using constantmargins.We performed these
simulations formargins ranging from0 to 20mm in steps of 0.25mm.The functionM(N, q, p) can then be
obtained from the cumulative population histogramof theminimumdose to theCTVusing a linear
interpolation on the numerical inverse of the histograms.

Random and systematic translations were sampled to create 10 000 individual treatment histories per set of
parameters. The treatments with classical constant, adaptive isotropic or anisotropicmargins were now
simulated in parallel over the same histories. In the experiments we considered 3, 5, 7, 10, 15 and 20 fraction
adaptive-margin radiotherapy.We investigated two cases representative of the different treatments used in
clinical practice. The two case studies were aCTV (R=15mm)with a homogenous dose distribution
(q=0.95) and a small CTV (R=5mm)with an inhomogeneous dose distribution (q=0.80). The systematic
and randomerrors used for the two case studies wereΣ=0, 1, 2mmandσ=1, 2, 3, 4mm.

For all experiments we stored for each simulated treatment the random and systematicmotion, accumulated
dose andmargins per fraction. From thesewe extract descriptive statistics and create plots to investigate the
possible individualised gains when using adaptivemargins. For the anisotropicmargins the per-fraction
directional-averagedmargins were stored. In the supplementary information (3c)we establish that these average
margins can be used to estimate the resulting PTV volumes, also for the anisotropic case,
via p= ´ +/ ( )Vol R m4 3 .PTV avg

3

4. Results

4.1.Margin simulations forfinite fraction radiotherapy
Infigure 2 the simulation results forM(N, q, p) as a function of q for 2, 5 and 10 fractions with p= 90%are
shown for the homogeneous case. As expected, necessarymargins increase with a smaller number of fractions as
do theywith a larger standard deviation of the randomand systematic errors. The necessarymargins have an
asymptotewhen q approaches 1, the dotted line in the figure indicates the limit we applied to avoid infinite
margins for simulationswithmotions that could not be compensated in the remaining fractions by only
increasing themargins. The other limit used in this work is thatmargins could not be negative. The
correspondence of the functionM(N, q, p)with earlier work (DeBoer andHeijmen 2001, Gordon and
Siebers 2007) is provided in the supplementary information, figure S4, for reference.

4.2. Adaptivemargins
As an illustration, we plotted for 10 treatments, out of the 10k simulations, the adaptivemargin at each of the five
fractions infigure 3 for both the anisotropic as isotropicmargins to showcase the time evolution of themargins,
for the same treatment histories. On average themargins decrease with time for both approaches reflecting that
formost patients themotions are far below the usedmargins. For one treatment history, the grey hexagon, the
adaptive isotropicmargins are larger than the constantmargins in the last fraction. For the anisotropic adaptive
margins the directional-averagedmargins are still lower, by enlarging themargins locally as indicated by the
bars. This clearly indicates the benefit of anisotropic over isotropic adaptivemargins to account for the observed
motion pattern. For an overview of the evolution of themargins for thewhole populationwe refer to the
supplementary information, figures S7 and S8.

Infigure 4(a) the vector length of the averagemotion over the course of treatment is plotted versus the
treatment-averagedmargins. On average a larger nettmotion over the course of treatment results in larger
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adaptivemargins, with a larger spread for the isotropicmargins. Infigure 4(b) the relation between the
accumulatedCTVDmin and the treatment-averagedmargin is shown color-coded for the total nettmotion.
From thefigure it is clear that the treatment-averagedmargins are reduced for the vastmajority of patients in the
anisotropic case and themajority for the isotropic case, also summarized in the histogram infigure 4(c). The
trend of thefigure indicates that patients with largermotions receive largermargins improving coverage for this
group but, due to the construction of the recipe, still not enough for 10%of the population. But for the group of
patients that show less than averagemotion, largemargin reductions can be observed, as expected.

From figure 4(d) it can be seen that both the isotropic as anisotropic adaptivemargins result in
approximately the same distribution of CTVDmin. The adaptive approaches intersect the constantmargin

Figure 2.Themargin functionM(N, q, p) as obtained from simulations forN=2(a), 5(b) and 10(c) fractions as function of the target
dose q forΣ=1mmandσ=1, 3, 4mm (green, red, blue) for the homogeneous dose distribution. Dotted lines represent the limits
to the function as used in the adaptivemargin analysisM>0;M<M(N, q= 0.995, p= 90%).

Figure 3.Time evolution of the adaptivemargin strategies over a treatment of 5 fractions for 10 patients using anisotropic (a) and
isotropic (b) adaptivemargins, each line represents themargin over time for simulated individual treatments. For the anisotropic
adaptivemargins the directional-averagemargin is depicted. The corresponding necessary classical constantmarginmc= 3.2mm is
indicatedwith the horizontal line. Random and systematic errors were sampled using bothσ andΣ of 1mm.The sampledmotion
patterns were the same for the two adaptivemargin strategies.
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approach in the prescription point, what themethodology aimed for. The population difference inCTVDmin

lies in the lowerminimumCTVdose above the prescription dose and a higherminimumdose for the patients
receiving a dose below the prescribed dose level. For these parameters themeanCTVDmin dose for this 10%of
the population is 94.5% versus 92%when comparing the adaptivemargins to the constantmargins. Thus the
individualised adaptivemarginsmake the spread inCTVDmin smaller. These results were for a particular set of
the parameters, but the general outline of thisfigurewas consistent over all simulations and experiments.

Figures 5 and 6 summarize themain results for the treatment-averagedmargins for the homogenous and
inhomogeneous situation respectively. The boxplot indicates populationmean, 25%–75%and 10%–90%of the
population. In all situations the anisotropic adaptivemargins were superior to isotropic adaptivemargins,
allowing for a larger populationmean treatment-averagedmargin reduction. For the homogenous case the
populationmean averagemargins over thewhole treatmentwere in the range 75%–100%and 65%–95%of the
constantmargins for isotropic and anisotropic adaptivemargins respectively. For the inhomogeneous case these
numbers were 70%–80%and 55%–70%.The largest relative gain of the adaptivemarginswas for the longer
treatments, butwithmost of the possible gain already achieved for courses consisting offive fractions.
Furthermore, the adaptivemargins alsoworked better for smaller random errors. Themain difference between
isotropic and anisotropicmargins is clear, isotropicmargins lead to a larger spread over the population, resulting
for some of the patients in larger averagemargins compared to the constantmargins andwhile others benefit
more substantially, reflecting the differences inmotion. In thesefigureswe plotted the relative gains inmargins.
When comparing the results between different values of the systematic errors the largest relative gainwas
obtained for∑= 1mm. Since both the constant as the adaptivemargins change significant with the systematic
errors we cannot give a detailed explanation for this effect.We did so because different numbers of fractions
result in different necessary constantmargins. Conversion to absolute values can be done from the data listed in
the supplementary information, section 3d. As described, in the simulations the parameter popt was used to
arrive at 89%< p< 91%. The percentage of the population satisfying CTVDmin�q at the end of all the
simulated adaptivemargins treatment was 90% in the range 88.8%–91.8% allowing for a fair comparison of the
necessarymargins. The used popt ranged between 80%and 96% in the anisotropic adaptivemargins and from
50%–95% in the isotropic case. For all values see the tables in the supplementary information, tables S2, S5.

Figure 4. (a)Treatment-averagedmargins after 5 fraction radiotherapy for (an)isotropic and constantmargins versus vector length of
averagemotionwithσ andΣ of 1mm in absolutemargins or relative to the constantmargins. The classical constantmargin for this
choice of parameters is given bymc=3.2mm. (b)Margins versusminimumdose to theCTV at the end of treatment, hue-coded by
averagemotion as in (a). The dots at the top of figures (a), (b) show themaximally allowedmargins from the limit q=0.995. In (c), (d)
histograms along the y and x-axes are shown. In (d) the histograms for the isotropic and anisotropic adaptivemargins overlap.
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5.Discussion

In this work isotropic and anisotropic adaptivemargins for online adaptive radiotherapywere considered, for a
range of parameters.We demonstrated that the populationmean of the averagemargins over the course of a
radiation treatment can be reducedwhenmargins are updated using the information gained about the
individual patient and her or his treatment. The possiblemargin reductionwas largest for inhomogeneously
prescribed dose to the target. This can be understood from the fact that randommotion ismore easily
compensatedwhen themaximumdose in the target far exceeds the requiredminimumdose to the target. The
anisotropicmargins could be reduced to around 65%of the constantmargins for the inhomogeneously
prescribed dose. The resulting benefit inmillimetres would only be 1–2mm, as themargins necessary in this case
are already small. This is partly due to the small systematic errors and randomerrors we used in these
simulationswhich already led to relatively small treatmentmargins, one could say that improvements to online
adaptive treatment planning are hard tomake clinical relevant due to the smallmargins that are already possible,
on the other hand, for certain groups, or individual patients onmight try to use this laborious approach to get to
the edge of what is possible. In this workwe showhowmuch can possibly be gained fromadaptivemargin
strategies.

In this workwe also simulated inhomogeneous dose distributions for longer treatment series (>7 fractions),
currently such inhomogeneity is never used clinically for longer series, but to facilitate the comparison between
the twomethodologies we calculated the results for the same fractionation schemes.

We understand thesemodest gains from the following argument. The adaptivemargins approach takes into
account information about the individual treatment. In away, we are updating ourmargins from a population-
based estimate towards an individualised estimate as the treatment progresses. It is known that the estimation of
treatment specific standard deviations from a limited number of samples only slowly converges∼n−1/2. The
inclusion of a Bayesian prior improves the result but only slightly (Herschtal et al 2015). In otherwords: with a
limited number of fractions, we have too little information to rule out a relatively large outlier in one of the next

Figure 5.Boxplots of anisotropic (top row) and isotropic (bottom row)margins for the homogeneous dose distribution for all values
ofσ and∑ for treatments of 3, 5, 7, 10, 15 and 20 fractions in length. Allmargins are given relative to constantmarginsmc needed for
the parameters and number of fractions. Boxes indicate interquartile range andmean treatment-averagedmargins, whiskers indicate
10%–90%percentiles.
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fractions, whichmight dominate the requiredmargin. Therefore, we cannot substantially decrease themargin
based on the fractions given, especially so in extreme hypofractionated therapies. Themain advantage for
adaptivemargins lies in the correction in themargin for the (effective) systematicmotion that repeats itself from
fraction-to-fraction, and becomesmore relevant in longer treatment series.

Ourmethodology to obtain adaptivemargins is independent of themargin recipe used.However in order to
calculate the effects of adaptivemargins we employed the same framework as those used for calculation of
margins in the vanHerk recipe, with all its simplifications as stated in the introduction. Our simulation results
forM(N, q, p)were in linewith previous works (VanHerk et al 2000,De Boer andHeijmen 2001, Gordon and
Siebers 2007,Herschtal et al 2012). The simplifications of this approach and corresponding limitations are
discussed often in literature, however, it still is themost used approach to estimate the necessary radiotherapy
treatmentmargins.We think our results should be interpretedwith the same caution as the classicalmargin
recipes should be, and think that is has clinical relevance just as the classicalmargin recipe.While the results
presented are explicitly based on the idealized situation of the vanHerkmargin recipe, our strategy formargin
adaptation is generalizable to anymargin approach. One could for example consider combining our approach
with robust planning algorithms for proton therapy(Unkelbach and Paganetti 2018). In this case robust
treatment planwould be generated for each fraction in such away that, given the already delivered dose, the
target will be adequately coveredwith suitable probability.

We needed to introduce the popt parameter to facilitate a fair comparison between the adaptive and constant
margins. This necessity stemmed fromkeeping themargins positive and the restriction of qn�0.995 to avoid
margins that became unrealistically large. For the parameters with small systematic and random errors, some of
the patients would need negativemargins to aim for a population coverage of 90%. Since thesewere not allowed
the interim poptneeded to be increased. Similarly, limiting themargins frombecoming unrealistically large leads
to a lower popt.

In order to limit the amount of simulations choices weremade for the parameters used. For the prescription
we only considered p= 90%and q= 0.95 and q= 0.8 in linewith our institution prescriptions. Other choices

Figure 6.Boxplots of anisotropic (top row) and isotropic (bottom row)margins for the inhomogeneous dose distribution for all
values ofσ and∑ for treatments of 3, 5, 7, 10, 15 and 20 fractions in length. Allmargins are given relative to constantmarginsmc.
Boxes indicate interquartile range andmean treatment-averagedmargins, whiskers indicate 10%–90%percentiles.
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would lead to slightly different results. The choices for the penumbra and the cases used in this paper weremade
to be comparable to previous literature. The systematic and random standard deviationswere chosen such that
the resultingmargins werewithin the range ofmargins reported for online adaptive radiotherapy 2–7mm (de
Bohoudi et al 2017,Winkel et al 2019,MuinckKeizer et al 2020, Intven et al 2021, Kensen et al 2022). As a
consequence, the resulting considered systematic errors in the range 0–2 mmwere relatively small. Thismay be
partly due to the fact that in online adaptive radiotherapy parts of the systematic errors should be considered
randomdue to the daily update of contours and plans. Given that the adaptivemargins are better at reducing
margins caused by systematic errors we expect themethodologywork better for larger systematic errors.

In this workwe estimated themargin for the next fraction from the dose given thus far. The errors used
throughout this paper thus represent the known errors. However, unknown errors are not taken into account.
These could be associatedwith incorrectmodelling of the dose in the planning system, registration errors
involved in the dose accumulation, or differences between the beam isocentre and imaging isocentre and of
course delineation uncertainty(Burbach et al 2016). A systematic understanding howknown and unknown
randomand systematic errors influence online adaptive radiotherapy remains to be understood in general and
taking them into account herewas outside the scope of the current work.

In the simulations only translations of theCTVwere considered for the evaluation of the accumulated dose
and resultingmargins. In clinical reality intrafractionmotion ismuchmore complex. Thesemotionswere not
explicitly taken into account in this work.However if a properway for intrafraction dose accumulationwould
exist, themethodology to obtain themargin for the next fractionwould still be valid. Intrafractionmotionwould
result in an effective blurring of the dose distribution. This is why in amargin approach considering an infinite
number of fractions, intrafractionmotion can be added to the random error. In ourmodel with afinite number
of fractions, this is not exactly true, but could be considered afirst approximation.

We used the running averagemargins per patient as proxy for an estimation of the therapeutic gain since this
geometric values represent themost straightforward and interpretable choice tomake.However, the clinical
effect of adaptivemargins on the dose to nearby organs at risk depends on their radiobiological response. For
parallel organs at risk the risk depends on the total irradiated volumewhich scales with the third power of the
marginmaking even smallmargin reductionsworthwhile. Our current analysis focusses on potentialmargin
decrease in an idealized situation. The dosimetric or clinical impact of this in clinical practice should be carefully
studied on a treatment site specific basis.

The twomodels for adaptivemargins considered here are idealized recipes and probably not feasible in
clinical practice in the near future. This is due to the fact that dose accumulation over the course of treatment is
not readily available and, evenwhen it would be, the uncertainties involved in the (deformable) registration and
possiblemotion during dose deliverywould probably introduce additional complications for the estimated
minimumdose given thus far. In addition to these difficulties, the generation of a differentmargin for every solid
angle around the (non-spherical)CTV is not clinically available. Application of the anisotropicmargin to six
main directions (±x,±y,±z)would lead to ambiguities in the definition themargin for each simulation point
andmodelling of the dose distribution, Therefor we have chosen to present themost idealised adaptivemargin
strategy in this work to estimate itsmaximumpotential gain.

In this work only perfectly conformal and homogeneous (adapted) treatment planswere assumed in the
modelling. In clinical practice local hotspots or digressions from conformity are a reality. Although the adaptive
margins derived from the accumulated dosewill correct some of these effects, coldspots in theCTV cannot be
accounted for, because the current work only considered adjusting treatmentmargins without changing locally
the dose distributionwithin the PTV. In this work, we only adapted the treatmentmargin. However, further
improvement of our approachmight be achievable when adaptivemargins are combinedwith locally increasing
or decreasing the dose relative towhat is been given.How to do such adaptive dose painting is outside the scope
of this work.

6. Conclusion

In this work adaptive radiotherapymarginswere introduced for online adaptive radiotherapy.When dose
accumulation becomes readily available, the proposedmethodology for adaptivemargins becomes feasible. The
methodology leads to amodest decrease in treatmentmargins for the populationmean, ranging from65% to
95% (1–2mm) of the corresponding classicalmargins. For individual patients the results becomemore
pronounced, since patients that happen to have average targetmotion below the population averagewill receive
substantially smallermargins. On the other hand, patients with larger than averagemotionwill require an
increasedmargin.Moreover, for the 10%of patients that would not reach the desired coverage due to the
definition of themargin recipe, theminimumdose to the target is increased by using adaptivemargins. As such,
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the approach leads to slightly improved radiotherapy on the group level, butmight have substantial benefits for
the individual patient, be it in smallermargins, or better target coverage.
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