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Background and purpose: Geometrical uncertainties in radiotherapy are generally accounted for by margins for
tumors, but their effect on organs-at-risk (OARs) is often ignored. We developed a model that incorporates dose-
and geometry-based uncertainties in OAR planning using dose constraints.

Materials and methods: Radiotherapy uncertainties cause real dose-volume histograms (DVHs) to spread around
the planned DVH. With a published OAR dose constraint D(Vcyit) < Derit such that complication probability < Y%,
real differences from planned D can be described by mean- (MDpci) and standard deviations (SDpecrit)-
Assuming complications are associated with the worst DVHs, New dose constraints that maintain complication
probability can be derived for new treatments:

Dcril,New = Dcrit,publ + (1)7](1 - Y%) * (SDDcril,publ - SDDcril,New) + (MDDcrit,pub] - MDDcril,New)s

with @ 1(x) the inverse cumulative normal distribution function. Setting SDpcrit,New = MDpcrit,New =
0 in the recipe yields the “True” critical dose, and Dcsit, True - Derit,publ can be considered a dose-based
safety margin (DSM).

As hypothetical example, we estimated MDp,j; and SDp.i; values by simulating geometric errors in our clinical
treatment plans and adding dose-based uncertainty. Over 1000 OARs with 108 different regular- and hypo-
fractionation constraints were simulated. We assumed accuracy SDs to change from 2.5mm/3% to 1.5mm/2%.
Results: Results varied per OAR, fractionation, and constraint-type. If our 2.5mm/3% MDp.ri: and SDpcit values
approximated dose-constraint studies, on average the DSM would be 4.5 Gy (18%) and our dose constraints
would increase with 1.2 Gy (5%).

Conclusions: We introduced a first model relating dose constraints and complication probabilities with treatment
uncertainties and safety margins for OARs. Among other things, it quantified how higher constraints can be
applied with increasing radiotherapy accuracy.

1. Introduction

Radiotherapy uncertainties are traditionally accounted for by safety
margins around the clinical target volume (CTV) yielding a planning
target volume (PTV) [1-4], but are still subject of investigation [5]. For
Organs-at-Risk (OAR) similar margins were introduced with the
planning-organ-at-risk (PRV) concept [1] but they are often ignored in
practice, also because their validity is less obvious [6]. Both PTV and
PRV are only indirectly supplying safety; the geometric margins are
supposed to give us a certain probability of dose-delivery accuracy in CTV

or OAR, and subsequently a high tumor control or low toxicity. The
quantification of these margins using recipes has mainly been estab-
lished using simulations and are to some extent arbitrary, e.g. margin
recipes that allow a 5% underdosage in 10% of patients [3] have, to our
knowledge, never been clinically shown to guarantee e.g. a (1 — 10% =)
90% tumor control probability (TCP), not even using small animal
models [7].

For many OARs, dose—effect studies have been performed plotting
dose vs normal tissue complication probability (NTCP), which is often
used to select a proper dose threshold with acceptable NCTP. These
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constraints are at the core of radiation treatment plans, and generally
imply that the dose in a critical volume of an OAR must be smaller than a
certain critical dose. Well known published dose constraints are
collected by Quantec for regular fractionation treatments [8] and Tim-
merman [9] or Hytec [10] for hypo-fractionated radiotherapy. To in-
crease their applicability, methods have been developed to convert
existing constraints to different fractionation schemes and treatment
modalities [11]. Since these dose-effect studies require considerable
effort and patient numbers, they are relatively rare, and often con-
straints are used that were determined from data acquired years or even
decades ago, when treatment techniques and accuracy were signifi-
cantly different from now. Intuitively, current treatment accuracy
should be higher and might allow for higher doses. However, to our
knowledge, no publications have tried to quantify the dependency of
dose constraints on treatment accuracy.

In this study, we aim to investigate how dose constraints relate to
treatment uncertainties and develop a dose-based margin recipe for
OARs in the process. The recipe should demonstrate how dose con-
straints can be adjusted for changes in radiotherapy accuracy. We then
aim to show its usefulness by applying the model to our own clinical
data.

2. Materials and methods
2.1. Derivation of constraint correction and OAR margin recipes

Our main assumption is that complications in dose-effect studies
originated from those patients with the highest OAR doses. A second
assumption is that the final error distributions involved can be approx-
imated by Gaussians.

Imagine a planned DVH exactly fulfilling an OAR dose constraint
denoted as DX < Dyt Gy, guaranteeing an NTCP < Y%. DX can be Dy,

A) distribution of DVH curves
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Dmeans OF Dycrit- In reality, geometry- and dose-based treatment un-
certainties will give a distribution of possible, actually delivered DVHs
around this planned DVH (Fig. 1A). This also yields a distribution of
possible DX-values, which we characterize by standard deviation SDpx
around a mean deviation MDpyx. MDpy can be positive or negative.

Ignoring inter-patient variations in planning and anatomy
(Supplementary Material 1 (SM1)), let the DVHs belong to the pub-
lished dose-effect study that set the dose constraint. Then if we consider
the worst Y% of DVHs to be responsible for the Y% complications, we
can determine the True constraint, i.e., the actual, fixed threshold above
which complications occur. This True constraint has a dose value (D'l(l -
Y%) x SDpxpubl + MDpxpubl higher than the planned constraint
(Fig. 1B), with ® (1 - Y%) the inverse cumulative normal distribution
function that gives the threshold (in SD) corresponding to the Y% largest
values in a normal distribution. Hence:

Dcrit.True = Dcrit.publ + 4)71 (1 - NTCP) X SDDcrit.publ + MDDcritpubl (1)

This recipe shows that since normally NTCP < 15% (so @ (1-NTCP) >
1) and —MDpcrit,publ < SDperit,publ, the True constraint is generally higher
than the published constraint. Since ®1(1 - 50%) = 0, Derit, rue = TD50
(dose with 50% probability of complications [8]) if MDpcsit,publ = O.
Furthermore, the difference between True- and planning-constraint can
be considered a (dose-based) safety margin (DSM) for treatment un-
certainties for OARs, i.e.

DSMpubl = Dcn’t,True - Dcn’t,publ = ¢71 (1 - NTCP) X SDDcrit,publ + MDDcn't.publ
(2

not unlike PTV margins for CTVs; it guarantees that despite treatment

uncertainties, complications are limited to NTCP%, just as PTV margins

might promise e.g. a TCP decrease of maximally 1% [4].
If treatment uncertainties change but we maintain NTCP, a New
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Fig. 1. Illustration of how Egs. (1), (2), and (3) were derived. In A) a planned OAR DVH (black curve) exactly fulfilling a hypothetical dose constraint of D30%
<14.7 Gy (blue cross). A distribution of DVH curves due to dose- and geometry-based uncertainties are shown by grey curves, with the mean curve in purple. A bell-
curve indicates the distribution of D30%, with MDpi; and SDp,i the mean and standard deviations from the plan. In B) a larger normal distribution of D30% for
published dose—effect data in the past is shown. Assuming an accepted 5% NTCP for this OAR, and that the 5% worst DVHs (yellow area) cause the complications, the
True dose constraint (dashed green line) is larger than the published constraint by a dose-based safety margin DSMyup1 = MDp3gos,publ + @11 - 5%) x SDp30%,publs
with @ the inverse cumulative normal distribution function (Eq. (1). In C) a new distribution with smaller uncertainties is indicated; maintaining a 5% NCTP yields
a New plan constraint equal to the True constraint minus the smaller DSMyew = MDp3g0s,New + (1 - 5%) x SDp300,New (dashed red line, Eq. (3)). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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constraint can be derived that is DSMew = ® (1 - Y%) x SDpx,New +
MDpx new Gy smaller than Desit,True, yielding a constraint correction
recipe (Fig. 1C):

Dcn’gNew = Dcrit,publ + ‘D_I (1 -NTCP) x (SDDcn‘t,publ - SDDcrit,New) + (MDDcn‘t,
publ — MDDcn't,New)- 3)

This equation effectively subtracts DSMyew from DSMpyp;, hence
eliminating Derit, True. It demonstrates that if actual treatment accuracy is
higher than during assessment of the published constraint, we can
generally relax (i.e. increase) the constraints while maintaining NTCP
(and vice versa). Maintaining the constraint will give a better (lower)
NTCP than already accepted.

2.2. Obtaining treatment accuracy data

The three variables in Egs. (1), (2) and (3) are the accepted NTCP,
which should be reported together with the published dose constraints
[8], and the variations in the critical doses (MDpcrit, SDperit). To illus-
trate our model, we estimated MDpcris and SDpyijt using our own clinical
treatment plans. We simulated geometrical errors SDgeo, containing
systematic (X£) and random (c) components [12-14] that apply dose
shifts and convolutions [15], respectively, and determined the resulting
critical dose variations (SDpcrit,geo) for all relevant OARs. For compari-
sons, we also calculated relative values: SDpcrit,geo(%) = SDperit,geo(GY) /
Derit(Gy) and MDpeit(%) = MDperit(Gy) / Derit(Gy). Dose errors SDprit,
dos(%) [16-19] were added quadratically to SDpcrit,geo(%) to get the total
SDDcrit,Tot(%)3
SDpcritror = 4/ SD; lz)cn't.Dos +SD lz)cn't.Geo' (€3]
To correlate geometric error with OAR dose error, we linearly fitted
MDpcrit and SDperir as function of SDgeo(mm), yielding slopes Syp and
Ssp (in %/mm) and offsets Oyp and Ogp (in %), e.8. SDpcrit(%) = Ogp(%)
+ SSD(%/mm) x SDgeo(mm) (see Fig. 2C,G,K). Further details are
described in SM2.

2.3. Application of the recipes

1) The slopes and offsets from abovementioned linear fits were
averaged overall and per constraint group (by fractionation and type),
and were subsequently entered into Eq. (1) using Eq. (4), yielding a
direct relation between treatment uncertainties SDgeo(mm) and
SDgos(%), and the relative OAR safety margin:

Dcrit.True/Dciit.publ =1+ ¢71(1 - NTCP) X \/SDIZ)OS + (OSD + SSD X SDGeo)2

+ Omp + Swp X SDgeo
(6]

A similar relation can be determined for DeritNew / Derit,publ- We then
applied these equations with NTCP = 1%, NTCP = 10%, and with
average NTCP per constraint group, for geometry- and dose-based un-
certainties (1SD) varying from 0.5mm/1% to 4.5mm/5%, respectively.

2) Our estimates of SDpcrit, Tot ad MDperit, Tot (= MDperit,Geo) for each
simulated OAR separately were also used to directly calculate True dose
constraints, dose safety margins, and New dose constraints for our OARs
using Egs. (1), (2) and (3). We assumed that due to technology ad-
vances uncertainties decreased by 1 mm and 1%, from 2.5mm/3% to
1.5mm/2%, and averages per constraint were calculated. Since it is
practically impossible to obtain MDp,j and SDpyj for published dose-
—effect studies, we assumed the results from our 2.5mm/3% calculations
were representative of these values.

2.4. Treatment plan data

To include inter-patient variations per OAR (see also SM1), we
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simulated the systematic and random errors on 552 plans of 348 patients
yielding data for 1005 OARs. The plans were generated with Eclipse v15
(Varian Medical Systems), generally with 4 Volumetric Arc Therapy
(VMAT) arcs, PTV margins of 3 to 5 mm, and using the AAA calculation
model. For 396 hypo-fractionated-plans there were on average 1.9
relevant (i.e. critical) OARs per plan, in 156 regular-plans we found 1.6
relevant OARs per plan. See SM2 and SM3 for more details. Our clini-
cally used physical dose constraints (Dcrit,publ) Were taken from Quantec
[8] for regular fractionations and Timmerman [9] for hypo-fractionated
treatments. NTCP was taken from the publications when available
[7,20], and assumed to be 5% when not.

3. Results
3.1. True and New constraints from linear fits

Correlation between geometric variations and its effect on OAR dose
was fairly linear in our treatment plans. Mean residual fitting error was
<1% (relative to the critical dose) in all constraint groups and average
correlation coefficients (Rz) for slopes >0.1 Gy/mm vary from 83% for
MDpmax to 95% for SDpit. In general, the slope Sgp depended on the
steepness of the dose gradients around the OAR, whereas Syp depended
on the degree of critical dose conformity, as indicated by three examples
in Fig. 2.

For Eq. (5), averaged over all our techniques, OARs, and constraints,
the relative slope for standard deviations Sgp was 3.2 %/mm and average
offset Ogp was 1.7%. For mean deviations values were Syp = 0.7 %/mm
and Opp = 0.5%. Table 1 shows average slopes and offsets per frac-
tionation- and constraint-type. Single dose treatments displayed the
highest sensitivity for motion reflecting the conformity of dose around
the organ and the absence of dose convolutions for random errors, which
tend to have a smoothing effect. Inversely, slopes for OARs in regularly
fractionated plans were on average the lowest. The dose smoothing
together with low dose conformity around the OAR could yield negative
slopes especially for MDppax (e.8. Fig. 2G).

Fig. 3 shows relative True and New constraints as function of
treatment error using slopes and offsets from Table 1 and Eq. (5). For
NTCP = 1% (& = 2.33), overall mean Derit, True Was 20% to 30% higher
than Deit,pupt in the 2mm/2.5% to 3mm/3.5% range of errors (Fig. 3A).
For NTCP = 10% (®! = 1.28) this increase was about 15% (C). New
constraints show a similar drop in steepness of the overall curve. For the
curves per group, single dose curves showed the largest changes, with a
17% drop in Derit,new for each 1mm/1% added uncertainty at NTCP =
1% (Fig. 3B), and a 10% drop at NTCP = 10% (Fig. 3D). In Fig. 3E,F,
the curves with NTCPs per constraint group generally lie between NTCP
= 1% and NTCP = 10% curves.

3.2. Effect of accuracy improvement using direct calculations

Table 2 shows a summary of the dose variation and constraint data
for the 1005 OARs. Average Dmax, Dmean, and DV constraints for regular-
and hypo-Fx are indicated, corrected for the estimated 1mm/1% im-
provements in accuracy. For more detail, see SM4 with data per OAR.
Results in Table 2 corresponded well with the linear fits from Fig. 3E,F.
DSMs in Table 2 were on average 18% (4.5 Gy), varying from 7% (3.2
Gy) for regular DV-constraints to 44% (7.0 Gy) for single dose Dpax. As
expected, small OARs with the smallest NTCP showed the largest values
(SM4). A 1mm/1% accuracy increment would increase our constraints
on average with 5% (1.2 Gy), varying from 2% (1.0 Gy) for regular DV-
constraints to 12% (1.9 Gy) for single dose Dpax. For all OARs and
techniques the estimated constraints increased (SM4).

4. Discussion

This paper is a first attempt to link published dose constraints to
treatment uncertainties and margins for OARs. Using the uncertainties
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Fig. 2. Three examples (A-D, E-H, I-L) of the effect of motion simulation on dose in OARs. For all cases the DVHs for 1 mm and 3 mm SDg,, are shown in the first two
images per row. Dotted are the planned DVHs, green the effect of random deviations (R) only, grey the effect of systematic deviations (S) in the random-error-
corrected dose, purple the average of the grey curves, and the red crosses are the published dose constraints. To better illustrate near Dy,.x (in 0.008 cm®), the
volume axis is logarithmic. The third image shows the relation between SDge, and MDp.ijt Or SDpci¢ from which linear fits are derived. The fourth image depicts a
slice of the planned dose through the relevant OAR (in light blue). The 1-Fx brachial plexus case shows a moderate increase in SDp.j; with increasing SDge,, and no
change in MDp,j. The 33-Fx brainstem case is an extreme example of decreasing MDp,,i; due to the non-conformity of the high dose, whereas the 3-Fx spinal cord
case is an extremely conform high-dose distribution example. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

in critical doses (SDperit and MDp.it) and the accepted NTCP, a recipe
has been developed to calculate a “True” constraint (Eq. (1)), from
which a dose-based safety margin (DSM) can be derived (Eq. (2)). The
recipes indicate that if published dose-constraints are not adjusted for
treatments plans with uncertainties that differ from those during dose-
constraint determination, then actual NTCPs will deviate from the
published one. Eq. (3) enables us to do this adjustment, which can help
to avoid having to repeat cumbersome dose-effect studies each time we
change our treatments.

True constraints would be useful in probabilistic treatment planning
that takes uncertainties into account during optimization [21-23].
Applying the recipes to our own, generally decades-old, dose constraints
with simulated uncertainty estimates suggested that our average DSM
was about 4.5 Gy and that assuming a modest 1mm/1% reduction in
geometry/dose variations, our constraints could be on average 1.2 Gy
higher than the published values while maintaining NTCP (Table 2).
This confirms our clinical experience where complication probabilities
seem to be lower than predicted [24]. Also, published, updated con-
straints tend to be relaxed compared to the original values [25-28].

Two main assumptions were made in our model. Firstly, the worst
NTCP% DVH curves are assumed to represent the accepted NTCP% of

cases with toxicity. In reality, individual radio-sensitivity will also
determine the OAR response, but this should average out for large
datasets and moderately-sized sensitivity variation; for tumors, van
Herk et al found no significant effect of radio-sensitivity variations on
safety margins for geometric uncertainties [4]. For OARs, it is conceiv-
able that large radio-sensitivity variations will increase total variations
and hence Drpe,’ and reduce the effect of treatment accuracy im-
provements (Dyew-Dpub). However for now, the influence of radio-
sensitivity variation is beyond the scope of the present paper, and is
subject of further study [29]. Secondly, the distribution of SDpj; is
assumed Gaussian, which makes further calculation easier, resulting in

1 Actually, there is one OAR in Quantec [8] with a TD50-value that we can
compare to our estimated DTrue (see Eq. (1)): for spinal cord Dp,.x from
Quantec, TD50 = 69 Gy. Since these are values for regular fractionation (2 Gy/
Fx), LQ-conversion of 69 Gy from 34.5 to 25 fractions with a/f = 2 Gy would
yield 62 Gy. This is actually equal to our prediction (SM4), which would
indicate that for this OAR and these treatments radio-sensitivity variation is less
relevant than geometric/dosimetric variations and/or that the simulated
2.5mm/3% uncertainty was too high.
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Slopes and offsets of linear fits to convert geometric variation (mm) to mean- (MD) and standard (SD) deviations in critical dose (%) for various prescription types and
for Dose-Volume (DV)-, Dyax-, and Dpean-critical doses, averaged over the OARs. Standard deviations are in small, grey.

DV Dimax Dinean
prescription offset (%) slope (%/mm) offset (%) slope (%/mm) offset (%) slope (%/mm)
n n n
oSD oMD SSD sMD 0SD oMD SSD sMD OSD OMD SSD SMD
regular 95| 0.5 0.5 1.9 -0.5 86 (0.9 0.8 1.5 -1.1 70 [ 0.5 0.2 4.1 0.0
hypo 1F 164|-0.1 -1.9 5.2 3.1 289|5.4 1.4 5.0 33
hypo 3F 871 0.925/-0.9 3.8 1.9 190(3.4 2.6 23 -0.4
hypo 5F 133| 1.52.8/-0.3 3.2 14 197| 1.9 2.0 1.8 -1.4
average 120| 0.72:5]-0.6 3.5 1.5 191| 2.9 1.7 2.6 0.1 70| 0.5 0.2 4.1 0.0

Egs. (1), (2), and (3). However, the distribution of SDp can be
somewhat skewed depending on position and shape of the OAR with
respect to the dose distribution.

We applied simulations to convert geometric errors SDge, to de-
viations in D¢ and then added dose errors SDpes. Considering that in
practice SDpos(%) is about equal to SDgeo(mm), Eq. (5) and Table 1
imply that for our OARs geometric errors were on average about 3 times
more important than the dose errors. Furthermore, on average our
relevant OARs receive more dose than planned (MD > 0), implying that
some degree of conformal avoidance (Fig. 2I-L) was more likely than not
(Fig. 2E-H). Largest D;; deviations were found in the single dose group
although comparing regular with hypo fractionation is complicated
because not only patient groups but also constraints were truly different.

Obtaining geometric deviations MDpcrit,gGeo and SDpcrit,geo for the
published dose—effect data from decades ago is practically impossible.
Using our own treatment plans, we actually calculated dose constraint
changes corresponding to changes in our particular treatment accuracy,
which can only be a first approximation of dose-effect studies. It is likely
that our treatment plans are more conformal to OARs with steeper dose
gradients than in the past (e.g. Fig. 2L), resulting in too high DSMs by
increased slopes Sgp and Syp (Eq. (5)). Therefore we assumed a modest
2.5mm/3% uncertainty at constraint publication and only a 1mm/1%
accuracy improvementl. We also underestimated SDpcrit,geo SOmewhat
by not fully including inter-patient variability (SM1). Should another
accuracy appear more appropriate, Fig. 3E,F quickly estimates the
consequences, e.g., overall DSM would change from 18% to 22% if
initial accuracy would be 3.5mm/4% instead of 2.5mm/3%.

Regarding geometric simulations with OARs, we assumed X = o,
dose invariance with shifts, and approximated 3Fx and 5Fx random
errors by convolutions, which are approximations as well (SM2).
Furthermore, we assumed equal uncertainties for all OARs, which might
e.g. explain the high dose-based margins for spinal cord and small or-
gans in the brain. Finally, for 10 of 69 constraints we only had 1 or 2
cases (SM4), questioning how well our patient cohort was represented.
Therefore, the validity of our simulations and subsequent results should
only be seen as a first indication of what could be happening and needs

to be refined and independently confirmed using RT plans from different
periods and institutions. Readers should interpret the results presented
with caution.

Eq. (2) is similar to published PTV margin recipes for geometrical
uncertainties of the CTV, a difference being that PTV-margins do not
include dose uncertainties. But more importantly, since in the end tumor
and OAR doses are what matters, chosen geometric thresholds need a
dose-based justification, based on, e.g., adequate average dose coverage
of the CTV [2], a CTV underdosage in e.g. 10% of the patient population
[3], or an estimated TCP decrease of e.g. 1% [4]. However, these are
indirect justifications with rather arbitrary thresholds and/or models
still without clinical foundation. In other words, PTV margin recipes do
not contain a TCP-variable linking margins to clinical outcome. In
contrast, the OAR margin recipe presented in Eq. (2) is based directly on
clinical dose-effect data with known NTCPs.

One consequence of Eq. (2) is that steeper dose gradients contribute
less to organs at risk sparing than we might expect. Steeper dose gra-
dients yield a higher SDpcrit,geo, and larger margins are then acquired to
achieve the same OAR dose sparing. Actually, the same reasoning ap-
plies to the use of steep gradients around CTV-to-PTV margins [30]. A
further consequence is that PRV margins become less relevant [6]: it is
superfluous to apply extra geometric margins for OAR position uncer-
tainty that is already included in the dose constraints (but in plan
optimization, PRVs can still usefully guide dose away from OARs). Only
in cases and institutions where the new accuracy is less than during
dose—effect studies (SDpcrit,New > SDperit,publ in Eq. (3)) or where for
medical reasons more caution is desirable in a particular patient, larger
margins might be required. In the latter case, or when less caution is
accepted (e.g. in re-irradiation), one can simply adjust the NTCP in Eq.
3.

Eq. (3) can also apply to treatment plan QA. Measured 3D dose
distributions can generate measured DVHs that should be evaluated
using dose-constraints Derit Meas- Measurement uncertainties MDpcrit,meas
and SDpcrit,Meas Should be determined per measurement technique. For
instance, portal dosimetry systems exist that calculate 3D dose distri-
butions and DVHs from measured 2D portal images, using pre-treatment
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Fig. 3. Ratios Derit,True / Derit,publ (EQ. (5), Figs. A,C,E) and Derit,New / Derit,publ (Figs. B,D,F) as function of treatment uncertainty for various values of NCTP: 1% in Figs
A,B, 10% in Figs C,D, and variable with constraint group (Table 2) in Figs. E,F. We assumed 2.5mm/3% uncertainties during constraint publications for calculation of
Derit,New / Derit,publ- For simplicity’s sake we assumed that geometric uncertainty in mm changed as dose-based uncertainty minus 0.5 in %. Dashed and dotted curves
represent averages for the different constraint groups: regular with Quantec constraints, and hypo-fractionation with Timmerman constraints, each with a different
color. The overall mean curve is also shown (solid black), the curves for the individual constraint groups are calculated similarly using the slopes and offsets

from Table 1.
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Summary of published, True, and New constraints after applying the recipes (Egs. (1) and (3)) to Timmerman (hypoFx) and Quantec (regularFx) constraints assuming
geometry/dose uncertainties decreased from 2.5mm/3% during publication to 1.5mm/2% currently. Columns indicate the constraint types, #OARs summarized, #
calculations per OAR, standard- (SD) and mean-deviation (MD) of critical dose Dcrit @publication and currently, NTCP, published critical dose, and dose increase for
True and New constraints in Gy and %. DSM is the dose-based safety margin obtained by subtracting published constraints from True constraints. Average values per

constraint group are given, with the standard deviation in small, grey.

change (Gy) with change (%) with
) SDocil GY) MDocr(Gy) Publishe published published
published, True, - d
T 0,
czrr:(:t:'\;?r\:{cs OAR|OAR NTCP (%) constrain
2.5mm | 1.5mm | 2.5mm | 1.5mm t (Gy) True New True New
/3% /2% /3% /2% (DSM) (DSM)

Dmax 4 | 22| 3.6 2.5 -0.5 -0.1 2.8 54.8 6.9 1.8 12.6 3.3
O
3

§ Dmean | 3 | 23| 3.8 2.5 0.1 0.1 18.3 25.7 2.5 0.7 9.7 26
o

DV 7 |14 ] 2.8 1.8 -0.3 0.0 12.3 46.9 3.2 1.0 6.9 2.1

1FX Doy | 14 | 17 | 3.1 2.3 1.6 1.1 4.4 16.1 7.0 1.9 43.6 11.6

3FXDpax | 17 | 11 | 2.5 2.0 1.2 1.1 4.0 26.3 5.8 1.1 22.1 4.2

é 5FxDpyax | 17 | 13 | 2.6 1.9 -0.5 0.0 4.0 34.9 4.2 0.8 12.0 2.3
T
€

.g 1Fx DV | 15 | 17 1.4 0.9 0.4 0.2 4.4 129 2.9 1.2 229 9.5

3FxDV | 15| 11 1.8 1.2 0.8 0.5 4.0 20.5 4.2 1.5 20.5 7.1

5FxDV |16 | 13 | 2.1 1.4 0.4 0.3 4.0 26.0 4.2 1.3 16.1 5.1

average 12 | 16 | 2.6 1.8 0.3 0.4 6.5 29.3 4.5 1.2 18.5 5.3

SD 5 4 0.7 0.5 0.7 0.4 5.0 13.1 1.6 0.4 10.3 3.2

no-transmission images or in-vivo transmission images [31]. Each
method will have its particular accuracy, and hence different dose-
constraints and safety margins (Eq. (2)), either lower or higher than
planning values.

A consequence of our methodology is that future dose—effect studies
should not only be presenting their accepted toxicity probabilities
(NTCP), which currently are not always present [9], but also an estimate
of their (currently also lacking) treatment accuracy and preferably the
variation in critical dose values (or TD50 and MDpy, see Eq. (1)). This
allows calculating, and publishing, the True dose constraints (Eq. (1))
and the dose-based safety margins corresponding to the accepted NTCP
(Eq. (2)), so that, ideally, individually-calculated critical dose variations
can be used to generate corrected dose constraints more precisely and
per institution; our results already vary significantly for different plans
and OARs in one hospital. Hence, before clinical implementation, in-
dependent verification of the method either by different hospitals or
using e.g. TD50 is strongly recommended.

In conclusion, our proposed method tries to demonstrate a novel way

to reappraise dose/volume constraints and OAR margins. The new
methodology estimates True and New dose planning constraints from
existing published constraints, and suggests a concept for OAR dose-
based safety margins. It shows how, while maintaining the accepted
NTCP, increased radiotherapy accuracy allows higher dose constraints
(and vice versa).
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