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ABSTRACT

Background: Although re-irradiation is increasingly used in clinical practice, almost no

dedicated planning software exists.

Purpose: Standard dose-based optimization functions were adjusted for re-irradiation
planning using accumulated equivalent dose in 2-Gy fractions (EQD2) with rigid or
deformable dose mapping, tissue-specific a/f, treatment-specific recovery coefficients, and
voxelwise adjusted EQD?2 penalization levels based on the estimated previously delivered

EQD2 (EQD2geliv).

Methods: To demonstrate proof-of-concept, 35 Gy in 5 fractions was planned to a fictious
spherical relapse planning target volume (PTV) in three separate locations following
previous prostate treatment on a virtual human phantom. The PTV locations represented
one repeated irradiation scenario and two re-irradiation scenarios. For each scenario, three
re-planning strategies with identical PTV dose-functions but various organ at risk (OAR)
EQD2-functions was used:
1) reRTregia: Regular functions with fixed EQD2 penalization levels larger than
EQD24.iv for all OAR voxels.
2) reRTreduce: AS 1€RTregular, but with lower fixed EQD2 penalization levels aiming to
reduce OAR EQD2.
3) reRTvoxelwise: AS 1€RTreguiar and 1eRTreduce, but with voxelwise adjusted EQD2
penalization levels based on EQD2gejiy.
PTV near-minimum and near-maximum dose (Dgs%/D2%), homogeneity index (HI),

conformity index (CI) and accumulated OAR EQD?2 (a/f=3 Gy) were evaluated.

Results: For the repeated irradiation scenario, all strategies resulted in similar dose
distributions. For the re-irradiation scenarios, reRTrequce and reRTvoxeiwise reduced
accumulated average and near-maximum EQD2 by ~1-10 Gy for all relevant OARs
compared to reRT eguiar. The reduced OAR doses for reRT eauce came at the cost of distorted
dose distributions with Dog4=92.3%, HI=12.0%, CI=73.7% and normal tissue hot spots
>150% for the most complex scenario, while reRTregiar (Dog%=98.1%, HI=3.2%,
CI=94.2%) and reRT yoxetwise (D93%=96.9%, HI=6.1%, CI=93.7%) fulfilled PTV coverage

without hot spots.

Conclusions: The proposed re-irradiation specific EQD2-based optimization functions
introduces novel planning possibilities with flexible options to guide the trade-off between
target coverage and OAR sparing with voxelwise adapted penalization levels based on

EQD24eliv.

Keywords: re-irradiation; optimization functions; equivalent dose
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1. INTRODUCTION

Radiotherapy treatment to a previously irradiated volume, so-called re-irradiation, is a promising
technique, used in an increasing number of patients in a large variety of treatment sites." Although
few definitive guidelines exist and high-quality re-irradiation prospective data are lacking,'
several of the well-recognized challenges associated with re-irradiation have been studied. These
include the need to retrieve accurate image and dose data, handling of anatomical changes
between the radiotherapy courses, integration of radiobiology when summing multiple
radiotherapy courses, and deciding on clinically relevant dose constraints.””’ In contrast, almost
no planning software specifically designed for re-irradiation exists, and even fewer efforts have
been made on creating re-irradiation-specific optimization functions. Instead, various approaches
requiring multiple manual steps for dose extraction and dose summation are often used.*® Slightly
more complex planning methods also exist where radiobiologically meaningful approaches are
employed using, for example, the biological effective dose or the equivalent dose in 2-Gy
fractions (EQD2).® Recent studies within the Support Tool for Re-Irradiation Decisions guided
by Radiobiology (STRIDeR) project have, however, addressed some of these re-irradiation
specific planning issues including early versions of the optimization functions presented here,
which act on the 3D distribution of the accumulated EQD2.** Beyond acting on radiobiologically
meaningful doses, other key issues when using standard optimization functions in re-irradiation
planning are the lack of accounting for tissue recovery between treatment courses, and the use of
penalization dose levels without accounting for the estimated previously delivered EQD2
(EQD24eiiy). In particular, the latter is an issue in situations where the previously delivered dose
in a voxel is similar or higher than the requested total EQD?2 level, which might cause misbehavior
in the optimization as very low, or even negative, voxel doses are requested.

In this study, optimization functions adapted to re-irradiation treatment planning are
presented in detail. The adapted functions act on accumulated EQD2, use tissue- and treatment
course specific recovery coefficients, and voxelwise adapted EQD2 penalization levels as a
function of EQD2qciiv. Beyond this, the implementation includes feedback on the optimized EQD2
metrics during optimization, and the option to override the EQD2giy in an organ with a user-
defined EQD?2 if dose accumulation uncertainty is considered too large (e.g., due to uncertainties

in the deformable image registration (DIR)).

2. METHODS

The proposed optimization functions designed for re-irradiation treatments were implemented in
a research version of the treatment planning system RayStation 11A (RaySearch Laboratories

AB, Stockholm, Sweden) and are described in the paragraphs below.
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2.1. Re-irradiation optimization functions

The re-irradiation optimization functions are based on the EQD2 using the linear-quadratic model
for cell survival. The use of EQD2 allows for dose summation of radiotherapy courses with
different fractionation schedules and is often used for dose summations in re-irradiation

treatments. >+’

2.1.1. Egquivalent dose

For a total dose (D) consisting of equal fractionation doses (d), the EQD2 is expressed as,

a/p +d

EQDZ =D m,

(D

where o/f is an endpoint- and radiation quality-specific parameter that describes the sensitivity to
changes in the dose per fraction. For re-irradiation planning, the total accumulated EQD2

(EQD2) should be accounted for,

J
EQthot - EQDzreRT +Z(1 - rj) ’ EQDzdeliv,j ? (2)
Jj=1

where EQD2.rr is the EQD2 from the planned re-irradiation treatment, J is the number of
previous treatment courses, and r; and EQD2qqiy, ; is the recovery coefficient and EQD2geiv for
treatment course j, respectively. The organ- and treatment course specific recovery coefficient is
a simplified way to account for partial time-dependent tissue recovery between the radiotherapy

courses, !

and lies between 0 and 1 (where zero reflects no recovery and one full recovery of
the organ). The current implementation allows up to three unique user-defined recovery

coefficients for each optimization function.

2.1.2. Dose accumulation

The implementation here supports both rigid and DIR for dose mapping.** Note that the
previously delivered dose from course j in Eq. (2) can be estimated in various ways including the
planned dose, dose-tracking on daily images, etc., and is always mapped to the re-irradiation CT
before voxel-by-voxel conversion to EQD2q.iiv, ; with region of interest (ROI)-specific a/f ratios
and ROI and treatment course specific recovery coefficients. Note also that the re-irradiation
optimization function methodology presented in this study is conceptually invariant to the
methodology used for dose accumulation. Hence, for simplicity and keeping focus on the
optimization functions, the EQD2q.iiv was estimated from the planned dose using the same CT for
both the primary and the re-irradiation treatments for the studied virtual human phantom case.
Challenges with image registration for dose mapping has previously been discussed in a general

context'? and specifically for re-irradiation.’
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2.1.3. Re-irradiation optimization functions

The standard physical optimization functions that impose a one-sided quadratic penalty on voxel

dose deviations from a desired dose level?

penalize the EQD2« (from Eq. (2)) deviations from a desired EQD2 level (EQD2icve1). To

were adjusted for re-irradiation treatment planning to

accommodate optimization issues related to voxels where EQD2qc1iv is similar or higher than the
desired EQD2cve1, the EQD2ievel Was further allowed to be adjusted per ROI in a voxelwise fashion
to account for the EQD24iy with a minimum allowed unpenalized EQD2 level for the re-

irradiation treatment (EQD2 crTmin) as,

EQDZl*evel,i - max {EQDzlevel, » EQD2y EQDzreRTmin} > 3)
where EQD2jeve;, ; is the adjusted EQD2 penalization level for voxel i and EQD2geiv, ; is the
estimated delivered EQD2 for voxel i. If the voxelwise adjustment is not selected, Eq. (3) is
simply reduced to EQD2 jever, i = EQD2ievel, i, where EQD2iever ; is the regular EQD?2 penalization
level for voxel i. A schematic 1D representation of the EQD2"jeve1, With and without this voxelwise
adjustment to the EQD2gciiv, is shown in

Figure 1 for a maximum EQD2 function and a EQD2-fall off function. In other aspects the re-
irradiation functions behave as the standard dose-based optimization functions, which can be used
in combination with the re-irradiation functions. The implementation was made for all standard
optimization functions fin RayStation, which in their adapted form may be written as

2

, 4

EQDZtot, i EQDzTeveL i
EQD2’

level, 7

N
f: w - zg(EQthot, i’ EQDz;evel, 1') Vi (
P

where o is the function weight, v; is the relative volume of voxel i of an ROI consisting of N
number of voxels, and EQD2, ; and EQD2"jevel, ; are the total EQD2 and adjusted EQD2
penalization level for voxel i calculated with Egs. (2) and (3), respectively. The function g is given
by g(EQD2ior. ; EQD2 " evel, ;) = HEQD2or, i— EQD2"evel, i), where H is the Heaviside step function,
for fall-off and maximum EQD2 functions, by g(EQD2i, ;i EQD2 lever, i) = H(EQD2 iever, i —
EQD2,y, ;) for minimum EQD2 functions and by g(EQD2, ; EQD2evel, /) = 1 for uniform dose
functions. The fall-off functions here use a linearly decreasing EQD2i...i outside of the target
region until a selected distance from the target edge. From thereon, the EQD2;c.c; is constant and
equal to the lowest selected EQD2i for the function. Note, although not used in this study, the
corresponding optimization functions using equivalent uniform dose and dose-volume histograms
(DVHs) were also adapted accordingly for re-irradiation.

An example of the adapted dialog for adding the functions including the re-irradiation

specific parameters is shown in Supplementary Figure 1. To allow flexibility if e.g. the
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uncertainty in the dose mapping is considered to be too large due to anatomy changes, the user
can override the accumulated EQD24.iiv in Eq. (2) with one out of two options; (1) the minimum
EQD24iv to the 0.1 cm? of the ROI volume receiving the highest doses, or (2) any user-specified
EQD?2 value. If one of these options is selected (using corresponding check box or text box in
Supplementary Figure 1), Eq. (2) is automatically simplified to EQD2: = EQD2rt + EQD2ride

where EQD2orige is the override value used for all voxels in the ROI.

2.2. Re-irradiation treatment planning

To demonstrate proof-of-concept of the novel re-irradiation functions, a fictious prostate photon
dual volumetric modulated arc therapy (VMAT) treatment of 60 Gy in 20 fractions (EQD2 = 72
Gy with o/f = 3 Gy) was planned on a virtual human male pelvis CIRS 801-P phantom (CIRS,
Inc., Norfolk, VA, USA). The clinical target volume (CTV) consisted of the prostate and seminal
vesicles and the planning target volume (PTV) was created as an isotropic expansion of the CTVs
(1 cm for seminal vesicles and 0.5 cm for prostate). Beyond this, the rectum, bladder, small bowel,
and femoral heads were delineated and considered as organs at risk (OARs).

Subsequently, a fictious spherical relapse gross tumor volume (GTV) of about 38 cm® (radius
of 2.1 cm) was positioned in three distinct locations with identical coordinates in the superior-
inferior direction to schematically represent ‘repeat irradiation’ (RI), ‘re-irradiation type 2’
(RIT2), and ‘re-irradiation type 1’ (RIT1) scenarios as defined by a recent European consensus
report on re-irradiation'. The volume of the GTV corresponds to the median pelvic re-irradiation

4

GTV from a systematic review on hypofractionated pelvic re-irradiation,'* and the selected

locations were inspired by the patterns of pelvic relapses ' but had no anatomical meaning. In line
with the recent increased interest in hypofractionated and ablative re-irradiation treatments,'*'®!’
three dual-arc VMAT plans of 35 Gy in 5 fractions (EQD2 = 70 Gy with a/f = 3 Gy) were
optimized for each relapse PTV (3 mm isotropic expansion of the corresponding GTV) using the
full 3D dose distribution from the first treatment course as the estimated previously delivered
dose (i.e. EQD24eiiv in Eq. (2)). As for the first treatment course, a voxel size of 2x2x2 mm® was
used. The three re-planning strategies used an identical uniform PTV dose objective of 35 Gy but
differed in the use of the novel re-irradiation functions for the OARs:

(1) reRTreguar: A regular EQD2 fall-off function acting on the whole phantom outline was
combined with regular EQD2-based maximum objective functions for the bladder, rectum,
small bowel, and the femoral heads without using the voxelwise adapted EQD2"evel in Eq.
(3). Instead, a fixed EQD2"jevel = EQD2geliv.max + EQD2rertmin Gy was used in Eq. (4) for the

maximum functions, where EQD2cliv. max 1S the maximum estimated delivered EQD?2 to the

OAR of interest and EQD2rtmin € [1, 10] Gy was selected depending on the relapse PTV
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location and OAR. Hence, all voxels for each maximum OAR function had a fixed EQD2 " jcve1
> EQD24eciiv.

(2) reRT educe: As (1) but with a fixed EQD2"evel per maximum OAR function of EQD2jever =
EQD2gciiv, 25% used in Eq. (4), where EQD2gciiv, 259% denotes the minimum EQD2gcjiv to the 25%
of the OAR receiving the highest EQD2.iiv, aiming to further reduce EQD2,,; compared to
(1). Hence, % of the voxels for each maximum OAR function had EQD2"jeve1 > EQD24e1iv and
Y4 had EQD2 evel < EQD2eiv

(3) reRTyoxeiwise: Combining OAR objectives from (1) and (2) with EQD2v equal to the
EQD2"evel from (2) per OAR with the corresponding OAR EQD2ertmin from (1) as input to
the voxelwise adaptation of EQD2"evel in Eq. (3). Hence, all voxels for each OAR had a
voxelwise adjusted EQD2"ievel > EQD24eiv for the fall-off function and the maximum OAR
functions.

Supplementary Figure 2 shows the optimization functions used for all three re-planning strategies

in the RIT1 scenario including visualization of the optimized EQD2,; metrics to guide the user

during re-irradiation optimization.

2.3. Plan evaluation

The PTV coverage of the re-irradiation plans was evaluated using Dog%, D2%, the homogeneity

2 |Tvnvtargel|

50% ITV] + |Vtargel|

. Dyo,— Dogo L ) .
index (HI = %) and the conformity index (CI = ), where D, is the minimum

dose to x% of the PTV receiving the highest doses, the sets TV and Ve denote the treated
volume and target volume, respectively, and |A| is the volume of a set A. The TV was defined as
the volume of the 98% isodose line. The clinical PTV goals were Dogs > 95% of 35 Gy and Da¢
< 105% of 35 Gy, HI < 10%, and CI > 90%.

Subsequently, all re-irradiation plans were converted to EQD2rr and summed with the
EQD2giiy of the first treatment course using Eq. (2) with » =0 and o/f = 3 Gy for all voxels giving
EQD2«. DVHs using EQD2, were evaluated for the rectum, bladder, small bowel, and the
femoral heads including comparisons of the average EQD2, and the near-maximum EQD2

(EQD21o, 29.)-

3. RESULTS

Figure 1 shows schematical 1D examples of the implementation of the EQD2-based re-irradiation
optimization functions for the maximum and fall-off functions used in reRTreguiar, T€RTreduce and
1eR T\ oxeiwise. Note that the EQD2jeve is lower than the EQD2qeiy for large parts in

Figure 1a for reRTequce and in
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Figure 1b, for both reR Tregular and reéR Trequce, Since the EQD2 vl is not using the novel voxelwise
adjustment in Eq. (3). For reRTyoxelwise, the EQD2jevel instead adapts voxelwise to EQD2geliv With
an offset equal to EQD2crTmin (equal to 4 Gy in

Figure 1) for voxels where EQD2jcvel < EQD2gctiv + EQD2rermin according to Eq. (3).

Figure 2 shows the EQD2 distribution for the first treatment course together with the
superimposed EQD2 distributions for the three scenarios for each treatment strategy. Figure 3
shows the corresponding DVHs for the PTVs (using RI, RIT1 and RIT2 doses only) and two
relevant OARs (using EQD2) for each relapse scenario. The evaluated PTV dose metrices are
summarized in Table 1. For the RI scenario, all three plans had similar EQD?2 distributions and
OAR doses (Figure 2 and Figure 3b) and fulfilled the clinical goals with similar dose metrics
(Table 1 and Figure 3a). For the more complex re-irradiation scenarios RIT1 and RIT2, note the
generally reduced EQD2 to the OARs for reRTrequee and reRTyoxelwise compared to 1eRTregutar
(Figure 2). As indicated by Figure 3c and Figure 3d the largest reductions were achieved with
reRTreauce Where the average EQD2 and EQD2, 2% for the OARs were generally reduced by
about 1-10 Gy and 3-12 Gy, respectively, compared to reRTrguar. For reRTyoxelwise, the
corresponding OAR reductions compared to reRT euar Wwere about 1-4 Gy in the average EQD2,
and 2-8 Gy in the EQD2q, 2%. For reRTyoxerwise, this OAR sparing was achieved with comparable
PTV coverage to reRTequar (Table 1 and Figure 3a) without adding any extra optimization time,
while for reRTcquce, the OAR sparing distorted the dose distributions causing PTV underdosage
and increased HI for RIT1, and lowered the CI with normal tissue hot spots from the re-irradiation
treatment alone of over 100 Gy EQD?2 for both RIT1 and RIT2 (Table 1, Figure 2c, and Figure
3a).

4. DISCUSSION

The proposed optimization functions introduce a novel and flexible approach to re-irradiation
treatment planning that account for accumulated estimated previously delivered dose in a
radiobiologically meaningful way by using summed EQD2 across multiple treatment courses
with tissue-specific recovery coefficients and a/f ratios. During the recent ESTRO Physics
workshop on re-irradiation,” such dose accumulation capability (together with visualization)
was identified as one of the highest priorities when scoring potential software tools to support
safe clinical re-irradiation. Although some previous studies have reported similar approaches for
the evaluation of re-irradiation treatments,'®'? few have incorporated such functionalities into
re-irradiation planning using commercially available software.**

For the fictitious RI scenario in this study, the three re-planning strategies performed
equally well (Table 1, Figure 2, Figure 3a and Figure 3b), which was expected due to the large

distances between PTV and relevant OARs associated with RI treatments.' However, note the
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slightly elongated EQD?2 distribution for reRTequce compared to reR T regular and reR Tvoxelwise for the
RI scenario. This is due to the large penalty associated with the OAR voxels where EQD2 “jevel <
EQD24iiv (¥4 of the voxels for each OAR in this case), where the optimization formulation
corresponds to a request for negative voxel doses since the desired EQD?2 is lower than the already
estimated delivered EQD2. Although this issue has minor impact in the RI scenario, it is the main
reason for the markedly elongated dose distributions with normal tissue hot spots reaching over
100 Gy EQD2 for reRTequce in the RIT1 and RIT2 scenarios (Figure 2c), which also caused the
suboptimal PTV coverage in RIT1 (Table 1 and Figure 3a). This is also reflected in the evaluated
OAR function values shown in Supplementary Figure 2 for the RIT1 scenario, where all
maximum OAR function values are substantially higher for reRTequee compared to reR T reguiar and
reRTyoxeiwise. That said, the accumulated OAR EQD2 is lowest for reRTcquce, as shown by the
feedback of the minimum EQD2, at 0.1 cm’ in Supplementary Figure 2 and by the DVHs in
Figure 3d. The high function values, extremely elongated dose distributions, normal tissue hot
spots, and target underdosage are strong arguments to avoid regular re-irradiation optimization
functions with EQD2"jeve < EQD24eiiv. While the selection of EQD2ievel = EQD2ueliv, 259 for
reRTreauce Was somewhat arbitrary, comparable outcomes could have been achieved as long as
EQD2jeve1 remained below EQD2geiiy for certain voxels. However, if the selected ratio of voxels
with EQD2"jevet < EQD24eiiy Were gradually reduced from Y%, the PTV coverage would be
improved with a more symmetric dose distribution, fewer hot spots, and lower OAR function
values. However, finding the optimal trade-off might be a time-consuming effort, and should be
avoided as negative doses are requested as long as EQD2"evel < EQD24eiiv in some voxels. This is
both unphysical and undesirable from an optimization point of view since the re-irradiation dose
contribution cause large penalties due to the quadratic formulation of the objective functions (see
Eq. (4) and Supplementary Figure 2).

Instead, the reR Tyequiar planning strategy ensured EQD2jever > EQD24eliv for all voxels for
the maximum OAR functions. However, the OAR sparing of reRTrcquar Was substantially worse
compared to the reRTrequee strategy (Figure 3). To handle this, the favorable attributes of the two
other re-planning strategies were combined by introducing the voxelwise adapted EQD2"jevel for
reRTyoxetwise- This resulted in satisfactory PTV coverage (Table 1) while simultaneously avoiding
the suboptimal solutions of reRT g (insufficiently strict on OAR doses) and reRTrduce
(excessively strict on OAR doses causing normal tissue hot spots) for the complex re-irradiation
scenarios (Figure 2 and Figure 3). By using the override-option where the EQD2qciv in an ROl is
replaced with a suitable fixed EQD2, one can in some cases produce similar plans as the
reRT\oxeivise Strategy by setting a fixed EQD2 " jevel = EQD2cerTmin + EQD20rice. However, since the
spatial information of the EQD2civ is then lost, this option should only be used in cases where

the 3D dose mapping is not used due to e.g. large DIR uncertainties.



315

320

325

330

335

340

345

This study focused on the optimization function design and some specific options using a
phantom case without consideration of DIR for dose mapping, recovery coefficients, tissue-
specific o/ff values, multiple treatment courses etc. For such simplified scenarios, it might often
be possible to generate acceptable re-irradiation treatment plans using regular dose-based
functions, although this was beyond the scope in this study. However, this is often more time-
consuming, involves multiple manual steps and becomes extremely challenging in clinical reality
when dealing with anatomical changes between treatment courses, heterogeneously delivered
doses from several treatment courses of varying fractionation schedules, with different recovery
coefficients and tissue-specific a/f.*° Hence, it can be argued that the functions presented here
are of greatest benefit when the re-irradiation complexity increases since manual procedures then
becomes extremely troublesome and time-consuming. This is indicated by recent studies using
preliminary EQD2-based optimization functions in a full clinical re-irradiation workflow within
the STRIDeR project.* Moreover, since the /8 and recovery coefficients are selected for each
optimization function (see Supplementary Figure 1 and Supplementary Figure 2), an ongoing
study is exploring optimization strategies that mitigates against uncertainties in these parameters.
Beyond this, the implementation also allows exploration of optimization strategies that are robust
against uncertainties in delivered dose by e.g. use of an estimated worst case delivered dose in

the optimization to account for uncertainties in the dose delivery, DIR, and dose mapping.

5. CONCLUSIONS

The proposed optimization functions introduce novel and flexible approaches for re-irradiation
treatment planning which can combine EQD2- and dose-based functions without adding time in
the optimization stage. The key features of the re-irradiation functions are:

e Voxelwise dose accumulation of multiple treatment courses to estimate accumulated
EQD2, which is used in re-irradiation optimization based on rigid or DIR for dose
mapping, with tissue specific a/f ratios, and tissue- and treatment course specific
recovery coefficients.

e An ROI-specific and voxel-specific EQD2 penalization level adjusted for the estimated
previously delivered EQD2, specifying the additionally allowed EQD2 for the re-
irradiation treatment.

e The option to use a uniform ROI-specific previously delivered EQD?2 if the dose mapping
is considered unreliable.

e Feedback on the optimized EQD2 metrics during optimization.

10
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Figure 1. Schematic 1D illustrations of the adjusted equivalent dose in 2-Gy fraction (EQD2) penalization
levels (EQD2"ever) with an additionally allowed unpenalized re-irradiation (reRT) EQD2 (EQD2 erTmin) Of

4 Gy used in the planning of reRT egutar, TeRTreduce and reRTvoxelwise. (2): @ maximum EQD2 function with

EQD2jeve1 of 60 Gy for an organ at risk (OAR) and (b): a EQD2 fall-off function linearly decreasing from

75 Gy at the reRT target edge to 7 Gy at 3 cm distance (constant beyond). The reRT target is marked in red
with an estimated previously delivered EQD2 (EQD2qeiiv) as dashed-dotted blue lines, the EQD2"jevel for

1eRT egutar and reRTrequce as dashed grey or dotted magenta lines with corresponding arrows, and the novel

implementation of the voxelwise adjusted EQD2"evel for reRTyoxelwise as solid black lines with black arrows.

The arrows show that the optimization will aim to reduce the total EQD2 below the EQD2 vl for each re-

planning strategy. An o/f of 3 Gy was assumed to calculate EQD?2 for all voxels.
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First treatment course (EQD2geliv) reR Tregular

Figure 2. (a): The equivalent dose in 2-Gy fraction (EQD2) distribution of the first treatment course
(EQD24q1iv) with the three fictious relapse planning target volumes (PTVs) marked in black; RI (repeat
irradiation), RIT1 (re-irradiation type 1) and RIT2 (re-irradiation type 2). The superimposed EQD2
distributions for the three relapse scenarios are shown for (b) reRTregutar, (C) T€RTreduce and (d) reRTvoxelwise-
The EQD2 was truncated at 14 Gy (20% iso-EQD?2 line) to avoid overlap, leaving only a minor overlap of
the 20% iso-EQD2 line of RI and RIT2 in (c). The contours of bladder, rectum, small bowel, and femoral
heads are marked in yellow, brown, red, and blue, respectively. The EQD?2 distributions were calculated
using an a/ff = 3 Gy for all voxels. 92% and 109% of 70 Gy EQD2 approximately corresponds to 95% and
105% of 35 Gy in 5 fractions, respectively.
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Figure 3. Dose-volume histograms (DVHs) using dose and total equivalent dose in 2-Gy fraction (EQD2)

for the three relapse scenarios — repeat irradiation (RI), re-irradiation type 1 (RIT1) and type 2 (RIT2). (a):

DVHs for the planning target volumes (PTV) with a broken x-axis for reRTreguiar (black lines), reRT reduce

(red lines) and reRTvoxewise (blue lines) for all three relapse scenarios with the PTV coverage goals marked

as horizontal black triangles. [(b), (c), and (d)]: DVHs of two organs at risk per relapse scenario for the first

treatment course (EQD2gqiyv) in full lines and the EQD2o for reRT eguiar (full lines with perpendicular

crossing lines), reRTequce (dashed lines) and reRTvoxelwise (dotted lines). (b): The RI scenario, (c): the RIT2

scenario and (d): the RIT1 scenario. The EQD2 was calculated using an o/f = 3 Gy for all voxels.
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Table 1. Dose evaluation metrices for the planning target volume (PTV) for all relapse scenarios

and re-planning strategies.

Relapse scenario Re-planning strategy  Dogs [%0] Dag [%]  HI [%] CI [%]
Repeat irradiation (RI) reRTregutar 99.1 100.5 1.4 92.4
reR T requce 98.5 101.4 2.8 93.3
reRTvoxelwise 99.0 100.9 1.9 93.0
Re-irradiation type 2 (RIT2) reRTregutar 99.1 100.8 1.7 92.8
reR T requce 96.8 102.6 5.8 84.1
reR Tyoxetwise 98.3 102.7 4.4 93.4
Re-irradiation type 1 (RIT1) reRTrcgutar 98.1 101.3 3.2 94.2
reR Treduce 92.3 104.3 12.0 73.7
reR Tyoxelwise 96.9 103.0 6.1 93.7

Dy% = minimum dose to x% of the PTV receiving the highest doses; CI = conformity index; HI =

homogeneity index
460
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SUPPLEMENTARY MATERIAL

Add optimization function

Beam set: Backgroun_1st ad Background dose:
Prostate: 20 fraction(s)

Relate to dose:

() Beam set dose
(@) Beam set + background dose

ROI: | M Bladder

Function type: Max dose ® Objecti Weight: 10.00
() Constraint

EQD? level [cGy]:

[#] EQD2 [¥] Re-irradiation

o/p [Gy]

Recovery coefficients:

Min reRT EQD2 level [cGy]:
[#] Use near-max background EQD2

Override delivered EQD2 [cGy]:

Supplementary Figure 1. The adapted dialog in the research version of RayStation v11A for adding an
optimization function. The user selects region of interest (ROI) for the function, function type, function
465 weight, objective or constraint function, and if the function should use the beam set dose only or the
accumulated dose including the estimated delivered dose. The user then selects the re-irradiation specific
settings; the penalization level in equivalent dose in 2-Gy fractions (EQD2iv1), @/ff ratio, recovery
coefficients, the minimum allowed unpenalized re-irradiation EQD2 (EQD2rtmin), and whether to
override the estimated previously delivered EQD2 (EQD2g.iiv) in Eq. (2) with a fixed EQD2 using one out
470  of two options; (1) the minimum EQD2¢eli to the 0.1 cm? of the ROI volume receiving the highest doses,

or (2) any user-specified EQD?2 value.
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Objectives/constraints

(a) reRTregular

Delivered EQD2 [cGy]

Add physical... | | Add biological... | | Edit... | | Delete Load template... Compute values

Function Constraint = Dose Description Robust | Weight a/p[Gy] Re-irradiation | Total EQDZ [cGy]

M Physical composite objective

+ Uniform dose

+ Max dose
Max dose
Max dose

+ Max dose

- Dose fall-off

Objectives/constraints
Add physical...

Function

Uniform dose
Max dose
Max dose
Max dose
Max dose
Dose fall-off

Objectives/constraints
Add physical...

Function
W Physical composite objective
Uniform dose
Max dose
Max dose
Max dose
Max dose
Dose fall-off

475

480

Beam set

Beam set + ba

Beam set + backg

Beam set + ba

Beam set + ba

@ PTV_RIT1

M Bladder
Rectum
Small_bowel
FemHead L

Add biological.

Add biological...

Constraint

Edit...

Constraint

Beam set + ba sund [H] f_external

Delete Load template...

Dose
Beam set o PTV_RIT1
Beam set + background M Bladder
Rectum
Small_bowel
FemHead |
ound [ f_external

Delete Load template...

Dose ROI
Beam set e PTV_RIT1
Beam set + background W Bladder
Beam set + background Rectum
Small_bowel
FemHead L

Beam set + background
Beam set + background

Beam set + background [0 f_external

Uniform dose 3500 cGy
Max dose 8020 cGy
Max dose 7970 cGy
Max dose 8000 cGy
Max dose 3830 cGy

Dose fall-off [H]7500 cGy [L]700 cGy, Low dose distance 3.00 cm

Description

Uniform dose 3500 cGy
Max dose 5!

Max dose 1730 cGy

Compute values

Robust

Dose fall-off [H]7500 cGy [L]700 cGy, Low dose distance 3.00 cm

Description

Uniform dose 3500 cGy
Max dose 5180 cGy
Max dose 5520 cGy
Max dose 1650 cGy
Max dose 1730 cGy

Compute values

Robust

Dose fall-off [H]7500 cGy [L]700 cGy, Low dose distance 3.00 cm

Weight

Weight

100.00

Value a/p [Gy]
3.0959
100.00 0.0768
10.00 0.3117
10.00 0.2313
10.00 2.3682
1.00 0.0953
1.00 0.0125

Re-irradiation

Re-irradiation parameters
Recovery coefficient(s):

Min reRT EQD?2 level [cGy]:

0
500

Use near-max background dose: False

Value

100.00
10.00 0.
10.00 0.
10.00

1.00 0.
1.00

Re-irradiation

EQDZ @ 0.1 cc=5024

Total EQD2 [cGy]

EQD2 @ 0.1 cc=7895
D2 @ 0.1 cc=8288
QD2 @ 0.1 cc = 7400
2

EQD? @ 0.1 cc = 5098

Total EQD2 [cGy]

EQD2? @ 0.1 cc = 8481

EQD2 @ 0.1 cc= 8396

2
2
EQD2 @ 0.1cc=7953
EQD2

@ 0.1cc=4716

Supplementary Figure 2. Example of the optimization function lists in the research version of RayStation

v11A for (a) reRT egutar, (b) reRTredquce and (¢) reRTvoxewise Used for optimization of the type 1 re-irradiation

(RIT1) scenario. The uniform target objective is dose-based, while all organs at risk (OARs) objectives

use the novel re-irradiation functions acting on the total equivalent dose in 2-Gy fractions (EQD2). The

function value (calculated using the final dose distribution) and selected function parameters from

Supplementary Figure 1 are seen for each function in the list including the re-irradiation specific

parameters. The o/f ratio is shown in a separate column, while a mouse-over the corresponding *

triggers a tooltip with the added re-irradiation function parameters as seen in (c) for the bladder maximum

function. The final two columns on the right supply feedback during optimization of the corresponding

EQD2 metric for the total EQD2 and the estimated previously delivered EQD?2. For the maximum

functions, the feedback metric is the minimum EQD2ge; to the 0.1 cm? of the ROI volume receiving the

highest doses, as seen in (a), (b) and (c) while no such feedback is given for the EQD2 fall-off function.
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EQD2 @ 0.1 cc = 7446
EQD2 @ 0.1 cc=7382
EQD2 @ 0.1 cc=7258

EQD2 @ 0.1 cc = 2506

Delivered EQD2 [cGy]

Delivered EQD2 [cGy]

EQD2 @ 0.1 cc = 7446
EQD2 @ 0.1 cc=7382
EQD2 @ 0.1cc=7258
EQD2 @ 0.1 cc = 2506




