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Purpose: This study aims to develop a supporting tool to calculate the most appropriate prescribing absorbed dose and number of
fractions for precise reirradiation.

Methods and Materials: After deformable image registration of the initial computed tomography to the computed tomography at
reirradiation, an initial biological effective dose (BED) taking into account the recovery from the initial irradiation is calculated voxel-
by-voxel for each organ at risk (OAR). Using a commercial radiation therapy planning system, the clinical target volume for
reirradiation (CTV2) is made. Keeping the BEDyymors o/s to CTV2, cumulative BEDoar’s o/s(CBEDoar’s o/p) in each voxel of critical
OARs is calculated by changing the number of fractions in a stepwise process. The most appropriate prescribing absorbed dose to the
target and the number of fractions in reirradiation is determined by using CBEDpar’s o/p-volume histogram for critical OARs. The
function of the tool was validated in silico using 3 scenarios in 2 patients: a patient with a lung cancer at the peripheral lung
parenchyma and at the hilar lymphatic region at different times, and in a patient with a metastatic internal mammary lymph node
relapsed after postoperative radiation therapy for breast cancer.

Results: In scenario 1, giving 57 Gy in 22 fractions (57 Gy/22 Fr) to the CTV2 at the right hilum, the maximum CBED,,z-, was
124.078 Gy, and the mean CBED,,4_, of the whole lung parenchyma excluding gross tumor volume was 18.332 Gy. In scenario 2,
44.152 Gy/7 Fr to the target was suggested to be most appropriate. In scenario 3, 71.675 Gy/30 Fr proton therapy to the target was
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recommended in which the maximum CBED,,4_, in the aorta near the recurrence site was 145.796 Gy, and the volume of CBED,/4_, >

100 Gy was 0.800 cm?, both are within the constraints.

Conclusions: The tool was suggested to be useful to find the most appropriate prescribing absorbed dose to the target as well as the

number of fractions for precise reirradiation.

© 2025 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

Introduction

The number of patients who receive radiation therapy
(RT) twice or more is inc:reasing.l’7 Precise reirradiation
(PRI), in which prescribing absorbed dose to the target,
number of fractions, and 3-dimensional (3D) dose distri-
bution are precisely determined and delivered with
sophisticated image guidance, is a big issue nowadays.>’
Considering the high risk of serious adverse effects of reir-
radiation,'* careful assessment of cumulative dose, usage
of an appropriate number of fractions is mandatory.™"'
Also, a new external beam RT technology, such as proton
therapy, is increasingly used for reirradiation.'>"”

However, there are still problems with how to use the
cumulative dose assessment in reirradiation.'* Hypofrac-
tionated schedule is often used in initial RT using stereo-
tactic body RT (SBRT) and image-guided RT. Late
adverse effect of each organ at risk (OAR) depends at least
on the tissue structure (parallel-type or serial-type), pre-
scribing absorbed dose, number of fractions, 3D dose dis-
tribution, type of radiation beam (photon, proton), and
the time from the initial RT. Rapid assessment of the bio-
logical effect of initial RT in medical physics consultation
is critical to perform PRL'’ In PRI, therefore, biological
assumptions need to be the state-of-the-art concept, open
to reassessment as more information becomes available,
and robust enough to be accepted by radiation oncologists
and medical physicists.

Recently, voxel-by-voxel calculation of accumulated
equieffective dose at 2-Gy per fraction (EQD2) or biologi-
cal effective dose (BED) with organ-specific o/ and
recovery factor in the treatment planning was reported to
be the top priority to be developed for PRI.'® Accordingly,
voxel-by-voxel accumulated EQD2 estimation function
for reirradiation with a commercial 3D RT planning sys-
tem (3DRTP) is increasingly reported.'”'” These tools
have achieved important solutions for PRI, but seem not
to have a function to select the appropriate number of
fractions. It would be useful if a supporting tool for PRI
could output the appropriate number of fractions without
violating institutional protocols.

Previous studies have shown that the optimal number
of fractions can be recommended based on the absorbed
dose distribution and the difference in «/f ratios in a lin-
ear-quadratic model between tumor and late-responding
tissues.”” ** According to these studies, for example, a sol-
itary lung cancer in peripheral lung is to be treated in
hypofractionation, but a hilar lymphatic area of lung is to

be treated in multiple fractionations if the damage to the
seriall OAR, such as main bronchus is concerted.”
Recently, we have developed an in-house treatment plan-
ning support software tool for PRI in which the number
of fractions as well as prescribing absorbed dose can be
selected based on absorbed dose distribution, tissue struc-
ture, and o/ ratios for tumor and late-responding tissues
in the linear-quadratic model. The treatment planning
support software tool for PRI is versatile, has a high
degree of freedom to suit the objectives of each research
group. In this study, we describe the PRI supporting tool
and apply it to 3 clinical scenarios to investigate whether
the tool is useful in PRI. We call the software Precise Re-
Irradiation Supporting Tool INitiative (PRISTIN) (PRI
supporting tool initiative) in this manuscript.

Methods and Materials

Flowchart

Flowchart is shown in Fig. 1. We have used software
for deformable image registration (DIR), 3DRTP com-
mercially available, and PRISTIN. The software PRISTIN
consists of PRISTIN-1 and PRISTIN-2. In the workflow,
(1) DIR, (2) PRISTIN-1, (3) 3DRTP, and (4) PRISTIN-2
are used sequentially in this order.

Deformable image registration

The initial CT for initial RT (first CT) is modified to
conform to the CT for reirradiation (second CT) (Supple-
mentary E1A).

Precise Reirradiation Supporting Tool Initiative-1

Initial biological effective dose (iBEDoar’s «/p) after
correction for recovery of occult radiation injury in each
voxel in the critical OARs is calculated, using Digital
Imaging and Communications in Medicine-RadioTher-
apy data (RT image, RT dose, RT structure, RT plan) of
the first plan, taking into account the recovery from the
start of initial irradiation to the start of reirradiation (Sup-
plementary E2). We call this part of PRISTIN-1 (Supple-
mentary E1B).

Three-dimensional radiation therapy planning
system

A draft of treatment planning for reirradiation is made
giving sufficient absorbed dose to the clinical target
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Flowchart for prescribing absorbed dose and number of fractions in reirradiation.
Abbreviations: 3DRTP = 3-dimensional radiation therapy planning system; CT =

computed tomography; BED = biological effective dose;

CBED = cumulative BED; DICOM = digital imaging and communications in medicine; DVC = dose-volume constraints; EBRT = external beam radia-
tion therapy; RT = radiation therapy; TPS = treatment planning system; OAR = organ at risk. *The normalized total absorbed dose, the ratio dividing the
absorbed dose in each voxel by the prescribing total absorbed dose to the reference point of clinical target volume (CTV).

volume for reirradiation (CTV2), whether by inverse or
forward calculation using 3DRTP commercially available.
The same daily absorbed dose as the initial RT is often
applied here to use the dose-volume constraints same as
the initial RT. We call this draft plan for reirradiation as
second plan in this study. On the other hand, the final
plan for reirradiation is called as final second plan explic-
itly in this study (Supplementary E1C).

PRISTIN-2 (Supplementary E1 and E2)

Using the Digital Imaging and Communications in
Medicine-RadioTherapy data of second plan, BEDmors
g for CTV2 in second plan, 2ndBED ymors «/p is calcu-
lated. Keeping the 2ndBEDyymors o/ as the prescribing
BEDymors a/g for CTV2, number of fractions n is
changed. The normalized total absorbed dose 8, the ratio
dividing the absorbed dose in each voxel by prescribing
total absorbed dose to the reference point of CTV2, is cal-
culated. For each #n, BEDpars o/ of each voxel in the
OAR (2nd BEDgar’s «/p) is calculated using § in each
voxel. For each n, CBEDoars o/ Which is iBEDoar’s a/p
plus 2nd BEDoar’s o/p Of each voxel in the OAR is calcu-
lated sequentially. Optimal number of fractions is deter-
mined based on the distribution of CBEDpar:s a/p in
critical OARs keeping the same 2ndBED ymor's o/ ﬂhzo,z "In
our method, we determine the allowable prescribing
absorbed dose and number of fractions for reirradiation
by minimizing the most relevant CBED statistic for OAR:
the maximum CBED for serial organs and the mean

CBED for parallel organs. This approach ensures that the
tissue tolerance is respected for each OAR type, and the
final second plan is selected when these minimum values
are achieved, thereby prioritizing patient safety and organ
preservation. When the statistics of the CBEDpar’s /s for
critical OARs are the best, that is, when the maximum
CBEDoar’s a/p in serial OARSs or the mean CBEDoar’s /s
in parallel OARs is minimum (Supplementary E3), PRIS-
TIN outputs the final second plan. The final second plan
shows the most appropriate set of the prescribing
absorbed dose and the number of fractions to the CTV2
at the same BED ymor's o/p t0 the CTV2. Final second plan
is selected by iterative calculation when physician wants
to try higher or lower BED ymors o/s. Example of the step-
wise process is shown in the next section.

Example of stepwise process to determine
the number of fractions

a/p value in linear-quadratic model is assumed to be
10.0 for tumor and 2.0 for any late effects of OARs,
respectively, in this study for simplicity because tumors
generally exhibit less sensitivity to fraction size (higher
a/f), while late-responding normal tissues are much
more sensitive (lower a/f), as supported by extensive
radiobiological and clinical studies.”” Relative biological
effectiveness was assumed to be 1.1 constantly and relative
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biological effectiveness -weighted dose was used in proton
therapy instead of absorbed dose.

(1) Other biological assumptions are shown in Supple-
mentary E2.

(2) In this study, n was changed from 1 to 35 as an
example.

(3) The max BED oars a/p to serial OARs and the mean
BED oaR’s a/p to parallel OARs are calculated for each
number of fractions and tabulated from n = 1 to 35
(Supplementary E4 as an example).

(4) The minimum and the maximum number of frac-
tions, weekly frequency of treatment, and the maxi-
mum treatment period for the patient are
predetermined by institutional protocols considering
the pathologic type of the cancer, size of the target,
and uncertainties behind the biological models
assumed by the institution.

(5) Based on the institutional minimum and the maxi-
mum number of fractions, the n for final second plan
is selected when the statistics of the CBEDar’s o/ for
critical OARs are the best, that is, when the maximum
CBEDoar’s o/ in serial OARs or the mean CBEDar’s
«/p in parallel OARs is minimum.

(6) If the intended 2ndBED ymor’s «/p for the CTV2 viola-
tes BEDoaRr’s o/p-volume constraints of critical OARs
using any number of fractions, the prescribing
absorbed dose to CTV2 is reduced (Supplementary
E2).

(7) If the physician wants to increase the 2ndBEDymors
«/p the prescribing absorbed dose to CTV2 is
increased as long as CBEDpar’s o/ to critical OARs is
not exceeding thresholds.

In-silico simulation study in 3 scenarios

We have evaluated the usefulness of the PRISTIN in 3
scenarios, which are classified as type 1(overlap of irradi-
ated volumes) or type 2 (concern for toxicity from cumu-
lative doses) in the classification proposed by the
European Society for Radiotherapy and Oncology and the
European Organization for Research and Treatment of
Cancer.” Usage of the medical information and images of
each patient was all approved in the ethical committees.

(1) In the first scenario, a patient had a solitary peripheral
nonsmall cell lung cancer at the right lung and
received SBRT as the initial treatment. At the initial
treatment day, metastatic right hilar lymph nodes
were detected on CT suggesting that the metastatic
nodes had grown during the waiting period for the
SBRT. In the cancer board, PRI soon after SBRT to

the hilar lymph nodes was suggested to be the best
treatment option.

(2) In the second scenario, a patient received fractionated
3D conformal radiograph therapy to the right hilar
nodes after open biopsy, which had revealed nonsmall
cell lung cancer. At the end of 3D conformal radio-
graph therapy, a solitary peripheral tumor at the right
lung was increasing in size, biopsy proved its malig-
nancy, and the patient was recommended to receive
radiograph therapy to the peripheral lung tumor.

(3) In the third scenario, a patient with left breast cancer
and axillary lymph nodes had received electron ther-
apy for left chest wall and internal mammary lym-
phatic region, and 3D conformal radiograph therapy
for left supraclavicular and axillary lymphatic region
after total mastectomy, left axillary dissection, and
perioperative chemotherapy. After 20 months, a soli-
tary metastatic left internal mammary lymph node
was detected by positron emission tomography. In the
cancer board, PRI using proton therapy to the internal
mammary lymph node was suggested to be the best
treatment option.

We conducted a sensitivity analysis of PRISTIN, refer-
ring to the range of /g listed in the literature and the
range of recovery factors calculated from Evans’ formula.

3DRTP was Eclipse (Varian) for radiograph therapy
and VQA (Hitachi, Tokyo, Japan) for proton therapy.
High-energy radiograph/electron therapy machine was
TrueBeam (Varian) in all scenarios, and proton therapy
machine was PROBEAT-RT (Hitachi, Tokyo, Japan) in
the third scenario.

Results

First scenario

The clinical target volume in the first CT (CTV1) for
the peripheral primary lung cancer is shown in Fig. 2.
Since metastatic hilar lymph nodes were detected on the
initial treatment day, the dose to the CTV1 was inten-
tionally lowered than the usual SBRT for peripheral lung
cancer. The total absorbed dose to the CTV1 was 44 Gy
and the number of fractions was 7 giving BEDy,4_10=72
Gy, which is equivalent to 60 Gy in 30 fraction (60 Gy/30
Fr) without correction for regrowth in the first plan.

CTV2 in second plan, CTV for the hilar lymph nodes,
is shown in Fig. 2 as well. In reirradiation, the physician
wanted to give 2ndBED,, 519 equivalent to 60 Gy/30 Fr
to the CTV2. The CBEDpars o/p-volume constraints to
the right main bronchus were weighted the highest prior-
ity followed by CBEDoaR’s «/-volume constraints to the
whole lung parenchyma. The tolerable maximum CBED,,
p=> for the main bronchus and trachea was assumed to be
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Figure 2 Positional relationship between each organ and target volumes used in scenario 1 and also in scenario 2. The gross
tumor volume and clinical target volume at the peripheral right lung field and those at the right hilum are shown in red. Right
main bronchus, left main bronchus, trachea, lung, and spinal cord are shown in blue, orange, magenta, green, and yellow.

AP = antero-posterior; LR = left-right.

157 Gy, which is equivalent to 74 Gy/33 Fr, based on the
treatment protocol in the Novel Approach to Radiother-
apy in Locally Advanced Lung cancer 2 (NARLAL2)
study.”” The tolerable volume of CBED,3-,>60 Gy,
which is equivalent to CBEDgs,>20 Gy/5 Fr, was
assumed to be 4 cm’, which is close to the treatment pro-
tocol in NRG Oncology/RTOG 0813 Trial.”® The tolerable
mean CBED,, 4., for the whole lung parenchyma exclud-
ing gross tumor volume (GTV) was assumed to be 26 Gy,
which is equivalent to 20 Gy/33 Fr used in NARLAL?2,
lower than 18 Gy/4 Fr in JCOG0403,” and 20 Gy/3 Fr in
the RTOG and European Organization for Research and
Treatment of Cancer constraints.”’

In the final second plan, calculated CBED,, 4., for each
voxel in the right bronchial tree according to the number
of fractions (n) from n = 1 to n = 35 is shown in Table 1.
Other details of calculated results are shown in Supple-
mentary E4. Using 5 times a week schedule, 22 fractions
can be given in 30 days, which is the maximum treatment
period in the institutional protocol. PRISTIN suggested
that 57.153 Gy/22 Fr is the most appropriate schedule giv-
ing 2ndBED,,5_10=72.0 Gy, which is close to 60 Gy/30 Fr.
The maximum CBED,, -, to the right main bronchus
was 124.078 Gy, which is lower than 157 Gy, tolerable
maximum CBED,,g_,. Table 2 shows the volume for cor-
responding range of CBED,,4_, to the right main bron-
chus. The total volume that would receive CBED,,5_, >

60 Gy and >100 Gy was 0.833 cm’ and 0.108 cm”, respec-
tively, for the right main bronchus. The mean CBED, 4,
was 18.332 Gy for the total lung parenchyma excluding
GTV, which is lower than 26 Gy, tolerable mean CBED,,
p=2- The maximum CBED,,4_, was 5.4 Gy for the trachea.
The transaxial distribution of CBED,,4_, at the level of
tracheal bifurcation is shown in Fig. 3.

Second scenario

In the second scenario, the sequence of the first plan
and second plan in the first scenario has been swapped
(Fig. 2). In this simulation, the right hilar notal region
was the CTV1 and treated using 57.5 Gy in 22 fractions in
30 days as the initial RT. The physician wanted to give
BED,,5-10=72 Gy equivalent to 60 Gy/30 Fr to the CTV2,
a solitary peripheral tumor at the right lung by PRI in sec-
ond plan.

The CBEDoar’s «/p-volume constraints to the right
main bronchus were weighted the highest priority fol-
lowed by CBEDoaRes o/p-Volume constraints to the whole
lung parenchyma excluding GTV in the second plan. Sup-
plementary E5 shows relationship among number of frac-
tions, prescribing absorbed dose to the CTV2, and the
maximum CBED,, s, in the right bronchus and the
mean CBED,s_, to the lung parenchyma excluding
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Table 1 Examples of coordinates of the voxels and the CBED,,;-, in each voxel in the right bronchial tree for scenario 1
CBED CBED CBED CBED CBED

LR AP SI (n=1) (n=2) (n=3) (n=4) (n=35)
—36 —10 102.5 72.87576 67.75654 64.37207 61.84138 44.1574
—35 —10 102.5 60.11627 56.27985 53.74349 51.84695 38.59434
—34 —10 102.5 48.14387 45.45996 43.68555 42.35876 33.08741
-33 -10 102.5 38.26962 36.48499 3530511 34.42287 28.25798
—38 -9 102.5 102.1191 93.91623 88.49311 84.43804 56.10201
—37 -9 102.5 83.77277 77.52519 73.39473 70.30623 48.72442
—36 -9 102.5 69.86537 65.0537 61.87256 59.4939 42.87233
-35 -9 102.5 58.94778 55.22654 52.76632 50.92672 38.07198
—34 -9 102.5 48.45405 45.74114 43.94755 42.60642 33.23487
=25 —8 135 4.49703 4.83865 5.06451 5.23339 6.41352
Abbreviations: AP = antero-posterior; CBED(n = i) = cumulative biological effective dose when the number of fractions is i; LR = left-right;
SI = superior-inferior.

GTV. The minimum number of fractions was 7 using
5 times a week in the institutional protocol. PRISTIN sug-
gested that 44.152 Gy/7 Fr is the most appropriate sched-
ule as the final second plan. The maximum CBED,,4_, of
the right main bronchus was 117.209 Gy at the 7 frac-
tions, which is lower than 157 Gy. The mean CBED,,4-,
was 17.478 Gy for the total lung parenchyma excluding
GTV, which is lower than 26 Gy. The maximum CBED,,
p=> Was 5.4 Gy for the trachea.

Third scenario

The CTV1 in the first plan was left chest wall, supracla-
vicular, axillary lymphatic region, and internal mammary
lymphatic region. The prescription dose was 55 Gy/20 Fr
using 5 times a week schedule.

Table 2 CBED,—>-volume statistics for the right main
bronchus in scenario 1

CBED.g-, (Gy) Cumulative voxels Cumulative (cm?)
120 4 0.010
110= 13 0.033
100= 43 0.108
920= 84 0.210
80= 129 0.323
70 226 0.565
60= 333 0.833
50= 489 1.223
Abbreviation: CBED = cumulative biological effective dose.
The voxel size was 1 x 1 x 2.5 mm.

In the second plan, CTV2 was the metastatic left inter-
nal mammary lymph node. CBEDpar’s o/p-volume con-
straints to the aorta were weighted the highest priority
followed by CBEDgars o/g-volume constraints to the
whole lung parenchyma excluding GTV. The tolerable
maximum CBED,,4_, for the aorta was assumed to be
157 Gy based on the treatment protocol in NARLAL2
study,”” which is equivalent to 74 Gy/33 Fr, and lower
than 268 Gy(47 Gy/5 Fr) in the NRG Oncology/RTOG
0813 Trial.”* On the institutional protocol for proton
therapy, the maximum treatment time period was 42 days
using 5 times a week schedule. The physician wanted to
give 2ndBED,,5_,0 as much as possible to the CTV2.

PRISTIN suggested that 71.675 Gy/30 Fr is the most
appropriate schedule for the CTV2 using proton therapy
(Fig. 4). The maximum CBED,,s-, was 145.796 Gy for
the aorta, which is lower than 157 Gy, tolerable maximum
CBED,,p->. The total volume of the aorta which would
receive CBED,,-, > 100 Gy was 0.800 cm® (Supplemen-
tary E6).

The sensitivity of the PRISTIN to the difference in the
a/p ratio and recovery factor of OARs was shown in Sup-
plementary E7 for 3 scenarios. The appropriate number
of fractions suggested by PRISTIN did not change for the
a/p ratio from 0.1 to 6 for serial organs, 0.1 to 8.5 for par-
allel organ, and recovery factor from 0 to 0.65 in all sce-
narios.

Discussion

While several existing tools for reirradiation planning
offer automated or semiautomated workflows for dose
accumulation and plan optimization, these systems are
often limited by reliance on simple summation methods,
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Figure 4 The absorbed dose, BED,,s_, map for the first plan (initial electron therapy) and second plan (proton therapy), and
CBED,4-, maps on transaxial CT images using PRISTIN in scenario 3. The color scales for absorbed dose maps are different
from those for BED,,3_,/CBED,,5_, maps. The absorbed dose map of first plan overlapped on the CT scan before deformable

image registration (DIR).
Abbreviation: BED = biological effective dose; CBED = cumulative biological effective dose; CT = computed tomography.
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fixed daily dose, or lack of individualized radiobiological
modeling. In contrast, PRISTIN uniquely provides voxel-
based CBED evaluation, optimization of both prescribing
absorbed dose and number of fractions, and individual-
ized /B and recovery modeling for each OAR and tumor.
Furthermore, PRISTIN applies rational constraints based
on organ structure (the mean CBED for parallel organs,
the maximum CBED for serial), enabling a more biologi-
cally accurate and patient-specific approach. These fea-
tures distinguish PRISTIN from existing tools and
support its potential to improve plan quality and reduce
toxicity risk in clinical practice. Flowchart of the treat-
ment planning tool for reirradiation in our study is simi-
lar to the tool reported by Murray et al'® and Garcia-
Alvarez et al.'"” These tools including the present tool are
usable only when DIR is considered reliable for voxel-by-
voxel calculation of cumulative dose mapping. Also, the
stepwise process to find the prescription dose in reirradia-
tion by using the cumulative biologically equivalent dose
is similar. However, both studies did not show how to
select the number of fractions after the selection of EQD2
tumor’s a/p fOI the target. Since the EQD2par’s «/p in each
voxel in OARs is not proportional to the EQD2ymor’s a/
for the target and changes with the daily dose, their work-
flows are insufficient when daily dose is not the same
between initial RT and reirradiation. Accordingly, they
fixed the daily dose for reirradiation, same as the initial
RT throughout the workflow.

The workflow in the present study is suitable for reirra-
diation when the most appropriate number of fractions
needs to be determined in addition to the prescribing
absorbed dose to the target in reirradiation. Compared to
previously reported workflows, no additional biological
hypothesis and free parameters are required so that they
can also implement our findings in their system. The
workflow shown by Murray et al'® has the advantage of
optimizing plans with objective functions in EQD2 with
the background dose distribution in 3DRTP, possibly
after correction for recovery, which was not available in
the present study. As Garcia-Alvarez et al'” did, the same
daily dose in first plan is required to be used as the start-
ing point to make second plan in the 3DRTP in the pres-
ent study. However, this study shows that the appropriate
number of fractions and prescribing absorbed dose was
successfully calculated afterward using PRISTIN in each
scenario.

In previous studies, the maximum of cumulative EQD2
oars a/p Of the OARs was used as the CBEDogar:s
«/p-volume constraints.'”'® In the present study, the max-
imum CBEDgar:s /g is only used for serial OAR, which
is a reasonable assumption in general. However, as is well
known, the maximum CBEDgar’s o/ is not a reasonable
constraint for parallel OAR.” The present study showed
that the mean CBEDores o/p is the reasonable CBEDoag's
w/g-volume constraints for parallel OAR theoretically in
PRI (Supplementary E3). This is an important general

finding for reirradiation suggesting that any supporting
tool for reirradiation can use the mean CBED par’s o/ as
the constraint for parallel OAR.

In the previous studies about the mathematical method
for selecting a hypofractionation or multiple fractionation
regimen based on absorbed dose distribution and biologi-
cal consideration, it has been shown that (1) there is
potential for hypofractionation to be selected even if the
OAR is more sensitive to fractionation than the tumor,
and (2) there is an interdependence between the
spatial dose distribution and the optimal fractionation
schedule.””*"** Several papers have explored the nonuni-
form spatiotemporal fractionation (STF) to the target vol-
ume to improve therapeutic ratio.”>***** The present
PRISTIN is, in fact, regarded as the tool for nonuniform
STF to the OARs as well. If you assume that the second
plan is used soon after first plan for the same patient, the
combination of first plan and second plan is regarded as a
nonuniform STF. PRI is, in fact, a kind of nonuniform
spatiotemporally fractionated RT, in which a part of body
is treated earlier using the fractionation in first plan and
another part of body is treated later using different frac-
tionation in second plan.

Our results showed that CBEDoars o/ Of right main
bronchus was smaller in hypofractionation than multiple
fractionations in scenario 2 (Supplementary E5).
Although the difference was small in this example, it is
notable that hypofractionation decreased, not increased,
the CBEDgar’s o/p Of the right main bronchus. Generally
speaking, because CBEDopar’s o/p can be much closer to
the tolerable CBEDpaR’s o/p in reirradiation than in initial
RT, a small increase in 2ndBED g5 o/p can cause signifi-
cant increase in the late damage of the OAR. Sensitivity
study by changing locations of CTV used in this study is
required in the future to estimate the uncertainties of the
final second plan.

There are several limitations in the present study. At
first, in real world, after the initial RT, there must be
strong deformation of the normal tissues that affect the
preciseness of DIR.”” In cases of severe postradiation ana-
tomic changes such as fibrosis and volume loss, its limita-
tions may be partially mitigated through rigorous quality
assurance, careful algorithm selection, targeted applica-
tion, advanced imaging techniques, uncertainty quantifi-
cation, and multidisciplinary review—though achieving
reliable results in such complex cases remains difficult.*’
The second limitation is that PRISTIN does not have an
ability to optimize the conformity and homogeneity of
2ndBED,, 4.1 in the target volume at this moment. The
present study is using a reference point in CTV2 for pre-
scription but not considering about the conformity and
homogeneity of 2ndBEDmors a/g in CTV2. The change
of number of fractions induces the change in the
2ndBED ymor's «/p distribution in the target volume with
the same absorbed dose distribution. For example, if the
reference point of CTV2 is set at the voxel with minimal
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dose or Dy, the reduction in the number of fractions
increases the 2ndBED,,4_,0 in some voxels in the target
volume. Odén et al*! have used absorbed dose, not EQD2,
for optimizing the conformity and homogeneity in CTV.
Future iterations of PRISTIN will focus on developing
and integrating algorithms to optimize 2ndBED,, 5., dis-
tribution for CTV using the concept of STE.”***’ Recent
reports have suggested that functions to incorporate
positional and model-related uncertainties are useful to
improve the robustness of the supporting tool for
PRL'"'”*" Their suggestions are informative to improve
the program in PRISTIN further. The third limitation is
that the physician still needs to determine the constraints
about the number of fractions, that is, the minimum and
maximum number of factions. It is because there is still
much uncertainty in tumor biology such as reoxygenation
and repopulation. However, recently, prospective studies
are increasing to find the appropriate number of fractions
for various cancers clinically.”>*® These investigations
would reduce the uncertainty in the biological model and
improve the clinical value of PRISTIN in future.

Conclusion

The supporting tool, PRISTIN, was suggested to be
useful to find the appropriate absorbed dose to the target
as well as the number of fractions for precise reirradiation.
Compared to conventional reirradiation planning meth-
ods, which rely on empirical or simple summation
approaches, the PRISTIN tool enables precise voxel-based
evaluation of CBED for each OAR. By optimizing both
the prescribing absorbed dose and number of fractions to
satisfy organ-specific constraints, PRISTIN facilitates
individualized treatment planning and is expected to
reduce the risk of severe adverse events. Beyond in-silico
validation, our future plans for PRISTIN include retro-
spective and prospective clinical studies, technical integra-
tion with clinical workflows, and multi-institutional trials
to rigorously validate its safety, efficacy, and clinical
impact before widespread clinical adoption. To further
enhance the clinical utility of PRISTIN, the tool could be
extended by integrating more advanced radiobiological
models—such as those accounting for hypoxia, repopula-
tion, or DNA repair kinetics—and by incorporating
patient-specific parameters, enabling individualized pre-
dictions of radiation response and toxicity based on
genetic, clinical, or imaging biomarkers.
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