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' Methods and Materials: The “UNIlfied and VERSatile bio response Engine”
(UNIVERSE) was extended by carbon ions and its predictions were compared
to a panel of in vitro and in vivo data including various endpoints and DDRI
settings within clinically relevant dose and linear energy transfer (LET) ranges.
The implications of UNIVERSE predictions were then assessed in a clinical
patient scenario considering DDRIi variance.

Results: UNIVERSE tests well against the applied benchmarks. While in vitro
survival curves were predicted with an R? > 0.92, deviations from in vivo
RBE data were less than 5.6% The conducted paradigmatic patient plan study
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implies a markedly reduced significance of DDRi based radiosensitivity variabil-
ity in CIRT (13% change of Dsgq in target) compared to conventional radiotherapy
(62%) and that boosting the LET within the target further amplifies this robust-
ness of CIRT (8%). In the case of heightened tumor radiosensitivity, a dose
de-escalation strategy for photons allows a reduction of the maximum effective
dose within the normal tissue (NT) from a D, of 2.65 to 1.64 Gy, which lies below
the level found for CIRT (D, = 2.41 Gy) for the analyzed plan and parameters.
However, even after de-escalation, the integral effective dose in the NT is found
to be substantially higher for conventional radiotherapy in comparison to CIRT
(Dmean of 0.75, 0.46, and 0.24 Gy for the conventional plan, its de-escalation
and CIRT, respectively).

Conclusions: The framework offers adequate predictions of in vitro and in vivo
radiation effects of CIRT while allowing the consideration of DRRi based solely
on parameters derived from photon data. The results of the patient planning
study underline the potential of CIRT to minimize important sources of interpa-
tient divergence in therapy outcome, especially when combined with techniques
that allow to maximize the LET within the tumor. Despite the potential of de-
escalation strategies for conventional radiotherapy to reduce the maximum
effective dose in the NT, CIRT appears to remain a more favorable option due

KEYWORDS

1 | INTRODUCTION

Despite the well-known existence of interpatient vari-
ance in tumor radiosensitivity, dose prescription in mod-
ern radiotherapy continues to follow a “one-size-fits-all”
approach. This issue has motivated an ever-increasing
effort to develop predictive biomarkers of radiosensitiv-
ity to allow patient stratification and individual dosing.
However, up to date none has reached routine clinical
use."? Besides the improved physical dose conformity
and potentially increased biological effectiveness rel-
ative to conventional radiotherapy, high linear energy
transfer (LET) carbon ion radiotherapy (CIRT) offers the
ability to overcome key mechanisms known to cause
radiation resistance.® Using different sublines of a syn-
geneic rat prostate tumor, Glowa et al. showed that
consequently biological differences between tumors
had a reduced effect on treatment outcome for car-
bon ion beams in comparison to conventional photon
radiation.*

While several factors are considered to contribute to
the intertumoral variability in radiation response, includ-
ing hypoxia, cancer stem cell dynamics, and immune
response,’ the status of DNA damage repair (DDR) can
be a decisive factor in many cases. For example, low
expression levels of DDR proteins in localized prostate
cancer”® as well as somatic mutations of DDR genes in
breast tumors’ have been correlated to improved treat-
ment response. Moreover, for HNSCC (head and neck
squamous cell carcinoma) the heightened radiosensi-
tivity of HPV-positive (human Papillomavirus) tumors is

to its ability to reduce the integral effective dose within the NT.

DNA damage repair interference, LET boost, UNIVERSE biophysical modelling

thought to be caused by a strong down regulation of sev-
eral DDR enzymes®° And a somatic loss-of-function
mutation of an important DNA damage detector (ATM)
has been linked to favorable therapy outcome through-
out numerous cancer types.'? It is thus unsurprising that
the expression and accumulation of DDR proteins have
also gained increasing attention as potential prognostic
biomarkers of radiosensitivity."-% "

In this work, we first present the extension of the “UNI-
fied and VERSatile bio response Engine” (UNIVERSE),
a multipurpose mechanistic modeling framework of
biological radiation effect,'>'6 to carbon ions and its
benchmarks against in vitro and in vivo data. Other
biophysical models of ion beam effect have already
established themselves in clinical practice, such as the
first version of the local effect model (LEM I)'7 applied in
centers in Europe and parts of Asia (i.e., China) or the
modified microdosimetric kinetic model (MMKM) used
in Japanese centers.'® In a previous study, the mMKM
was found to outperform both LEM | and LEM IV in
a panel of benchmarks including in vitro and in vivo
measurements.'? It is thus being considered to soon
become the primary model for treatment planning at our
facility. For these reasons and to maintain brevity, the
performance of our model is compared to that of the
mMKM. However, UNIVERSE offers the unique ability to
model the effect of DDR interference (DDRi) using a sin-
gle, dose- and LET-independent, parameter: The radio
sensitization factor (RSF). The viability of this concept
was shown in previous publications for sparsely ioniz-
ing radiation? as well as proton and helium beams."® To
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our best knowledge, two other models have attempted to
explicitly incorporate the effect of DDRIi. However, one
is purely empirical?® and both are yet to be shown to
provide accurate predictions in clinically relevant multi-
energy fields?! Here, after validating the applicability of
the RSF for carbon ions in different (clinically relevant)
scenarios, we utilize UNIVERSE predictions in a patient
planning study. There we assess, for the first time, the
robustness against interpatient DDR-status variability in
CIRT as opposed to conventional radiotherapy based on
the change in the effective dose to the target and con-
sider possible dose de-escalation strategies. Ultimately,
the potential benefit of patient plans with a maximized
LET within the target (“LET boost”) is assessed. While
this has been a long-suggested approach to overcome
hypoxia induced radioresistence,?? here, it is evaluated
for the first time as a possible strategy to suppress
DDR-driven heterogeneity of radiosensitivity.

2 | MATERIALS AND METHODS

21 | UNIVERSE

UNIVERSE is a mechanistic modeling framework which
has been constantly developed and extended to enable
the description and prediction of radiation action in bio-
logical systems while considering an increasing number
of radiobiologically relevant parameters such as the
applied dose rate and radiation quality or the pres-
ence of oxygen and radical scavengers within the
system.'?16 This study mainly extends upon the model
of DDRIi introduced and benchmarked for sparsely ion-
izing radiation and lighter ions (protons and helium
ions) in earlier publications.'? 1> Here, core concepts are
recalled, while the reader is kindly referred to the publi-
cations dedicated to these sub-modules of UNIVERSE
for further details.

In general, the biological effect of radiation in UNI-
VERSE is derived from the clustering of DNA double
strand breaks (DSB) within microscopic sub-domains
of the nucleus. These domains may be thought of as
representations of so-called giant-loops within chro-
matin which contain 1-3 Mbp of DNA?3-26 and an
accumulation of DSB within them has been corre-
lated to hampered DDR and increased probability of
cell death?’~?% Domains in which exactly 1 DSB was
induced are called isolated DSB (iDSB) and those
containing 2 or more DSB are named complex DSB
(cDSB). This classification is shared with some related
models3%-3! Associating each isolated and complex
DSB with a probability (Kipsg, Kcpsg) of triggering cell
death, the probability of the cell surviving the damage
(S) can be written as’230:

Nf Nc
S=(1-Kipsg) "% - (1 - Kepss) %, (1)

where Njpsg and N, pgp describe the number of domains
containing isolated and complex damages within a
nucleus, respectively.

Based on the assumption that the minimal prospects
of clustered DSB to be repaired would not sub-
stantially decrease any further under inhibition of
DDR enzymes, UNIVERSE only modifies the lethal-
ity of isolated DSB to model the resulting increase
in radiosensitivity of affected cells.'?532 More pre-
cisely, the DDRI is parametrized by increasing Kipsg by
a radiosensitization-factor (RSF),'>"° so that the cells
survival probability (Sgse) changes to:

Ni Nc
Srsr = (1= RSF - Kipsg) "**® - (1 — Kspsg) . (2)

UNIVERSE assumes that the effect of the induced
damage classes is independent of the applied radiation
quality. More specifically this means that the parame-
ters such as Kipsg, K:psg, and RSF are kept constant
for a given cell line or DDRI, irrespective of the radi-
ation type or energy. For sparsely ionizing radiation it
has been well established, that the number of DSB per
nucleus and applied unit dose apgg can be seen as con-
stant within the clinically applied range3® Regardless
of the dose distribution throughout the nucleus, UNI-
VERSE assumes that on the microscopic level of a given
domain, the expected amount of DSB (Npgg) can be
derived from the constant apgg, the locally applied dose
D and the number of domains within the nucleus Ny,

Npsg = OCDNSLD 3)
dom

To determine the survival fraction of a cell popula-
tion after irradiation, UNIVERSE uses a Monte Carlo
approach which proceeds as follows: First, for at least
10* iterations, the microscopic dose distribution through-
out the nucleus is simulated. This microscopic dose
distribution determines the expected amount of DSB
within the individual domains (Equation 3).Based on this
expectancy value, the number of DSB for each domain is
sampled following a Poisson distribution. Subsequently,
the number of isolated and complex DSB (N;psg and
N.psg) can be determined for each iteration, resulting in
a survival probability S based on Equations 1 (or 2 if an
RSF shall be applied). Ultimately, the survival fraction of
the population is given by the mean value of S over all
iterations.

The simulations for sparsely ionizing radiation (e.g.,
photons) and densely ionizing radiation (e.g.,ion beams)
only differ in the calculation of the microscopic dose
distribution during the first step: For sparsely ionizing
radiation one can assume a homogeneous distribution
throughout the nucleus, so that the expected number
of DSB within each domain can be given by Equa-
tion 3 while inserting the applied macroscopic dose.
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However, in the case of ion fields, their heterogenous
dose distribution on the microscopic scales requires a
more detailed consideration of the nucleus geometry
and particle tracks. In the current version of UNIVERSE,
the nucleus is approximated as a cylinder with radius
Rpue and a volume of V,,. containing cubic domains
with side length dg,,. The particles are set to pass
the nucleus parallel to its height-axis and the radial
dose distribution (RDD) surrounding them is described
with the Kiefer—Chatterjee parametrization343° The
parametrization combines a “core” region with a con-
stant dose D, within the radius of r,;, and an outer
“penumbra” that reaches up to a radius of ry, where
the dose D, decreases with increasing distance r (here
in um) from the track center3637:

1 LET rmax))
D, = — =27 K In s 4
¢ Tre ( P <rmin @

min

Dp(r)=K, r 2 (5)

.\ 2
K, =1.25-10 4<Z ) , (6)
on
where LET is the unrestricted linear energy transfer of
the charged particle in keV/um, p the density of water
ing/cm®, Bion = E (v: particle velocity, c: speed of light),
and z* the effective charge of the particle. The effective
charge z* is given by the Barkas formula®®:

7= zion (1-0x0 (<125 6ion 2,2 ) ). (D

where z,, is the charge of the fully ionized particle. The
core radius is velocity dependent and is given by:

I'min = ﬁion e, (8)

with a constant r, that was derived to be 11.6 nm 3437
The extent of the penumbra region (r,,;.x) depends on
the kinetic energy of the ion E,;, and was found to be
approximated (in um) by:

Imax =V - E, 9)

kin’

where Ey;, is given in units of MeV/u as well as y =
0.062 and & = 1.7.3%37 The diffusion of DNA-damaging
radicals created in the initial dose distribution is consid-
ered by a convolution of the RDD (D(r)) with a normal
distribution kernel in which the standard deviation o
characterizes the diffusion length. The resulting RDD
(D(r)) can be expressed as®940:

=Z°Z

—r2/2a !
/ P 52 /O<Q>D(r’), (10)
0

(rnr', ¢')
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with the modified Bessel function of order zero /y. To
facilitate the implementation of UNIVERSE on Graph-
ics Processing Units (GPU), the resulting function was
parametrized by a three-part piecewise function.'® The
area through which a tracks core needs to pass to
deposit any dose within the nucleus can be computed
based on the assumed radius of the nucleus and the
maximum radius of the penumbra. The expected num-
ber of ions passing through this area can then be
calculated using their LET and the applied dose. Based
on this expectancy value, the number of considered
tracks is sampled from a Poisson distribution for each
iteration. They are then assigned to a random posi-
tion within the previously calculated area. Ultimately, the
microscopic dose distribution is considered to be the
sum of RDDs surrounding these positions. However, the
doses within an RDD can easily exceed several hun-
dreds of Gy. At such high doses, single strand breaks
(SSB) on opposite strands of the DNA start to accumu-
late and effectively represent DSB.*'~** To consider this
effect, a factor 7 is applied to the DSB yield in the step
where the expected number of DSB within the individual
domains is calculated (via Equation 3). The analytical
expression for this factor was derived by Friedrich et al.*°
and depends on the yield of SSB per nucleus and
applied unit dose (assg), the length of the genome (Lge)
in base pairs (bp) and maximum interaction distance
between two SSBs (fsgg) in bp:

aSSB‘D‘tssb a D
_ L _apsBD ;
n=1+']e¢.e Lgen ssb‘C(SSB‘ (11)
_assBl apss
3 e Lgen Ssb

But, this expression results in a monotonic increase
of the DSB vyield with LET, while some Monte Carlo
Simulations suggest a saturation above ~100 keV/um
for carbon ions*® To account for this effect the tggg
parameter was kept at 3 bp for the previously published
lighter ions (protons and helium ions’®) and reduced to
2 bp for carbon ions. While this can be seen as a small
discrepancy, in future developments, alternative descrip-
tions of the DSB yield may be considered to improve
mechanistic consistency.

With the exception of tggg described above the set of
parameters (apsg, *ssB; 9, dgom» Lgens Rnucs Vnuc) €stab-
lished in a previous publication were fully adopted with
no changes for all calculations if not stated otherwise.
Their values can be found in the Table S1.

3 | BENCHMARKS OF THE DEVELOPED
MODEL

For each comparison of model predictions against
measurements from the literature, the biological param-
eters (Kipse, Kcpsg, and RSF) were derived solely
from data obtained after photon irradiation of the
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same biological endpoint as reported by the corre-
sponding source. These parameters are then used for
carbon ion predictions without any further modification.
For the benchmarks against the carbon ion irradia-
tion data by Furusawa et al*’ and Saager et al*® the
Kipsg and K psg were already obtained in previous
publications.'® ¢ In the case of the remaining predic-
tions presented in this study, both the photon and carbon
ion irradiation data were obtained from Suzuki et al*°
Flint et al.2? Cartwright et al.,*® and Lerch et al.>" Follow-
ing the procedure detailed in a previous publication,'?
the Kipsg and K psg values are derived by fitting the
model for sparsely ionizing radiation and Equation 1
to the photon data using the curve_fit routine of the
scipy library for Python. For cell lines that are report-
edly subject to DDRi (e.g., DNA-PK deficient mutants),
these two parameters are set to those derived for the
wild type (e.g., DNA-PK proficient parent) of the cell line
and Equation 2 is fitted to determine the RSF.

When cell survival after irradiation with'?¢ was com-
puted for reported LET values we assumed the (quasi)
in-track-segment condition (fixed LET) to be satisfied
within the nuclei. However, LET values taken from lit-
erature are associated with an intrinsic uncertainty as
they are not always calculated via the same definition >
When available the dose-averaged LET was chosen.

For mixed radiation fields, such as spread-out
Bragg-peaks (SOBP), endpoint-specific sets of linear-
quadratic model (LQM) parameters were established as
a function of LET for primary C ions and secondary
fragments by fitting the LQM to survival predicted by
UNIVERSE. On their basis, Monte Carlo codes deter-
mined the biological effect of the mixed radiation field
and relative biological effectiveness (RBE) as detailed
in a previous publication®® and in the Supplementary
Material.

4 | PATIENT PLANS

The treatment plans for an adenoid cystic carci-
noma case (planning target volume (PTV) 275 cm3)
was optimized with the clinical version RayStation11B
(RaySearch Laboratories, Stockholm, Sweden) for pho-
tons. The standard intensity modulated particle therapy
(IMPT) plan using carbon ions was optimized utilizing
a research version of RayStation11B, with support for
RBE optimization with LQM parameters as described
in the supplementary Material. The standard CIRT plan
was optimized for the isocentric gantry, following insti-
tutional guidelines, using three beams with angulation
from 40° to 90°. For the LET boosted plan, 7 beams of
different angles,from 310° to 130°, were applied to allow
an enhanced LET throughout the gross tumor volume
(GTV) while maintaining a uniform biological dose within
the target. The LET boost was enabled by pre-optimizing
the plan in RayStation 2023B and finalizing the optimiza-

tion in the research version Raystation 11B. In this study,
the Normal tissue is defined as the body region with-
out the PTV, cropped in infero-superior considering an
extension of 2 cm of the target. Its a/f ratio was set
to 2 Gy (ay = 0.05 Gy~', B, = 0.025 Gy~2), a standard
choice for NT. The underlying intertumoral heterogene-
ity in DDR was chosen to be reflected by the HPV status
due to its role in HNSCC. The modeling parameters of
the target were set to the values obtained from the in
vitro data set by Lerch et al.

5 | RESULTS

5.1 | Survival after '2C irradiation over
clinical dose and LET range

In Figure 1a, predicted survival of HSG (left panel)
and V79 (right panel) cells after irradiation with '2C
ion beams over a wide LET range are compared to
measured values from Furusawa et al*’ The cell line
dependent parameters (Kipsg, Kcpsg) were already
derived in a previous publication'® based on the photon
data reported by Furusawa et al*’ and are given in
Table 1. For UNIVERSE, the mean relative difference
between the measured and predicted logarithm of
survival fraction (MRDLS) were 13.4% and —16.7% for
HSG and V79, respectively. As a comparison, predictions
of the mMKM were calculated following the procedure
detailed in a previous publication.”® The mMKM scored
an MRDLS of 16.6% and —13.7% for HSG and V79,
respectively.

Figure 1b depicts measured cell survival as a func-
tion of dose for 15 cell lines irradiated with photons and
2C ion beams at 13 and 77 keV/um taken from Suzuki
et al*° with respective simulations by UNIVERSE (lines).
In the last panel, the percentage difference between
experimental and UNIVERSE-derived D4 (i.e., the dose
required to reach a survival fraction of 10%), AD;, for
13 and 77 keV/u m is summarized in terms of box plots.
At 13 and 77 keV/u m, AD1g mean + standard devia-
tion was 3.7% + 8.2% and 21.2% + 21.9%, respectively.
The parameters Kipsg and K psg Were derived from the
photon data and are reported in Table 1.

5.2 | Survival of DNA repair deficient
and HPV-positive cell lines after carbon
ion irradiation

Figure 2a shows the predictions for survival data of
MO59K cells and their DNA-PK deficient mutant (M059J)
after irradiation with photons and '2C ions at 13.5, 27.9,
and 60.5 keV/um obtained by Flint et al?® The cell
line dependent parameters Kjpsg and K;psg as well
as the RSF were derived from photon survival curves
and are given in Table 1. The R? values (coefficient of
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FIGURE 1

(a) Survival of HSG (left panel) and V79 (right panel) cells after irradiation with '2C ion beams at clinically relevant dose and

linear energy transfer (LET) values from Furusawa et al.,*” with respective simulations by UNIVERSE and the modified Microdosimetric Kinetic
Model (mMKM). (b) Survival fraction of different cell lines (squares with error bars) after irradiation with photons and '2C ion beams at 13 and
77 keV/um from Suzuki et al*° with respective simulations by UNIVERSE (lines). In the last panel the percentage difference between
experimental and UNIVERSE-derived D4q for 13 and 77 keV/u m is summarized in terms of box plots.
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TABLE 1 Numerical values of the parameters of UNIVERSE derived for all benchmarks.

Cell line/biological endpoint Kipss Kcpss RSF
HSG*7 8.18E-3 + 0.64E-3 0.38 +0.015 -

V7947 4.85E-3 + 0.20E-3 0.13 + 0.0035 -
NB1RGB*° 1.19E-2 + 0.013E-2 0.32 + 0.0029 -

HFL-1114° 1.14E-2 + 0.014E-2 0.38 + 0.0030 -

LC-1sq*° 6.49E-3 + 0.57E-3 0.73 + 0.011 -

A54949 1.80E-3 + 0.073E-3 0.27 + 0.0016 -

C32TG*? 6.96E-3 + 0.072E-3 0.24 + 0.0016 —

Marcus*? 4.81E-3 + 0.087E-3 0.28 + 0.0018 —
SK-MG-149 2.56E-3 + 0.14E-3 0.31 + 0.0030 —
KNS-894° 6.47E-4 + 5.28E-4 0.53 +0.011 -

KS-149 2.13E-2 + 0.0087E-2 0.24 + 0.0019 -

A-1724° 9.90E-3 + 0.21E-3 0.48 + 0.0045 -
ONS-764° 2.03E-3 + 0.29E-3 0.53 + 0.0064 -
KNS-604° 4.58E-4 + 0.79E-4 0.28 + 0.0017 -

Becker*® 2.72E-3 + 0.029E-3 0.13 + 0.00063 -

T98G*9 1.38E-3 + 0.091E-3 0.27 + 0.0020 —

SF1264° 5.51E-3 + 0.10E-3 0.38 + 0.0022 —

M059K20 1.06E-2 + 0.0078E-2 0.14 + 0.0055 -

M059J20 Set equal to MO59K Set equal to MO59K 541 +027
CHO WT?0 4.38E-3 + 1.37E-3 0.23 + 0.027 -

V350 Set equal to CHO WT Set equal to CHO WT 9.60 + 0.19
Xrs5°0 Set equal to CHO WT Set equal to CHO WT 14.85 + 0.50
UMM-SCC-6 (HPV-neg)®’ 1.18E-3 + 0.79E-3 0.45 + 0.031 -
UPI:SCC154 (HPV-pos)°' Set equal to HPV-neg Set equal to HPV-neg 10.44 + 0.80

Rat Spinal Cord*® 6.5E-5 + 1.77E-5

8.5E-3 + 0.39E-3 -

determination) for fits of the photon data show a mean
of 0.99, while predictions for '2C ions reach a mean of
0.92.In Figure 2b UNIVERSE predictions for CHO cells
and their two NHEJ response-deficient mutant cell lines
(V3 being DNA-PKcs-deficient and xrs-5 being Ku80-
deficient) after irradiation with photons (left panel) and
2C ions at 13 keV/um (central panel) and mid-SOBP
(50 keV/pm, right panel) are compared against exper-
imental data taken from Cartwright et al®® Again, the
Kipse: Kcpsa, and RSF values were obtained based on
the photon data and are reported in Table 1. The R? val-
ues for fits of the photon data achieved a mean of 1.00,
while predictions for 2C ions reach a mean of 0.96.

In the upper-left panel of Figure 3 cell survival data
(empty squares with error bars) of HPV-negative cells
(UMM-SCC-6) and HPV-positive cells (UPI:SCC154)
after irradiation with photons (upper left panel) and car-
bon ions (upper right panel) obtained from Lerch et al >’
are shown. The respective UNIVERSE predictions are
depicted as lines. The values for the parameters Kipsg,
Kc.pss, and RSF were derived from the photon data in
the upper-left panel and are given in Table 1. The R?
values for fits of the photon data achieved a mean of
0.99, while predictions for '2C ions reach a mean of

0.98. In the lower panels of Figure 3, survival fractions
of five HPV-positive and five HPV-negative cells irra-
diated with 6 Gy photons (left) or 3 Gy carbon ions
(right) are shown together with UNIVERSE prediction for
UMM-SCC-6 and UPI:SCC154 cells as representatives
for HPV-negative and positive cell lines, respectively.

5.3 | Invivo RBE after carbon ion
irradiation

In Figure 4, the in vivo RBE in rat spinal cord (RSC)
measured by Saager et al*® are compared against
UNIVERSE simulations. The original study determined
the RBE based on the TD50-values (dose at 50% effect
probability) for the clinical endpoint of paresis grade
Il that was detected within 300 days. The RSC was
positioned at six depths within a carbon ion SOBP with
one (1Fx), two (2 Fx), or six (6 Fx) fractions applied.
The values for Kipsg and K.psg were obtained in an
earlier publication'® and are reported in Table 1. The
mean absolute deviations (MAD: the absolute value
of the percentage difference between measured and
predicted RBE averaged over the values for 1Fx, 2Fx
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FIGURE 2 (a) Survival data of MO59K cells and their DNA-dependent protein kinase (DNA-PK)-deficient mutant (M059J) after irradiation
with photons and '2C ions at 13.5, 27.9, and 60.5 keV/um from Flint et al2® and respective simulations by UNIVERSE. (b) Survival data of CHO
cells and their two NHEJ response-deficient mutants (V3 cell line is DNA-PKcs-deficient and xrs-5 cell line is Ku80-deficient) after irradiation
with photons (left panel) and 2C ions at 13 and 50 keV/um (center and left panels) from Cartwright et al.>° and respective simulations by

UNIVERSE.

and 6Fx) were found to be 5.29%, 2.54%, 5.56% for 1
Fx, 2 Fx and 6 Fx, respectively.

5.4 | Obtained endpoint dependent

model parameters

The numerical values of the endpoint dependent model
parameters which were obtained for the presented

benchmarks based on photon irradiation data are
summarized in Table 1.

5.5 | Patient planning study

Figure 5a—c shows the effective dose distributions of
irradiation plans for conventional photon radiother-
apy, CIRT, and CIRT with an increased target LET,
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FIGURE 3 Survival data (empty squares with error bars) of UMM-SCC-6 cells (HPV-negative) and UPI:SCC154 cells (HPV-positive) after
irradiation with photons (upper left panel) and carbon ions (upper right panel). The respective UNIVERSE predictions are depicted as lines.
Survival data of five HPV-negative cells and HPV-positive cells after 6 Gy photon irradiation are shown in the lower left panel. Survival data of
five HPV-negative cells and HPV-positive cells after 3 Gy carbon ion irradiation are shown in the lower right panel. All data taken from Lerch

et al®" The UNIVERSE predictions are based on UMM-SCC-6 and UPI:SCC154 cells.
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FIGURE 4 Measured (points with error bars, Saager et al*8) and
predicted (lines) RBE in RSC irradiated at 6 positions within a clinical
SOBP using one (1 Fx), two (2 Fx) or six (6 Fx) carbon ion fractions.
The RBE is calculated based on the TD50-values (dose at 50%
effect probability) for the clinical endpoint of paresis grade Il that was
detected within 300 days.

respectively, for a patient with a head and neck tumor.
The plans were optimized to induce the same effect
as a 3 Gy photon irradiation in HPV-negative (UMM-
SCC-6) cells within the clinical target volume (CTV),
based on the parameters established above (Table 1
and Figure 3). From the LET-volume-histogram (LVH)
in Figure 5d one can derive that the LET that is
at least received by 50% of the GTV (LETsy) was
about 58.1 keV/um for the standard CIRT plan and
100.8 keV/um for the CIRT plan with an LET boost. For
each plan the effective dose-volume-histogram (DVH)
within the GTV is shown in Figure 5e, assuming the
parameters derived for HPV-negative (UMM-SCC-6)
and HPV-positive (UPI:SCC154) cells established prior
(Table 1 and Figure 3). The effective dose represents the
physical photon dose needed to achieve the observed
effect in HPV-negative (UMM-SCC-6) cells. The effec-
tive dose that is at least received by 50% of the GTV
(Dsg) was found to be 3 and 4.86 Gy in the photon plan,
3 and 3.38 Gy in the CIRT plan,and 2.96 and 3.21 Gy in
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(a) Photon, (b) carbon ion radiotherapy (CIRT), and (c) CIRT with LET boost plans for a head and neck tumor patient optimized

to induce the effect of 3 Gy in HPV-negative (UMM-SCC-6) cells (Table 1 and Figure 3) within the target (GTV). (d) LET-volume-histogram
(LVH) of the CIRT and CIRT with LET boost plan within the GTV. (e) Effective dose-volume-histogram (DVH) within the GTV for all plans
assuming the parameters derived for HPV-negative (UMM-SCC-6) and HPV-positive (UPI1:SCC154) cells established prior (Table 1 and

Figure 3). The effective dose represents the physical photon dose needed to achieve the observed effect in HPV-negative (UMM-SCC-6) cells.
(f) DVH within the normal tissue (NT) for the photon and CIRT plans. The effective dose represents the physical photon dose needed to achieve
the observed effect at an a/f ratio of 2 Gy, a standard choice for NT. In addition, a DVH is shown for the case that the prescribed dose for
photons is de-escalated for an HPV-positive case to match the effect in an HPV-negative tumor.

the CIRT plan with the LET boost, for the HPV-negative
and HPV-positive case, respectively. For the presented
case, the change in DNA repair proficiency connected
to the HPV status is thus predicted to have a reduced
impact for both the standard (+13% effective dose) and
LET enhanced (+8%) CIRT plan in comparison to the
conventional photon plan (+62%). The DVH within the
normal tissue (NT) for the photon and CIRT plans are
shown in Figure 5f. In this case, the effective dose rep-
resents the physical photon dose needed to achieve the
observed effect at an a/g ratio of 2 Gy (a, = 0.05 Gy~ ',
B« = 0.025 Gy—2), a standard choice for NT. In addition,
a DVH is shown for the case that the prescribed dose
for photons is de-escalated for an HPV-positive case
to match the effect in an HPV-negative tumor. In the
presented setting, the de-escalation results in a consid-
erable reduction of the maximum effective dose, with
the D, (minimum effective dose within the 2% volume
receiving the highest effective dose) falling from 2.65 Gy
to 1.64 Gy, which lies below the level found for CIRT
(D, = 2.41 Gy). At the same time, the integral effective
dose to the NT remains notably higher in comparison to
CIRT, as the average effective dose (D) is found to

drop from 0.75 to 0.46 Gy after de-escalation, while for
CIRT it lies at 0.24 Gy.

6 | DISCUSSION

Based on only two variables (Kipsg and K;psg) derived
solely from photon data, the carbon model of UNI-
VERSE was shown to predict in vitro cell survival for
numerous cell lines and LET settings (Figure 1) as
well as the RBE of an in vivo endpoint within an
SOBP (Figure 4) with appropriate accuracy. Consider-
ing the benchmarks in Figure 1, UNIVERSE was found
to perform comparably to the mMKM. While it slightly
outperformed it on the HSG data by Furusawa et al.,
the opposite was found for the V79 data (Figure 1a).
When the percentage difference between the predicted
D¢ and the measurements compiled by Suzuki et al.
(Figure 1b) was calculated for the mMKM (cp. Figure S1),
values of 9.7% + 7.8% and 23.3% + 19.7% were found
for 13 and 77 keV/u m, respectively, indicating a slightly
better performance by UNIVERSE (3.7% + 8.2% and
21.2% + 21.9%) for that dataset.
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While the performance of the basic carbon model
is favorable, the greatest value of our framework may
lie in its unique ability to account for DDRi through
a single, dose- and LET-independent, parameter. The
applicability of this RSF parameter to carbon ions was
demonstrated for several beam energies and cell lines
based on literature data (Figures 2 and 3). In an earlier
study regarding protons and helium ions,'> UNIVERSE
was shown to correctly predict certain trends includ-
ing a decrease of the impact of DDRi on cell survival
with increasing LET or a diminishment of RBE in cells
affected by DDRI. In this study, these tendencies appear
to be confirmed for carbon ions, too: Based on the Dqg
values reported by Flint et al. (Figure 2a)?° the sensi-
tivity enhancement ratio, or SER, (ratio between the
dose applied to reference cells and the dose applied to
DDRIi affected cells to reach iso-effect, here: 10% sur-
vival) between M059K and M059J was found to be 3.95
for photons. For carbon ions it declined to 3.36, 3.22,and
2.9 at13.5,27.9,and 60.5 keV/um, respectively. Further-
more, while the RBE in MO59K increased from 1.33 over
1.52 to 1.80 for the same carbon LETs, it increased with
a smaller slope and values for M059J cells who exhib-
ited RBEs of 1.13, 1.25, and 1.33 over the same range.
Although numerical values of D4y where not reported
by Cartwright et al. (Figure 2b), the same trends can
be inferred from the survival curves where the Dy val-
ues for the DDRIi cell lines (xrs5 and V3) virtually do not
change as the LET is increased, while for the CHO WT
the values visibly decrease.

The reduced impact of DDRi in high LET carbon
beams can be seen particularly well in Figure 3: For
HPV-positive (DDRI) cell lines a dose of 3 and 6 Gy
where necessary for carbon ions and photons, respec-
tively, to reach a survival of slightly above 1%. When
switching to HPV-negative cells the same doses lead
to a considerably increased cell survival for photons,
while it hardly changed for the carbon beam. By accu-
rately predicting the survival curves of these data sets,
UNIVERSE demonstrated its capability to capture these
important trends also for carbon ions.

In our model, the decreased sensitivity (or robustness)
of CIRT against DDRI, especially at high LET, arises
due to our assumption that it predominantly affects the
lethality of isolated DSB (Equation 2). CIRT induces
higher levels of complex DSB than sparsely ionizing
radiation due to the high local doses within their tracks,
which further increase with rising LET (Equations 4-6).
Thus, the lethality of isolated DSB and the introduction
of an RSF that reflects the DDRI, plays a diminishing
role for the effectiveness of (high-LET) CIRT.

To investigate the clinical implications of the model,
a representative treatment planning study was con-
ducted based on a patient with a head and neck tumor
(Figure 5), where the underlying intertumoral hetero-
geneity in DDR was chosen to be reflected by the HPV
status. It shall be emphasized that this treatment plan

analysis is to be seen as paradigmatic and the resulting
values may vary for other treatment plans depend-
ing on many factors, including the model parameters,
patient geometry and beam settings. Nonetheless, in
the presented case, the impact of the DDRi on the
Dsq was substantially reduced from the photon plan to
the standard CIRT plan (62% change in D5y to 13%).
Standard CIRT may thus already offer a notably higher
robustness against DDRi based intertumoral variance
in radiosensitivity. The CIRT plan with enhanced LET
reduced the effect of the DDRI even further, nearly halv-
ing it (13% change in Dgy to 8%). Advanced treatment
techniques such as multi-ion®* or particle arc therapy®®
which provide improved high-LET coverage throughout
the target may thus be especially suitable to minimize
the uncertainty in treatment outcome.

Unsurprisingly, the exposure of the NT in CIRT was
found to be considerably lower in comparison to the con-
ventional photon plan. It may however be argued that,
in cases in which the DDR status is known, the photon
dose could be de-escalated. In the case of HPV-positive
head and neck tumors, such an approach has indeed
gained serious attention.*® In our study we reduced the
applied dose by the factor needed to match the effect
in an HPV-positive tumor to that in an HPV-negative
one to represent such an approach. While the maximum
effective dose was reduced (from a D, of 2.65-1.64 Gy)
below that of the CIRT plan (D, of 2.41), indicating a
potential reduction of toxicity in ipsilateral organs, CIRT
continues to apply less integral effective dose to the NT
(Dmean Of 0.75, 0.46, and 0.24 Gy for the conventional
plan,its de-escalation and CIRT, respectively). CIRT may
thus remain less toxic for organs far from the target and
placed contralaterally as well as maintain reduced risk
of secondary malignancy, especially in young patients.
Furthermore, one needs to consider that in many cases
the DDRI status remains undetermined and even if it
is known large uncertainties remain regarding the exact
amount of de-escalation that may be appropriate. Taken
together, conventional photon therapy with dose de-
escalation might only become a viable option over CIRT
in cases where the maximum dose to specific organs is
paramount and once reliable bio markers would allow to
deduce the suitable dose reduction.

Unfortunately, the RSF cannot capture the effect
of all mechanisms underlying interpatient variability in
tumor radiosensitivity, most notably hypoxia. However,
one of the strategies proposed to overcome hypoxia
related radioresistance has been to maximize the LET
within the target?? the same approach that our study
demonstrated to suppress DDRi based heterogene-
ity in treatment outcome. This underlines the need to
advance technologies and methods that may provide
robust high-LET coverage of the tumor and the study
of their clinical applicability, as they could hold the key
to reducing some of the most important sources of
patient-to-patient divergence in therapy outcome.
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7 | CONCLUSION

UNIVERSE was successfully extended to include car-
bon ions, allowing the prediction of their biological effect
even under interference with DDR within the target using
not more than three variables derived from photon data.
The conducted patient planning study implies that CIRT
offers higher robustness against DDRi based interpa-
tient variance in tumor radiosensitivity. It also appears to
remain a more favorable option over conventional radio-
therapy in most cases, even when the DDRIi status is
known, due to its ability to prevent low-dose exposure
of large parts of the NT and persisting uncertainties
connected to the appropriate extent of photon dose de-
escalation. Boosting the LET within the target further
decreased the dependence of the predicted biological
effect on DDR proficiency, providing a possible avenue
to maximize the clinical potential of CIRT in mitigating
crucial uncertainties in radiotherapy.
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