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Abstract

Background: To determine the relative biological effectiveness (RBE) and a/f-values after fractionated carbon ion
irradiations of the rat spinal cord with varying linear energy transfer (LET) to benchmark RBE-model calculations.

Material and methods: The rat spinal cord was irradiated with 6 fractions of carbon ions at 6 positions within a 6
cm spread-out Bragg-peak (SOBP, LET: 16-99 keV/um). TDsp-values (dose at 50% complication probability) were
determined from dose-response curves for the endpoint radiation induced myelopathy (paresis grade Il) within 300
days after irradiation. Based on TDsg-values of 15 MV photons, RBE-values were calculated and adding previously
published data, the LET and fractional dose-dependence of the RBE was used to benchmark the local effect model
(LEM | and IV).

Results: At six fractions, TDsg-values decreased from 39.1 + 0.4 Gy at 16 keV/um to 17.5 + 0.3 Gy at 99 keV/um and
the RBE increased accordingly from 1.46 +0.05 to 3.26 + 0.13. Experimental a/B-ratios ranged from 6.9+ 1.1 Gy to
443 +7.2 Gy and increased strongly with LET. Including all available data, comparison with model-predictions
revealed that (i) LEM IV agrees better in the SOBP, while LEM | fits better in the entrance region, (i) LEM IV
describes the slope of the RBE within the SOBP better than LEM |, and (iii) in contrast to the strong LET-
dependence, the RBE-deviations depend only weakly on fractionation within the measured range.

Conclusions: This study extends the available RBE data base to significantly lower fractional doses and performes
detailed tests of the RBE-models LEM | and IV. In this comparison, LEM IV agrees better with the experimental data
in the SOBP than LEM I. While this could support a model replacement in treatment planning, careful dosimetric
analysis is required for the individual patient to evaluate potential clinical consequences.
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Background

Ion beams exhibit finite ranges in tissue and allow for
highly conformal irradiation of tumors by using spread-
out Bragg-peaks (SOBP) [1]. Carbon ions show a signifi-
cantly higher biological effectiveness than protons [2] and
clinical trials are ongoing to test whether this feature im-
proves outcome in patients [3]. The increased effective-
ness of ions is measured by the relative biological
effectiveness (RBE) given as the ratio of photon and ion
doses that lead to the same biological endpoint. The RBE
of carbon ions is a complex quantity and depends strongly
on linear energy transfer (LET), fractional dose as well as
on biological factors like repair capacity and others [2].

Based on early experience at the Lawrence Berkley Labora-
tory (USA) [4], carbon ions have been introduced clinically
in 1994 at the National Institute of Radiological Sciences
(Japan) [5] followed by other institutions in Germany, Japan,
Italy, China and Austria [3]. When treating patients, the RBE
is calculated by models [6—8] and clinical results are critically
affected by their accuracy [3]. Presently, the mixed beam
model (MBM) [6], the local effect model (LEM) [7] and the
microdosimetric kinetic model (MKM) [8] are employed in
patients. While development and initial validation of these
models was mainly based on in vitro data, less effort has
been performed to validate them by preclinical in vivo stud-
ies, mainly because of the limited availability of in vivo RBEs,
especially for late effects.

In previous studies [9, 10], the RBE of carbon ions was
determined in the rat spinal cord, which has been estab-
lished as a model for late normal tissue effects [11]. These
measurements were performed only in the entrance re-
gion of a mono-energetic Bragg-peak and at the center of
a 1 cm SOBP and allowed for initial benchmarking of the
clinically applied version of the local effect model (LEM I)
at very low and high LETs. Deviations found in this com-
parison lead to the development of the newer version
LEM 1V [12], however, LEM I is still used clinically up to
now and it remains to be shown, whether LEM I or LEM

Table 1 Dose levels and animal numbers used for the experiments
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IV describes the RBE more accurately, as detailed infor-
mation on the LET- and dose-dependence is lacking.
More recently, a large series of experiments investi-
gated the RBE of carbon ions in the rat spinal cord after
single and split doses at 6 positions within a 6 cm SOBP
[13-15]. The present study extends these experiments to
6 fractions allowing for the analysis of the RBE-
dependence on LET at significantly lower fractional
doses as well as the dose-dependence of the RBE. These
data are employed to systematically test the RBE-
calculation by the RBE-models LEM I and IV.

Methods

Animals

This study was performed with 209 young adult female
Sprague Dawley rats (208 + 12 g, Charles River, Sulzfeld,
Germany). Animals were irradiated under inhalation
anesthesia with a mixture of 4% Sevoflurane (Abbott,
Wiesbaden, Germany) and 2 1/min oxygen using a 50 ml
disposable syringe as a mask. Experiments were ap-
proved by the governmental review committee on ani-
mal care (35-9185.81/G62-08, G117/13), and animals
were kept under standard conditions at the DKFZ Cen-
ter for Preclinical Research.

Experimental setup

The experimental setup was the same as in previous stud-
ies [13—15]. The spinal cord was positioned at 6 different
depths of a 6 cm SOBP (70 to 130 mm water-equivalent
depth, 187-260 MeV/u), which was optimized to a uni-
form absorbed dose in the Bragg-peak region using the
treatment planning system TRiP (treatment planning for
particles) [16]. The different depths correspond to differ-
ent dose-averaged LET-values (Table 1) and accordingly
to different RBE-values. The field size was 10 x 15 mm?
and included the cervical segments C1-C6 [13-15]. The
depth of the spinal cord in the SOBP was adjusted with
polymethyl-methacrylate (PMMA)-boli.

Water-equivalent depth [mm] LET [keV/pm] Dose levels [Gy] Total number of animals
35 16 375 38, 39, 40, 41, 45, 49° 37
65 21 30, 32, 34, 36, 38, 40 30
80 36 255,285% 315,345 20
1007 45 21,67, 2449, 2638, 28.26, 30.14, 32.97 30
120 66 145,155,165, 175 185, 195, 20.5, 21,5, 22.5, 23.5, 245 55
127 99 15,16, 17,18% 19, 20 32
controls 5

2Experiment was performed at GSI, Darmstadt
. p

One animal died due to unknown reasons
“Two animals died during irradiation narcosis
9One animal died during irradiation narcosis

€One animal had to be excluded due to the development of mammary carcinomas (199 d and 200 d, respectively)
fTwo animals had to be excluded due to the development of mammary carcinomas (158 d and 257 d, respectively)
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At each depth, the spinal cord was irradiated with 6
daily fractions (Fx) of carbon ions. Animals were irradi-
ated with different dose levels in groups of five animals
(Table 1), both selected to obtain similar statistical
accuracy as in previous experiments [13-15]. Doses
covered 0—-100% response probability and five animals
were included as sham treated controls. The mid-SOBP
position was irradiated at the Helmholtz Center for
Heavy Ion Research (GSI), all other experiments were
performed under identical conditions at the Heidelberg
Ion-Beam Therapy Center (HIT). In all experiments the
active raster scanning method was employed [17]. Pre-
scribed doses refer to the maximum dose measured with
a pinpoint ionization chamber (TM31009, PTW Frei-
burg, Germany).

Follow-up and biological endpoint

After irradiation, rats were monitored weekly for weight
and general condition. The biological endpoint was radi-
ation induced myelopathy (paresis grade II) within 300
days, meaning that both forelimbs show signs of paraly-
sis [9]. Rats exhibiting this endpoint were sacrificed and
scored as responder.

Data analysis

Data analysis was performed as in previous studies [9,
10, 13-15]. For each SOBP-depth, a dose-response curve
and the dose at 50% complication probability, TDs,, was
determined (Appendix 1). Using the previously mea-
sured dose-response curve for 15 MeV photons [10], the
RBE was calculated as the ratio of the TDsyp-values for
photons and carbon ions. Including additionally data for
1 and 2 fractions [13-15], the fractionation parameter a/f3
and the biologically effective dose at 50% complication
probability, BEDsq, of the linear-quadratic (LQ) model
[18] were calculated for all SOBP-depths (Appendix 2).
Using previously determined BEDs,-values for photon
irradiations [9, 10], the maximum RBE in the limit of low
doses was estimated as the ratio of the BEDsy-values of
photons and carbon ions.

RBE calculations

The RBE-values were calculated at the 6 depths of the
spinal cord within the SOBP using the clinically applied
LEM I [7] as well as the newer version LEM IV [12],
employing the so-called ‘full-simulation’ approach [19].
The RBE was calculated at the TDsy-dose levels obtained
for carbon ions using the standard parameters for LEM I
(@/f=2 Gy, a=0.1 Gy ', D,=30 Gy) and LEM IV
(/=2 Gy, a=0.003 Gy, D,=22 Gy) [20]. Maximum
RBE-values were calculated from the ratio of a-values of
carbon ions photons.
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Statistics

Dose-response curves were adjusted using the maximum
likelihood procedure of STATISTICA [21]. Incomplete
follow-up of animals was considered using the method
of effective sample sizes [22] that corrects the number of
treated and responding animals to match actuarial re-
sponse rates and their variances. Standard errors (SE) of
TDso, RBE and a/f were calculated by error propagation
considering the correlation of the underlying parameters
and Fieller's Theorem [23] was used to calculate 90%
confidence limits (CL). If the SE could not be calculated
by STATISTICA, it was estimated as 25% of the dose
difference between the neighbouring 0 and 100% dose-
response levels [13].

Results

Irradiation was well tolerated by the animals. Four out of
209 animals died for unknown reasons and four animals
had to be excluded due to the development of mammary
carcinomas (Table 1). Acute toxicity developed within 3
weeks after treatment including a slight or complete tran-
sient hair loss and moist desquamation of the skin. Mean
and minimum latency time of radiation induced myelop-
athy decreased slightly with increasing LET, fraction num-
ber and dose (Figs. 1 and 2).

With increasing LET, the dose-response curves were
shifted to lower doses (Figs. 3 and 4). This is expressed
quantitatively by the TDsq-values (Table 2A) and as a re-
sult, the RBE increased with LET. Table 2B displays the
BEDso-values and the corresponding maximum RBE-
values representing the expected upper limits for very
small fractional doses.

Including previous photon data, Fig. 5 displays the de-
pendence of the RBE and the extrapolated maximum
RBE on LET, depth and fractional dose in comparison to

300
® 1Fx(min)
B 2 Fx(min)
4 6 Fx(min)
250 +
=)
£
£200 [ F--__
& ] % [ TTfe—— Tl
o T
ki - -—
c | | e e "T—__ | TU===
- =
150 -
100 H
10 20 30 40 50 60 70 80 90 100 110
Dose-averaged LET [keV/um]
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the model predictions. Table 3 summarizes the average
deviations between measured and predicted values
numerically.

While LEM I describes the RBE best at 16 keV/pm and
deviates increasingly towards higher LETs, LEM IV fits
best at 99 keV/um and deviates increasingly at intermedi-
ate and low LETs (Fig. 5a). Quantitatively, LEM I differs
by -20.1% (- 19.9 — —20.7) in the SOBP while LEM IV
deviates only — 8.3%, (- 6.6 — — 11.3%) (Table 3A). In con-
trast, the deviations in the entrance region are larger for
LEM IV (- 215, - 17.8% — -26.9%) than for LEM I (- 7.2,
-3.0% — -11.2%) and LEM IV generally underestimates
the RBE at low LETs (Table 3B). Only the extrapolated
RBE,,.«-values show similar mean deviations in the SOBP
for LEM I and IV (- 1.7% vs 4.8%), however they deviate
increasingly but in opposite directions at low and high

LETs, respectively (Fig. 5b). As compared to measure-
ments, the slope of the LET-dependent RBE within the
SOBP region was significantly more shallow for LEM I
(ratio: 0.44, 0.37—-0.51) and somewhat steeper for LEM IV
(ratio 1.21, 1.17-1.27) (Table 3C) corresponding to a more
pronounced increase of the RBE with depth (Fig. 5¢,d). Fi-
nally, the experimental RBE of the single and split dose
studies exhibit an essentially linear increase with LET,
while the fits to the 6 fraction experiment as well as to the
extrapolated maximum RBE start to saturate between 66
and 99 keV/pm.

Comparing the dose-dependence, LEM IV reproduces al-
most exactly the measured RBE-curve at 99 keV/um while
LEM I markedly underestimates the RBE over the whole
dose range (Fig. 5ef). At 16 keV/um, however, the consist-
ently increased experimental RBE of 1.3—1.5, is not described
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Fig. 3 Dose-response curves after 6 Fx of carbon ions measured at different SOBP-depths (a—f) together with the previously published photon
curve [10]. Error bars indicate 1 SE of TDs. Error bars with caps are based on the fit while those without were estimated (see text)

by LEM 1IV. This increase is better described by LEM I al-
though the slope of the RBE with dose is larger than for the
measured data. Generally, the deviations of measured and
calculated RBE varied only weakly (SD of 1-6%) between the
different fractionation schedules (Table 3D).

Performing a linear regression to the experimentally
obtained a/fS-ratios revealed strong increase with LET
(Fig. 6 and Table 2C). This is reflected by both LEM ver-
sions, however, with a systematically higher value for
LEM I than for LEM IV.

Discussion

Methods for validating RBE-models

Clinically, the RBE-concept pursues two aims: (i) weight-
ing the absorbed dose distribution according to the local
beam quality to achieve a uniform biological effect in

the SOBP, and (ii) prescribing an RBE-weighted dose be-
ing approximatively equivalent to a photon treatment.
As the RBE impacts the treatment effectiveness, RBE-
models require tests of increasing clinical relevance.
Initially, RBE-models were developed based on cell ex-
periments using clonogenic survival as endpoint, thereby
neglecting interactions between cells or impact of physio-
logical and micro-environmental factors. However, espe-
cially late effects do not solely result from inactivation of
cell populations [24, 25] and it is therefore important to
benchmark RBE-models additionally in vivo. For this, the
rat spinal cord is an established model [9-11, 26, 27] pro-
viding a well-detectable endpoint and a volume-
independent response, if the irradiated segment is larger
than 8 mm [28]. Hence, our study measures the RBE for
the local radiation quality related to the only marginal
LET-variation within the cross-section of the rat spinal
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are based on the fit while those without were estimated (see text)

cord. This is considered as the consequent next step after
measuring the RBE locally for isolated cells.

We recall that the models used here predict local RBE-
values at each point in the tissue and do not consider vol-
ume effects as they occur in organs of the central nervous
system like e.g. the brain, where smaller irradiated volumes
increase radiation tolerance and thereby reduce the risk of
side effects. Disregarding the volume-effect, the rat spinal
cord therefore is a particularly suitable in vivo system to
benchmark the LET- and dose-dependence of RBE-models.
Further developments of models and advanced experimen-
tal approaches as reported in [29] would be required to
reliably disentangle high-LET-, dose- and volume-effects.

Benchmarking LEM | and IV
The present study extends the available RBE data base
to significantly lower fractional doses. Altogether, the
data provides a comprehensive and consistent set of
RBE-values for carbon ions as a function of LET at dif-
ferent dose levels. These data were used to benchmark
predictions of the LEM (Fig. 5). Based on these compari-
sons, we conclude that (i) LEM IV agrees better in the
SOBP, while LEM I fits better in the entrance region, (ii)
LEM 1V describes the slope of the RBE within the SOBP
better than LEM [, and (iii) in contrast to the strong
LET-dependence, the RBE-deviations depend only
weakly on fractionation within the measured range.
Interestingly, while the RBE increased linearly with LET
for single and split doses, the 6 Fx experiment as well as
the extrapolated maximum RBE exhibited a slight satur-
ation. This could be a first indication of the so-called
overkill-effect, well-known from cell experiments which
leads to a decreased RBE beyond 150-200 keV/um [30].
Finally, the interpolated a/fS-values rise with LET con-
sistently with the increasingly linear cell survival curves
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Table 2 Determined values for TDsg, BEDsq, RBE, RBE, s and a/3
together with the single standard errors (SE) and 90%-confidence
limits (CL)

Study TDso + SE (90% CL) [Gy]l ~ RBE + SE (90% CL)
(A) 6 Fx
Photons® 570420 (-)°
Carbon ions
16 keV/um  39.1+04 (38.2-40.0) 146 £0.05 (1.37-1.55)
21 keV/um  33.8+06 (32.5-35.0) 169+ 0.07 (1.58-1.80)
36keV/um 287 +15 (-)° 198+0.12 (1.79-2.21)
45keV/pm  269+0.5 (25.7-28.1) 2.12+£0.08 (1.98-2.26)
66 keV/um  186+04 (17.8-19.3) 3.07+0.12 (2.87-3.27)
99 keV/um  175+03 (16.8-182) 326+0.13 (3.05-348)

(B)1,2and 6 Fx  BEDsp+ SE (90% CL) [Gy]  RBEpy + SE (90% CL)

Photons® 2449 + 243 (208.2-293.3)

Carbon ions
16 keV/um 763+ 7.2 (66.0-92.0) 3214044 (255-4.02)
21 keV/um 533 £3.7 (47.7-60.9) 4.59£0.55 (3.73-5.57)
36keV/um  39.5+ 23 (36.0-44.6) 1£0.71 (5.09-7.44)
45keV/um 364+ 1.8 (33.2-40.3) 6.73+0.74 (5.55-8.00)
66 keV/um 20306 (194-213) 12.07 £1.24 (10.05-14.13)
99 keV/um 19.0£06 (18.1-20.1) 12.87 £133 (10.71-15.08)

(@ 1,2and 6 Fx  o/B + SE (90% CL) [Gy]

Photons® 28+04 (2.2-3.5)

Carbon ions
16 keV/um 69+ 1.1 (52-89)
21keV/um  98+13(7.7-12.2)
36 keV/um 146+19 (11 82)
45 keV/um 128+ 1.5 (10.3-16.4)
66 keV/um 443 +7.2 (33.8-60.4)
99 keV/um 308 +4.6 (23.9-40.9)

“Data obtained or derived from [10]
YEstimated standard error, confidence limits could not be determined (see text)

for carbon ions. This confirms a reduced repair capacity
and in spite of systematic differences between LEM I and
IV, both LEM-versions describe the a/S-values reasonably
well when considering experimental uncertainties.

Clinical handling of RBE-models

Our measurements indicated that LEM IV is more ac-
curate in the SOBP at least up to 6 fractions. Although
this might suggest a replacement of LEM I in treatment
planning, additional aspects need to be considered:
While the RBE-weighted dose distributions optimized
with both models will look very similar, the underlying
RBEs will differ, leading to different absorbed doses and
thus effectiveness in tumor and normal tissues.
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Furthermore, although the clinically applied LEM I
underestimated the RBE in the rat spinal cord at high
LETs, this may have been compensated in patients by
prescribing a lower dose as the prescribed dose repre-
sents an independent treatment parameter. This raises
the question, whether RBE-models should actually
predict the absolute RBE or only its relative LET- and
dose-dependence. The latter approach is followed at the
Japanese centers [6, 8], where in vitro RBE-depth profiles

are normalized to the clinical RBE. Moreover, the
clinical RBE is not changed with fractionation and the
altered effectiveness was rather considered by changing
the prescribed dose [2, 3]. Thus, after successful dose
finding, the remaining question is, whether a more
accurate relative RBE-distribution would improve treat-
ment outcome.

With respect to the RBE-profile, it has to be noted that
the target volume contains mostly tumor rather than
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Table 3 Average deviations of LEM-predictions from experimental data. Values are given as mean+ 1 SD (A, B, D) or + 1 SE (O),
respectively

LEM | LEM IV
(A) Fx RBE-deviation averaged over SOBP region® [%]
1 -20.7 £ 5.1 —-66 £ 39
2 -199+63 —-70+41
6 -199+79 -113+76
oo (limit d=0)° —1.7+255 48 £ 223
(B) Fx RBE-deviation averaged over entrance regionb [%]
1 -112+£19 =178+ 10
2 —-75+38 —19.7 £ 30
6 -30+43 -269 + 3.1
oo (limit d=>0)° 586 + 272 —492 + 22
©) Fx Slope ratio in SOBP region®
1 037 +0.08 1.27 £ 021
2 044 £ 0.04 117 £0.08
6 051 £0.18 119 +035
oo (limit d=>0)° 036 +0.12 1.68 +0.53
(D) LET [keV/um] RBE-deviation averaged over 1, 2 and 6 fractions [%]
16 —-49+49 —198 £43
21 —-96+33 —-231+54
36 -132+10 -114+43
45 -169 + 30 -109 £ 0.7
66 —237 +30 -98=+60
99 —26.7 + 0.8 -1.1+06

2 Values obtained from RBE,qy
® Data points at 16 and 21 keV/um
€ Data points at 36, 45, 66 and 99 keV/um
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Fig. 6 a/B-ratios at different depths within the SOBP interpolated by
linear regression compared to predictions of LEM | and IV

normal tissue. Since tumors are spatially heterogeneous,
local changes of the radiation response and thus RBE are
expected. As the underlying biological factors are gener-
ally not included in treatment planning, a non-uniform
response within the tumor seems inevitable.

Normal tissues at risk, on the other hand, are typically
located at the distal edge of the SOBP. It has been
shown that optimizing the dose distribution with LEM I
while assuming that LEM 1V is actually correct, leads to
extremely high doses in very small normal tissue vol-
umes [20], which is in accordance with the experimental
data presented here. The fact that the clinically observed
incidence of normal tissue effects is nevertheless low, is
thus likely attributable to a pronounced volume effect.
To further tackle this aspect, a reliable volume effect
model is missing. Clinically, this adds uncertainties to
the expected treatment effectiveness, which may be
handled by adjusting the prescribed dose while relying
in the LET- and dose-dependence of the relative
RBE-profile.
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Conclusion

With this study, a comprehensive in vivo data base for
the RBE of carbon ions was established. This data was
used to benchmark the LET- and dose-dependence of
the RBE as predicted by LEM I and IV. While LEM IV
agrees generally better in the SOBP, LEM 1 fits better in
the entrance region. While this might support a model
replacement in treatment planning, careful dosimetric
analysis is required for the individual patient to evaluate
potential clinical consequences.

Appendix 1
For each SOBP-depth of the spinal cord, the logistic
dose-response model

gho+biD

PO) =1 omwinn (12)

was adjusted using actuarial response rates. In equation 1a,

D is the total dose and by and b, are the fit-parameters,

from which TDs, can be calculated:
bo

TDsy = ——

50 by

(1b)

Appendix 2

For each SOBP-depth, the parameter a/f of the linear-
quadratic (LQ) model [18] was estimated by adjusting
the generalized logistic dose-response model

bo+b,D (1+ﬁ)
e

d
o)

ebo +b1D+byDd

P(D) = 1 + ebotbiD+boDd —

gho-+b1BED
T 1+ ebothiBED (2a)
to the actuarial response rates for 1, 2 and 6 fractions. In
equation 2a, D is the total dose, d the fractional dose
and by, by, b, are fit-parameters, which allow calculating
the a/fB-ratio [31] by

a N bl

B by
Using equation 2b, the expression D(1 + bl;Lbz) can be
identified as the biologically effective dose, BED [18],
and the right side of equation 2a thus describes the
dose-response curve in terms of BED rather than
absorbed dose. Accordingly, the BED at 50% complica-
tion probability is given by

by

BED50 = _b_ .
1

(2b)

(2¢)

Within the LQ-model, the BED describes the extrapo-
lated isoeffective dose in the limit of zero fractional dose.
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