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To the Editor,

Based on preliminary work at the Lawrence Berkley
Laboratory [1], carbon ion beams developed to a mature
technology in radiotherapy, which has now been applied suc-
cessfully in patients for two decades [2-4]. As in proton radio-
therapy, the depth-dose profile (Bragg peak) of carbon ions
allows for highly conformal irradiations of the tumor.
However, the rise of the relative biological effectiveness (RBE)
with penetration depth towards the distal end of a spread-
out Bragg peak (SOBP) is much more pronounced for carbon
ions than for protons [5]. Quantitatively, the RBE is given by
the ratio of a photon and an isoeffective carbon ion dose at a
defined endpoint. However, the RBE is a complex quantity
depending on particle type, linear energy transfer (LET), dose,
and also on biological properties of the irradiated tissue. To
consider the increased effectiveness of carbon ions, the RBE
is calculated by bio-mathematical models. In Europe, clinical
treatment planning is done using the local effect model
(LEM), which is presently available in two versions (LEM | [6]
and IV [7]). Although LEM | has been used for all patients so
far, LEM IV was extended by including information on the

spatial DNA double stand break density. It is, however, an
open question, which version is more accurate.

To validate the LEM in vivo, the RBE for radiation-induced
myelopathy in the rat spinal cord has been determined in
several studies [8-11] and comparisons with LEM predictions
were made. In these studies RBEs were calculated for the tol-
erance doses at 50% complication probability (TDso) deter-
mined from dose-response experiments. Although initial
studies [8,9] demonstrated a strong dose-dependence of the
RBE, the LET-dependence was not investigated in detail.

This was the starting point of a second series of experi-
ments, where the rat spinal cord was irradiated with single and
split doses at six different positions of a 6 cm SOBP covering a
LET range from 16 to 99 keV/um [10,11]. These data showed a
linear increase of RBE with LET, where the slope of the curve
increased with decreasing fractional dose [11]. For the single
fraction experiment at 99 keV/um, however, an inconsistently
low RBE combined with a shallow dose-response curve was
found. As this was only observed in the single but not in the
split dose experiments, we repeated the 99 keV/um single dose
experiment and report here on the results.
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Material and methods
Animals

Thirty young adult female (196.5+7.59g) Sprague Dawley
rats (Charles River, Sulzfeld, Germany) were used for this
study. Irradiations were performed under general gaseous
anesthesia with a mixture of 4% Sevoflurane (Abbott,
Wiesbaden, Germany) and oxygen at 2l/min, using a 50 ml
disposable syringe as a mask. All experiments were
approved by the governmental review committee on animal
care  (35-9185.81/G62-08), and animals were kept
under standard conditions at the DKFZ animal laboratory
facility.

Experimental setup

The experimental setup is identical to the single dose study
[10]. Briefly, the spinal cord was located at 127 mm (dose-
averaged LET 99 keV/um) of a 6 cm SOBP ranging from 70 to
130 mm water-equivalent depth (beam energy 187-260 MeV/
u), which was calculated with the treatment planning system
TRiP [12]. The field size was 10 x 15 mm? including the cer-
vical segments C1-C6 [8-11]. The position of the spinal cord
within the SOBP was adjusted using an appropriate poly-
methyl-methacrylate (PMMA)-bolus.

Carbon ion irradiations were performed at the Heidelberg
lon-Beam Therapy Center (HIT) using the raster scanning
method [13]. Thirty animals were irradiated in groups of five
animals using single doses of 10.5, 11.5, 12.5, 13.5, 14.5 or
15.5 Gy. Five additional animals served as sham treated con-
trols. Prescribed doses refer to measurements with a pinpoint
ionization chamber (TM31009, PTW Freiburg, Germany) as
described previously [10].

Follow-up and biological endpoint

After irradiation, rats were checked for weight and general
condition once a week. The biological endpoint of this study
was radiation-induced myelopathy (paresis grade Il) meaning
that both forelimbs show signs of paralysis within 300 days
[8]. Rats exhibiting this endpoint were sacrificed and scored
as responders.

Data analysis

The logistic dose-response model

ebo+01D
P(D) = T ebetbD

was adjusted using actuarial response rates. Censored animals

were included using the method of effective sample sizes

[14]. In Equation 1a, D is the total dose and by and b, are the

fit parameters from which the TDs, can be calculated:

Using the previously published dose-response curves for
photons [9], the RBE was calculated as the ratio of the TDsq-
values for photons and carbon ions.
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Figure 1. Single fraction dose-response curves for the original [10] and repeated
carbon ion experiment at 99 keV/um together with the reference curve for 15 MV
photons [9]. The curve of the present study shows an increased slope and a
lower TDso-value. Error bars indicate the uncertainty (1 SE) of TDs,.

RBE calculation

For comparison with measurements, the RBE was calculated
at the position of the spinal cord within the SOBP and for the
measured TDsp-value using LEM | and IV together with the
standard parameters of the two versions [11].

Statistics

The logistic model was adjusted using the maximum likeli-
hood fitting procedure of STATISTICA [15]. Standard errors
(SE) of TDso and RBE were calculated by error propagation
considering the correlation of by and b,. Ninety percent confi-
dence limits (90% CL) were additionally calculated using
Fieller's Theorem [16].

Results

No weight reduction was observed during follow-up and
none of the animals died from acute radiation toxicity. Within
three weeks after treatment, a slight or complete transient
hair loss as well as moist desquamation restricted to the
irradiation field was observed on the ventral side of the rat's
throat. Two rats (10.5 and 12.5 Gy) had to be censored due to
spontaneous development of mammary carcinomas at 220
days and 290 days, respectively. Minimum and mean latency
time of the onset of paresis grade Il were 136 days and 181
days, respectively (range 136-275 days).

Figure 1 displays the original and the repeated single frac-
tion dose-response curves for carbon ions at 99keV/um
together with the reference curve for 15MV photons.
Compared to the original measurement the slope of the
dose-response curve is much steeper and the TDsq-value is
reduced from 148+0.5Gy (13.9-158) to 134+03Gy
(12.8-14.0) (£SE, 90% CL). Using the photon TDsq-value of
245+08Gy (23.3-26.7), an increase of the RBE from
1.66 +0.08 (1.53-1.79) to 1.83+0.07 (1.72-1.95) (+SE, 90% CL)
was determined. As a consequence, the RBE now continues
the linear dependence on LET (Figure 2). At 99keV/um the
measured RBE agrees well with the prediction of LEM IV
whereas LEM | shows large deviations.
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Figure 2. Measured dependence of RBE on LET: Compared to our previous study
[10], a higher RBE was measured at 99 keV/pum including previous data [10] the
LET-dependence is well described by a linear regression line. At 99 keV/um, the RBE
prediction of LEM IV agrees well with the measured data, whereas LEM | shows
large deviations. Towards very low LET values, LEM | agrees better than LEM IV.
Vertical error bars represent 1 SE while horizontal error bars represent a+2mm
positioning uncertainty of the spinal cord within the SOBP.

Discussion

Model-based RBE-calculations are an intrinsic feature in car-
bon ion treatment planning. Accurate RBE-modeling is
required as the RBE directly affects the prescribed carbon ion
dose, which is related to the dose of an isoeffective photon
treatment by the so-called clinical RBE, and it is also needed
to achieve a homogeneous RBE-weighted dose within the tar-
get volume. Although the assumption of an inaccurate clinical
RBE may be practically compensated by a clinical dose find-
ing process, errors in the functional dependence of the RBE
on LET and dose may still lead to over- or under-dosages
within the normal tissue or tumor, and thus may compromise
therapeutic outcome.

The rat spinal cord is a well established and reliable model
for studying late reactions in normal tissue [17-23]. With this
model, we initiated a large study to evaluate the LET-depend-
ence of the RBE at two different dose levels and to compare
the results with predictions of LEM | and IV [10,11]. As
expected from the experimental design, we could show that
the RBE increases linearly with LET and that the slope
increases with decreasing fractional dose. However, for the
single dose, but not for the split dose experiment at 99 keV/
pum there was an exception as the RBE decreased relative to
that at 66 keV/um. In addition, the slope of the dose-response
curve, which increased continuously with LET up to 66 keV/
pum, decreased again [10]. Both findings originated from an
increased heterogeneity in the observed incidences at the dif-
ferent dose levels (Figure 1). Although a decrease of the RBE
beyond a certain LET-value is expected by the so-called over-
kill effect, in vitro data suggest that the RBE increase up to
200 keV/pum [24]. Therefore, the results of this experiment
appeared inconsistent with the available database.

The experimental procedure was retrospectively analyzed.
All 12 experimental arms [10,11] were treated under identical
conditions using the same equipment and no suspicious
observations were made in the single fraction experiment at
99 keV/um in the animals during follow-up. Moreover, all ani-
mals showed hair loss at the expected location ruling out a

misalignment of the animals. In the previous experiment at
99 keV/um, however, the dose groups were irradiated in two
cohorts (11.5, 13.5, 15.5, 16.5Gy vs. 12.5, 14.5 and 17.5 Gy) for
logistic reasons. For the second cohort, inconsistently low
incidences were found at 14.5 and 17.5Gy (Figure 1). This
result could be explained by a slight over-range of the ions in
the second cohort, which would lower the LET and hence the
biological effectiveness. Analysis of the robustness of the
irradiation conditions revealed that even small range errors
will be critical in this respect.

We therefore repeated this experiment with a single
cohort of animals using the identical setup and taking special
quality assurance measures to guarantee high mechanical
precision (1 mm in all directions). As a result we obtained a
steep sigmoid dose-response curve and an RBE-value, which
fits well to a continuous linear increase with LET. The
increased steepness of the new dose-response curve indicates
a reduced response heterogeneity, which could be explained
by a higher setup reproducibility of the repeated experiment.
These findings and the consistency with the results of the
split dose experiment [11] suggest that the RBE of the pre-
sent study is more reliable than that of our previous study
[10]. It has to be noted, however, that the exact slope and
shape of the RBE versus LET curve is expected to depend on
the detailed composition of the radiation field as the dose-
averaged LET does not fully reflect the microscopic features
of the energy deposition of the ions.

As a conclusion, we have now established a large and con-
sistent RBE database for late reactions of the rat spinal cord
and we used these data to test the functional dependence of
the LEM predictions on LET and dose. In general, a much bet-
ter agreement of the data with the LEM IV predictions is
observed in the SOBP as compared to the predictions of LEM
I; only at very low LET values LEM IV shows larger deviations
than LEM 1.

Transferring these results to patients, the actual RBE-
weighted dose in the normal tissue at the distal edge of the
SOBP would be significantly higher than predicted in the LEM
I-based treatment plans. Accordingly, increased rates of late
side effects would have been expected which, however, have
not been observed up to now. It has to be noted, however,
that the clinically applied dose per fraction is much lower
than in our single dose study. Moreover, potential inaccura-
cies of LEM | may have been compensated by prescribing a
safe and effective dose. Further fractionated studies as well as
analysis of clinical side effects are therefore required to
answer the question whether LEM | or LEM IV is more accur-
ate in patients. With this respect, the data of the present
study contributes to this increasing data base.
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