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Background and purpose: To compare the relative biological effectiveness (RBE)-weighted dose distribu-
tions in the target volume of chordoma and chondrosarcoma patients when using two different versions
of the local effect model (LEM I vs. IV) under identical conditions.
Materials and methods: The patient collective included 59 patients treated with 20 fractions of carbon ion
radiotherapy for chordoma and low-grade chondrosarcoma of the skull base at the Helmholtzzentrum für
Schwerionenforschung (GSI) in 2002 and 2003. Prescribed doses to the planning target volume (PTV)
were 60 (n = 49), 66 (n = 2) and 70 (n = 8) Gy (RBE). The original treatment plans that were initially
biologically optimized with LEM I, were now recalculated using LEM IV based on the absorbed dose dis-
tributions. The resulting RBE-weighted dose distributions were quantitatively compared to assess the
clinical impact of LEM IV relative to LEM I in the target volume.
Results: LEM IV predicts 20–30 Gy (RBE) increased maximum doses as compared to LEM I, while mini-
mum doses are decreased by 2–5 Gy (RBE). Population-based mean and median doses deviated by less
than 2 Gy (RBE) between both models.
Conclusions: LEM I and LEM IV-based RBE-weighted doses in the target volume may be significantly
different. Replacing the applied model in patient treatments may therefore lead to local over- or under-
dosages in the tumor. If LEM IV is to be tested clinically, comparisons of the RBE-weighted dose distribu-
tions of both models are required for the individual patients to assess whether the LEM IV-plan would
also be acceptable and prescribed dose as well as clinical outcome data have to be carefully reassessed.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 141 (2019) 234–238
Carbon ion radiotherapy of tumors of the skull base has gained
increasing interest throughout the last two decades. Similar to pro-
tons, carbon ions allow for highly conformal irradiation of the
tumor while sparing the surrounding normal tissue structures like
brain stem, optic nerves and the chiasma due to their ‘‘inverted”
depth dose profile, the so-called Bragg-peak [1]. An additional
rationale for selecting carbon ions results from their higher relative
biological effectiveness (RBE) relative to photons and protons,
which increases with penetration depth and reaches its maximum
at the distal edge of the Bragg-peak [2]. As a consequence, dose dis-
tributions are usually prescribed in terms of RBE-weighted rather
than absorbed dose. The RBE exhibits a complex dependency on
linear energy transfer (LET), fractional dose and tissue type. In
treatment planning, the RBE is calculated by biomathematical
models, like the mixed beam model [3], the microdosimetric
kinetic model [4] or the local effect model (LEM) [5]. The LEM
has been clinically introduced at the carbon ion pilot project at
the Helmholtz Center for Heavy Ion Research (GSI) in Germany
and has subsequently been used also in other carbon ion facilities
[6,7].

Clinical studies demonstrated high effectiveness with low toxi-
city in skull base chordoma and chondrosarcoma suggesting that
LEM predicts the RBE with reasonable accuracy [8–11]. On the
other hand, studies in the rat spinal cord [12–14] have indicated
that the clinically applied version LEM I [5] underestimates the
RBE especially at higher LET-values in the SOBP, while the more
recent version LEM IV [15] has shown to be more accurate in this
region. The question whether LEM I or IV is more accurate in the
clinical setting, however, is still investigated as clinical data is
scarce.

Schlampp et al investigated temporal lobe reactions in the same
patient collective as used in the present study and established a
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RBE-weighted dose-response curve [16]. Subsequently, Gillmann
et al repeated this analysis using the same absorbed dose distribu-
tions, applying LEM IV instead of LEM I. As a result, the tolerance
doses of the normal brain were shifted by 9.5 and 12.5 Gy (RBE)
at the 5% (TD5) and 50% (TD50) effect levels, [17]. Although this
shift was clinically significant, a decision whether LEM I or LEM
IV is clinically more accurate was not possible as corresponding
photon data is highly uncertain. An analysis in a similar proton-
treated patient collective revealed a dose response curve, which
was almost identical to that of LEM I, however, a fixed RBE of 1.1
was assumed in this study as it is current clinical standard [18].

These studies were especially sensitive to the highest LET com-
ponent and much less information is available for planning target
volumes (PTV). Using RBE-weighted prescribed doses from pho-
tons, protons and carbon ions, Schulz-Ertner analyzed the pub-
lished 5 year local control rates of chordoma and found a
common dose–response curve, however, this curve might be ques-
tioned since the underlying patient characteristics between the
studies differed considerably and no information on the dose dis-
tribution was available [8]. Grün et al. compared the RBE-
weighted dose distributions from LEM I and IV in more detail,
yet, this study was based on idealized spherical and cubic rather
than patient-specific PTVs. As a result, the LEM IV-based RBE-
weighted dose was strongly increased at the distal edge but
decreased at the center of the target volume leading to a compara-
ble median target dose over all patients [19]. For the individual
patient, however, the dose alterations depend strongly on the size
and shape of the target volume as well as the number and orienta-
tion of the beams.

In this analysis, we apply the same methodology as in Grün et al
2012 [19] to investigate the differences between the LEM I- and
LEM IV-based RBE-weighted dose distributions in the PTV based
on a real patient collective, which is identical to that of our previ-
ous normal tissue studies [16,17]. Special focus is put on the anal-
ysis of local over- and under-dosages in the PTV.
Materials and methods

Patient collective

The analyzed patient collective is identical to that studied pre-
viously [16,17] and included 59 patients treated with carbon ions
for chordoma (n = 40) and low-grade chondrosarcoma (n = 19) of
the skull base at GSI in 2002 and 2003. Prescribed doses to the
PTV were 60 (n = 49), 66 (n = 2) and 70 (n = 8) Gy (RBE) delivered
in 20 fractions of 3.0, 3.3 and 3.5 Gy (RBE), respectively. 15 frac-
tions were applied to the Planning Target Volume 1 (PTV1) and 5
fractions were applied to a subvolume of the initial PTV (PTV2).
Median target volume was 116 cm3 (range, 24–307 cm3) for PTV1
and 69 cm3 (range 14–234 cm3) for PTV2. Patients were treated
with either one (n = 1), two (n = 50) or three treatment fields
(n = 8). This well-defined patient collective is still considered rep-
resentative for today’s clinical practice at the Heidelberg Ion Beam
Therapy Center (HIT, Germany), where chondrosarcoma patients
are treated with a dose of 60 Gy (RBE) ± 5 % and chordoma patients
with a dose of 63 Gy (RBE) ± 5 %, both using fractional doses of 3 Gy
(RBE) [20].
Dose-volume parameters

Original treatment plans were biologically optimized using LEM
I with the treatment planning program TRiP (Treatment Planning
for Particles) [21,22]. Based on the resulting fluence distribution,
a recalculation of the biological effective dose was performed for
each patient, now using LEM IV instead of LEM I. The input param-
eters for LEM I and LEM IV were chosen according to those estab-
lished in Grün et al (a/b = 2 Gy a = 0.1 for LEM I, and a/b = 2.45 Gy,
a = 0.0081 for LEM IV. Dt = 30 for both models) [19]. Prior to eval-
uation, the resulting total dose distributions were rescaled to a
standard fractional dose 2 Gy (RBE) using the linear-quadratic
model [23] with the same values of a/b as applied in LEM I and
LEM IV, respectively.

From the resulting total RBE-weighted dose distributions, the
maximum (Dmax), minimum (Dmin), mean (Dmean) and median
(Dmedian) doses together with the dose-volume parameters D2%
and D98% (RBE-weighted doses exceeded in 2 % and 98 % of the tar-
get volume, respectively) were extracted separately for PTV1 and
PTV2.

To analyze the biological effect of the non-uniform RBE-
weighted dose distributions in the tumor in terms of cell survival,
the equivalent uniform dose (EUD) was calculated according to
[24]
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The mean cell survival in the target volume, S, was determined
from the individual three-dimensional survival distributions calcu-
lated by TRiP using the same values of a/b and b as before [19].

Finally, the volumes V90%, V95% and V107% (volumes receiving
more than 90%, 95% or 107% of the prescribed dose, respectively),
were determined for PTV2. As PTV1 received only 75% of the pre-
scribed dose, V67.5%, V71.3% and V80.3% were used in this case (75%
of the dose levels used for PTV2).
Statistics

Dosimetric parameters were analyzed using the statistics soft-
ware R [25]. Differences between LEM I and LEM IV were tested
with a paired, two-sided Wilcoxon-test and p < 0.05 was consid-
ered as statistically significant.

Results

Fig. 1 displays the total RBE-weighted dose distributions of LEM
I and LEM IV for a patient with a large target volume (patient 1,
VolumePTV1 = 247.1 cm3) and a patient with a small target volume
(patient 2, VolumePTV1 = 47.3 cm3). In general, the dose distribu-
tions recalculated with LEM IV exhibited large dose gradients along
the beam directions. Large tumor volumes received a slightly (�5
%) reduced dose at the center and an 20–30 % increased dose at
the rim of the target. For small targets, the dose was increased over
the whole target volume for LEM IV relative to LEM I by at least 10
% at the center and up to 35 % at the rim of the PTV.

Fig. 2 shows the corresponding dose-volume histograms (DVH)
of both patients. For patient 1, the maximum doses in PTV1 and
PTV2 was increased by 30 % (26 Gy (RBE)). Deviations between
median and minimum doses were less than 5 % (2–3 Gy (RBE)).
Although median and minimum doses were very similar, a signif-
icant over- and underdosage, especially for PTV2, was seen in the
DVH. For the patient with the small target volume (patient 2),
the DVH-curve of LEM IV is constantly shifted towards higher
doses, resulting in 34 % (39 Gy (RBE)) increased maximum doses
in PTV1 and PTV2. The median and minimum doses were increased
by � 10 % (8 Gy (RBE)) for LEM IV as compared to LEM I.

Table 1 and Fig. 3 summarize the dose-volume parameters for
PTV1 and PTV2 calculated by LEM I and LEM IV over all patients.
The general trend was very similar for PTV1 and PTV2. LEM IV pre-
dicted 20–30 Gy (RBE) increased maximum doses as compared to
LEM I, while minimum doses were decreased by 2–5 Gy (RBE).
The median increase of D2% was 19 % for PTV1 and 17 % for
PTV2, while D98% increased by 5 % for PTV1 and decreased by 7



Fig. 1. Comparison of recalculated (LEM IV-based) (a and d) and original (LEM I-based) (b and e) RBE-weighted total dose distributions together with their difference maps (c
and f) for a patient with a large (a, b, c) and a patient with a small (d, e, f) target volume. Legends refer to the percentage of the prescribed dose. Volumes of interest: PTV1
(blue), PTV2 (green), brainstem (light green), left temporal lobe (yellow), right temporal lobe (purple), left optical nerve (brown) and right optical nerve (dark yellow).

Fig. 2. Comparison of recalculated (LEM IV-based) and original (LEM I-based) dose volume histograms of the total RBE-weighted dose distribution in PTV1 and PTV2 for a
patient with a large (a) and a small (b) target volume.

Table 1
Dose-volume histogram parameters of the RBE-weighted total dose distribution calculated by LEM I and LEM IV averaged over all patients.

Median (25%/75% quantiles)

PTV1 PTV2

LEM I LEM IV LEM I LEM IV

Dmax [Gy (RBE)] 78.3 (77.7/84.5) 108.2 (104.2/118.4) 78.3 (77.7/83.9) 106.5 (101.8/116.7)
Dmin [Gy (RBE)] 48.5 (42.3/50.7) 46.7 (38.3/49.0) 61.7 (53.1/65.1) 57.2 (52.1/62.3)
D2% [Gy (RBE)] 76.4 (76.2/78.6) 94.1 (89.5/103.4) 76.4 (76.4/77.9) 92.4 (88.6/102.7)
D98% [Gy (RBE)] 57.8 (54.8/62.4) 60.6 (55.8/63.6) 71.3 (70.2/71.9) 66.9 (64.8/74.4)
Dmedian [Gy (RBE)] 74.0 (73.5/74.3) 75.0 (73.3/82.3) 74.6 (74.4/74.7) 75.5 (73.8/83.6)
Dmean [Gy (RBE)] 72.5 (71.4 /73.6) 76.1 (73.1/82.3) 74.3 (74.2/77.4) 76.5 (74.7/83.4)
EUD [Gy (RBE)] 73.1 (72.3/74.1) 77.5 (75.7/84.1) 74.8 (74.7/75.2) 78.4 (76.2/85.8)
V90%(PTV2)/V67.5%(PTV1) [%] 100 (99.6/100.0) 100.0 (99.8/100.0) 99.8 (93.5/98.1) 98.3 (94.7/99.7)
V95%(PTV2)/V71.3%(PTV1) 99.7 (98.5/99.9) 99.9 (99.0/100.0) 96.9 (93.5/98.1) 87.0 (76.8/97.7)
V107%(PTV2)/V80.3%(PTV1) [%] 94.6 (88.2/98.2) 98.1 (94.1/99.4) 0.0 (0.0/0.5) 30.6 (23.0/55.6)
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% for PTV2 when replacing LEM I by LEM IV. Population-based
mean and median doses deviated by less than 2 Gy (RBE) between
both models. EUD was found to be significantly higher for LEM IV
as compared to LEM I. The volumes V90% and V95% were reduced
while V107% was increased for LEM IV relative to LEM I.
Discussion

For carbon ion radiotherapy, the RBE-weighted dose is associ-
ated with significant uncertainties originating from the involved
RBE model and its parameters. The aim of the present comparative



Fig. 3. Comparison of dose-volume parameters for PTV2 determined for LEM I and LEM IV for all patients. (Solid lines: median, boxes: first and third quartiles, whiskers: 5%
and 95 % quantiles, circles: outliers) Significant differences between LEM I and LEM IV are indicated by *.
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treatment planning study therefore was to analyze the clinical con-
sequences of using a new radiobiological model (LEM IV) by com-
paring it against the clinically applied model (LEM I) in the tumor
volume for the same patient collective. The general findings of this
study are very similar to those of Grün et al [19]. However, this
study is based on treatment plans of actually treated patients
rather than on idealized target geometries and the results may
therefore be of higher clinical relevance.

Our treatment plan-based comparison of LEM I and LEM IV
revealed major differences in the RBE-weighted dose distributions
of individual patients, most strikingly an increase of the maximum
doses at the distal edges of the treatment fields by up to 35 % in
conjunction with a decrease of the minimum dose at the center
of the treatment fields of about 10 %. This observation can be
explained by the increase of LET along the beam direction together
with the stronger LET-dependence of the RBE in LEM IV as com-
pared to LEM I. The population-based median and mean doses of
LEM I and LEM IV agree quite well, however, for the individual
patient, this comparison depends strongly on the size of the target
volume and the number and orientation of treatment fields. As the
high doses at the distal edge of the treatment field receive a higher
relative weighting for small target volumes, LEM IV results in sig-
nificantly higher median and mean doses in these cases as com-
pared to LEM I (see DVHs in Fig. 2 as example).

Both the LEM I and the LEM IV-based dose distributions are
based on the same fluence distribution of ions. As the original
treatment plan was optimized with LEM I, the LEM IV-based recal-
culated RBE-weighted dose distribution is highly inhomogeneous
due to the different LET-dependence in the model. As in the previ-
ous analysis [19] the EUDwas used to compare the biological effec-
tiveness of the LEM I and LEM IV-based treatment plans. By
construction, the EUD is the RBE-weighted dose that, when uni-
formly applied to the whole tumor, yields the same expectation
value for the number of surviving tumor cells as the original
non-uniform irradiation [24].

Although the EUD-concept is often used for such comparisons,
it is based on the assumptions of (i) a uniform clonogenic cell den-
sity (CCD), and (ii) a uniform radiation sensitivity throughout the
target volume. Both may be questioned in the present analysis.
Firstly, the highest doses systematically occur at the safety margin
of the PTV, which is expected to contain a lower CCD (in case of
PTV2) or essentially normal cells (in case of PTV1) and as a result
the EUD of LEM IV could be overestimated. Secondly,
radiosensitivity-modulating factors like hypoxia may predomi-
nantly develop in the core of the tumor leading to a higher number
of surviving cells in regions of potentially lower doses. Thirdly,
another problem arises from the fact that different values of a
and b are used in LEM I and IV and for consistency reasons these
values were also used in the calculation of the EUD. While the
small difference in a/b has only minor impact on the EUD, the
absolute difference in a (and thusb) influences the EUD signifi-
cantly. The strong dependence of EUD on a has been analyzed pre-
viously McGary et al., who stated that a 25 % change in a can result
in an EUD variation of approximately 40 % [26]. For the above rea-
sons, the EUD-values in this study have to be considered with great
caution. Finally, it has to be noted that the different a/b-values of
LEM I and IV affect also the conversion of the fractionation sched-
ules. This influence, however is <3% and therefore negligible.

In spite of the uncertainties regarding the biological effect in the
tumors, our analysis clearly shows highly significant differences in
the dose distributions resulting from the use of LEM I and IV.
Whether LEM I should be replaced by LEM IV for actual treatments
of patients depends critically on the answer to the question, which
model describes the RBE for chordoma as well as normal brain tis-
sue more accurately. Regarding the effectiveness in tumors, one
important issue is that although the population-based median
doses in the target volume are similar for LEM I and LEM IV, the
target doses for individual patients may differ quite substantially,
depending on individual parameters like the size of the tumor
volume.

If LEM IV is assumed to give a correct description of the RBE in
the tumor as well as in the normal tissue, our analysis showed that
the LEM I-optimized treatment plans would be expected to result
in very high RBE-weighted doses at the rim of the target volume
for all patients. While this local increase may impact the effective-
ness in the tumor only to some degree, it appears likely that the
adjacent normal tissue would be affected. Previous analysis of tem-
poral lobe reactions in the same patient collective revealed toler-
ance doses at the 5% effect level of 68.8 Gy (RBE) for LEM I and
78.3 Gy (RBE) for LEM IV [17]. Although the comparable photon
data are lacking, temporal lobe doses around 78 Gy would not be
considered acceptable in photon treatments. In a further analysis
[18], the LEM I-based dose response curve agreed well with that
of a similar analysis in a proton collective, although this analysis
was based on a fixed RBE of 1.1, which has recently been ques-
tioned [27]. Regarding the lack of severe side effects in normal
brain tissue of patients, the potentially high LEM IV-doses might
also be compensated by the volume effect due to the very steep
dose gradients.

On the other hand, assuming that LEM I predicts the correct
RBE, a LEM IV-optimized treatment plan would exhibit significant
underdosages at the border of the target volume potentially
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leading to compromised control rates. This has to be considered
when introducing LEM IV for patients. For this, however, no evi-
dence has been found yet.

Of course, it may also be the case that LEM I and LEM IV are par-
tially correct, depending e.g. on the LET and dose range. Indications
for this have been found in preclinical studies in the rat spinal cord
[13,14]. Finally, it has to be considered that dose prescription in car-
bon ion therapy is not completely independent of the applied RBE-
model as deficiencies in the RBE-predictions may be compensated
to some degree by clinical adjustment of the prescribed dose [2].
Conclusions

LEM I and LEM IV-based RBE-weighted doses in the target vol-
ume may be significantly different at the rim as well as at the cen-
ter of the tumor. Replacing the applied model in patient treatments
may therefore lead to local over- and underdosages in the tumor. If
LEM IV is to be tested clinically, comparisons of the RBE-weighted
dose distributions of both models are required for the individual
patients to assess whether the LEM IV-plan would also be accept-
able and prescribed dose as well as clinical outcome data have to
be carefully reassessed.
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