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Abstract

Purpose The purpose of this work was to evaluate the re-
sults of high-dose radiation treatment using carbon ion ther-
apy, alone or combined with intensity-modulated radiation
treatment (IMRT), in patients with sacral chordoma.
Materials and methods Between 2009 and 2012, 56 patients
with sacral chordoma were treated in our center. The tumor
was located above S3 in 33 patients and in S3 or below in
23 patients. In all, 41 patients received radiation therapy for
the primary tumor, while 15 patients were treated for the
recurrent tumor. Toxicity was measured using NCI CTCAE
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v.4.03. Local control (LC) and overall survival (OS) were
evaluated with the Kaplan—-Meier method.

Results A total of 23 patients were irradiated with carbon
ions in combination with photon IMRT, while 33 received
carbon ion therapy only. Forty-three patients had a macro-
scopic tumor at treatment start with a median tumor size
(GTV) of 244 ml (range 5-1188 ml). The median total dose
was 66 Gy (range 60—74 Gy; RBE). After a median follow-
up time of 25 months, the 2- and 3-year local control proba-
bility was 76 % and 53 %, respectively. The overall survival
rate was 100 %. Treatment for primary tumor and male pa-
tients resulted in significant better local control. No higher
toxicity occurred within the follow-up time.

Conclusion High-dose photon/carbon ion beam radiation
therapy is safe and, especially for primary sacral chordo-
mas, highly effective. A randomized trial is required to eval-
uate the role of primary definitive hypofractionated particle
therapy compared with surgery with or without adjuvant
radiotherapy.

Keywords Neoplasms, germ cell and embryonal -
Radiotherapy - Bone neoplasms - Prognosis - Radiation
sensitivity

Kohlenstoffionenbestrahlung von Patienten mit
priméren und rezidivierten sakralen Chordomen

Zusammenfassung

Zielsetzung Evaluierung der Ergebnisse nach hochdosierter
Kohlenstoffionentherapie, allein oder in Kombination mit
einer intensitdtsmodulierten Photonenbestrahlung (IMRT),
bei Patienten mit einem sakralen Chordom.

Material und Methoden Zwischen 2009 und 2012 wurden
56 Patienten mit sakralen Chordomen in unserem Zentrum
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behandelt. Der Tumor war bei 33 Patienten oberhalb von
S3 und bei 23 Patienten auf Hohe von S3 oder unterhalb
davon lokalisiert. Insgesamt wurden 41 Patienten innerhalb
der Primértherapie und 15 Patienten innerhalb einer Rezi-
divtherapie behandelt. Die Erfassung der Toxizitét erfolg-
te gemédll NCI CTCAE v.4.03. Lokale Kontrolle (LC) und
Gesamtiiberleben (OS) wurden mithilfe der Kaplan-Meier-
Methode bestimmt.

Ergebnisse Insgesamt 23 Patienten wurden mit Kohlen-
stoffionen in Kombination mit Photonen-IMRT bestrahlt,
wiahrend 33 eine alleinige Kohlenstoffionentherapie er-
hielten. Zu Beginn der Therapie hatten 43 Patienten einen
makroskopischen Tumor mit einer medianen Tumorgrofe
(GTV) von 244 ml (5-1188 ml). Die applizierte mediane
Gesamtdosis betrug 66 Gy (60—74 Gy; RBE). Nach einer
medianen Nachbeobachtungszeit von 25 Monaten lag die
2- und 3-Jahres-LC bei 76% bzw. 53%. Die OS-Rate betrug
100%. Die Behandlung innerhalb der Primértherapie und
minnlichen Patienten zeigten eine signifikant bessere LC.
Die Behandlung fiihrte zu keiner hohergradigen Toxizitét.
Schlussfolgherung Eine hochdosierte Strahlentherapie mit
Photonen bzw. Kohlenstoffionen ist sicher durchfiihrbar und
ist, vor allem innerhalb der Primértherapie eines sakralen
Chordoms, sehr effektiv. Eine randomisierte Studie ist erfor-
derlich, um die Rolle der priméren definitiven hypofraktio-
nierten Partikeltherapie im Vergleich zu einer operativen The-
rapie mit oder ohne adjuvante Strahlentherapie zu evaluieren.

Schliisselworter Stammzell- und embryonale Neoplasie -
Radiotherapie - Knochenneoplasie - Prognose -
Strahlensensitivitit

Accounting for 1-4 % of all malignant bone tumors, chordo-
mas are very rare. This slowly growing, locally aggressive
tumor arises from the embryonic remnants of the notochord
[1]. The overall incidence of chordoma is 8.4 per 10 mil-
lion [2]. The typical location of the tumor is alongside the
neuroaxis due to the origin of the tumor. Surgical resection
is still the therapy of choice with a sacral chordoma. The
quality of the surgical margin is the most important factor
for local control and survival [3—6].

Since the 1970s, en bloc resection with a safety margin
has been the treatment of choice [7]. Surgical resection of a
sacral chordoma that is localized above S3 is associated with
high morbidity. Radical resection of both S2 roots leads to
complete urinary and bowel incontinence [4, 8]. However,
50% normal bladder and bowel function has been reported
after sparing both S2 roots and 100% after the additional
sparing one S3 nerve root [7, 9]. Chronic neuropathic pain,
wound complications, and paresis are further possible side
effects of sacrectomy [10, 11]. Furthermore, it was reported
that an adequate safety margin was achieved with surgery
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in only 50 % of the patients with sacrococcygeal chordomas
[5, 6, 12]. Finally, after R1/R2 resection the local recurrence
rate is about 100 %.

Due to the relatively poor radiosensitivity of chordomas,
highly conformal treatment techniques are needed for safe
dose escalation. Owing to their physical properties, carbon
ions and protons are superior compared with photons. Thus,
a dose escalation to the target volume while sparing adjacent
normal tissues could be simultaneously achieved [13-15].
Compared to protons, carbon ions seem to have a biological
advantage due to their increased relative biological effec-
tiveness [16]. Heavy charged particle therapy seems to be
a good treatment option for tumors with poor radiosensitiv-
ity and critical locations. Indications include, among oth-
ers, chordomas, low-grade chondrosarcomas, and adenoid
cystic carcinomas [17-21]. Adjuvant treatment with particle
therapy is able to increase the local control rate of patients
with sacral chordoma after surgery [22]. Because of the rare-
ness and the slow growth of chordomas, very little data from
other sarcoma/particle centers have been published. In order
to improve the management of this rare disease, the publica-
tion of more information is essential. Therefore, we present
the data of 56 patients with sacrococcygeal chordoma who
were treated with carbon ions in active raster scanning tech-
nique only or combined with photon intensity-modulated
radiation treatment (IMRT) in our center.

Patients and methods
Patients

Between November 2009 and December 2012, 56 patients
with histologically confirmed sacral chordomas were
treated in our department. The tumor was located above
S3 in 33 patients and in S3 or below in 23 patients. The
median age at treatment was 60 years (range 37—84 years).
Thirty-six of the patients were male and 20 female. Forty-
one patients received radiation therapy within the primary
treatment after biopsy (n=20), R2 resection (n=11) or R0/1
resection (n=10), while 15 patients were treated due to
recurrent disease after resection in the past. Four of them
were treated after an additional biopsy, 8 after additional R2
resection, and 3 after R0/1 resection. The patients’ proper-
ties are listed in Table 1.

Treatment planning

Immobilization was performed using individual vacuum
bags or a combination of knee and foot rests. A planning CT
with and without contrast enhancement was done in treat-
ment position (3 mm slice thickness). Contrast-enhanced
T1w and T2stir MRI scans were carried out for 3D image
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Table 1 Patients’ properties

Characteristic Value
Age (years)

Median 60
Range 37-84
Sex (n)

Female 20
Male 36
Resection status (7)

Biopsy 24
R2 19
RO/1 13
Treatment (n)

Primary 41
Recurrent 15
Most cranial level of tumor (n)

L4/5 7

S1 9

S2 17

S3 13

S4 4

S5 4

Os coccygeum 2
Volume (ml)

GTV (n=43):

Median 244
Range 5-1188
CTV1 (n=43)

Median 522
Range 64-1743
CTV2 (n=56)

Median 937.5
Range 60-2404
Dose (n) ED, Gy

Carbon ion only: (a/B=2)

60 Gy/3 Gy (RBE) 75.0 Gy 16

63 Gy/3 Gy (RBE) 78.8 Gy 2

66 Gy/3 Gy (RBE) 82.5 Gy 15
IMRT +carbon ion boost

50 Gy/2 Gy+15 Gy/3 Gy (RBE) 68.8 Gy 1

52 Gy/2 Gy+18 Gy/3 Gy (RBE) 74.5 Gy 1

50 Gy/2 Gy+24 Gy/3 Gy (RBE) 80.0Gy 21

GTV gross tumor volume, CTV1 clinical target volume (Boost plan),
CTV2 clinical target volume (primary plan), RBE relative biological
effectiveness.

correlation. The treatment volumes and organs at risk were
contoured using the Siemens Oncologist software tools (Sie-
mens, Erlangen, Germany). The gross tumor volume (GTV)
includes the visible tumor in MRI. If a boost plan was per-
formed, the clinical target volume for the boost (CTV1)
includes the GTV and/or the tumor bed with an additional
safety margin of 3—5 mm. The clinical target volume for the
primary plan (CTV2) includes the CTV1 with safety mar-
gins and typical ways of spread (mostly the whole sacrum).

The planning target volumes (PTV1 and PTV2) include
CTV1 or CTV2 plus a safety margin between 3—7 mm.

Follow-up

Follow-up examinations with MRI scans were carried out
every 3 months in the first year after completion of irra-
diation. In the following years, every 6 months a follow-up
examination with an MRI scan was performed. In addition,
an annual restaging was done using chest and abdomi-
nal imaging. Recurrence was defined at the time of tumor
regrowth in MRI. The RECIST criteria were not used. Tox-
icity was evaluated and compared with the baseline exami-
nation using NCI CTCAE v.4.03 criteria. Therefore, the
symptoms at baseline are listed descriptively in the table
ahead of the toxicity assessment of the therapy.

Statistics

The Kaplan—Meier method was used to evaluate the rates
for local control (LC) and overall survival (OS). Age, tumor
volume, sex, dose, tumor location, and time of treatment
were tested for their prognostic significance using the log
rank test (SPSS Version 20).

Results

Forty-three patients had a macroscopic tumor with a median
size (GTV) of 244 ml (range 5-1188 ml) at treatment
start. The median corresponding CTV1 was 522 ml (range
64—1743 ml). The median volume of the CTV2 in all patients
was 937.5 ml (range 60-2404 ml). The median prescribed
total dose was 66 Gy (range 60—74 Gy; RBE). The total dose
was applied using a median weekly fractionation of 5-6 frac-
tions of 3 Gy (RBE) for carbon ions in active beam appli-
cation using the raster scanning method and 5 fractions of
2 Gy for photon IMRT. IMRT was delivered with step-and-
shoot IMRT or tomotherapy. Consequently, the correspond-
ing median equivalent dose calculated for an a/pof 2 Gy for
chordoma cells and a fraction dose of 2 Gy (ED2 Gy) was
75 Gy (RBE; range 68.8-82.5 Gy). Twenty-three patients
were irradiated with carbon ions in combination with photon
IMRT (Fig. 1), while 33 patients received carbon ion treat-
ment only (Fig. 2, Table 1). The median follow-up time after
treatment was 25 months. Nineteen patients (34 %) devel-
oped a local relapse within the follow-up time. The 2- and
3-year local control probability was 76 % and 53 %, respec-
tively (Fig. 3). The overall survival rate was 100%. Pri-
mary treatment resulted with 85% in a significantly higher
2-year LC rate compared with 47% in patients with recur-
rent tumors (p=0.001; Fig. 4). Men had with 85% a better
2-year local control rate than women (60 %; p=0.03; Fig. 5).
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Fig. 1 Combined photon/carbon ion treatment and follow-up MRI of

a patient with sacral chordoma: a Pretreatment MRI (T2stir). b Dose
distribution of primary IMRT plan with a photon total dose of 50 Gy;

Fig. 2 Carbon ion treatment and
follow-up MRI of a patient with
sacral chordoma: a Pretreatment
MRI (T2stir). b Dose distribution
of a carbon ion plan with 66 Gy
(RBE) total dose. ¢ Follow-up
MRI (T2stir) 30 months after
treatment
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0.4+
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0 12 24 36
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Fig. 3 Kaplan—Meier curve for local control of all 56 patients after
treatment are shown

All other factors (dose, age, resection status, tumor volume,
tumor location) that were evaluated with the log rank test
showed no significant differences in LC. Only one patient
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isodoses in Gray. ¢ Dose distribution of a boost plan with a carbon
ion total dose of 24 Gy (RBE); isodoses in percent. d Follow-up MRI
(T2stir) 39 months after treatment

presented with pulmonal metastasis. No patient developed a
new >°III toxicity. All toxicity results including the baseline
symptoms are listed in Table 2.

Discussion
Tumor control

The treatment of sacral chordomas remains a challenge. In
most cases, the tumor is very large at the time of the first
diagnosis. Therefore, radical resection with safety margins
is difficult to achieve. Data from Massachusetts General
Hospital (MGH) in Boston indicate after a mean follow-
up time of 104 months (range 30-261 months), a high 5-
and 10-year local control rate of 91 % for primary surgical
and radiation treatment of sacral chordomas. The resection
status after surgery was R0/1. The results were worse for
treatment with surgery and radiation of recurrent sacral
chordomas (5-/10-year LC: 57%/19%) [22]. In contrast
with MGH, 77 % of our patients had macroscopic tumors
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Fig. 4 Kaplan—Meier curve for local control after treatment are shown.
Blue line indicates primary treatment; green line recurrent treatment
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Fig. 5 Kaplan—Meier curve for local control after treatment are shown.
Blue line indicates male patients; green line female patients

(median 244 ml) at radiation treatment start. Furthermore,
27 % were treated due to recurrent chordoma after previous
surgery. Therefore, the 2-year local control rate of 85 % after
primary therapy with surgery and radiation is remarkable,
while our follow-up time was only a median of 25 months.
As shown at MGH, patients with recurrent chordoma had
a significantly lower local control rate (47 % 2-year LC rate

in our analysis). However, at least a complete resection with
adjuvant high-dose radiation treatment should be attempted
for the best outcome in patients with sacral chordoma [22].
Invasion into the surrounding muscle, incomplete excision,
inadequate surgical margins, and tumor involvement above
S3 seem to be poor prognostic factors after surgery [3]. In
some patients, complete resection with an adequate safety
margin is not possible or only possible with high morbidity.
Hence, alternative treatments are required. MGH presented
data of definitive high-dose proton therapy in 24 patients
with unresected mobile spine (z=5) and sacral chordoma
(n=19). The median tumor volume was 189 ml and the
median follow-up time was 56 months. The resulting local
progression-free survival was 90% at 3 years and 80% at
5 years. The applied median dose was 77.4 Gy (RBE) [23].

The Hyogo Ion Beam Medical Center (HIMBC) in Japan
presented retrospective data of 23 patients with primary
sacral chordoma treated either with carbon ions (n=16) or
protons (n="7). The 3-year local control rate was 94 % for all
patients without differences between proton and carbon ion
treatments. The total dose was 70.4 Gy (RBE) given in 16 or
32 fractions; the median tumor volume was 264 ml and the
median follow-up time was 38 months [24].

Data from the National Institute of Radiological Sci-
ences (NIRS) in Chiba, Japan showed 5-year control rates
of 88 % after primary hypofractionated treatment with car-
bon ions in 95 patients with unresected sacral chordomas.
The median dose of 70.4 Gy (RBE) was given in 16 fixed
fractions over 4 weeks [25]. Their patients had with 370 ml
a smaller CTV compared with our patients with a median
CTV1 of 522 ml [25]. Another factor that might be respon-
sible for this outstanding result is the hypofractionated treat-
ment with heavy ions.

In 2013 we started a prospective randomized phase II trial
for patients with macroscopic saccrococygeal chordoma in
order to improve the results of our patients and to verify these
theses. In this trial, patients are randomized between hypo-
fractionated proton therapy (16 fractions of 4 Gy; RBE) and
hypofractionated carbon ion therapy (16 fractions of 4 Gy;
RBE). The dose of 64 Gy (RBE) is given over 3 weeks [19].

Toxicity

Pain is the most often reported symptom in patients with
sacral chordoma. Unfortunately, surgical and radiotherapeu-
tic treatments can also result in pain or aggravation of motor
and sensory functions. Chronic neuropathic pain, wound
complications, and paresis are further reported side effects
after sacrectomy [10, 11]. Sciatic nerve injury after carbon
ion treatment is reported by NIRS after more than 70.4 Gy
(RBE) hypofractionated in 16 fractions. [25]. Delaney et
al. [26] reported about 3 patients with neural injuries after
normofractionated photon/proton treatment with 77.4 Gy

@ Springer



602

M. Uhl et al.

Table 2 Toxicity

Baseline Toxicity 0-24 >24
(CTC) months months
Number  Pain Pain (n)
9 No 0 9 7
32 Mild °I 37 16
15 Moderate °ll 10 6
I 0 0
Number  Urinary function Urinary function
problems (n; retention/
incontinence)
38 No 0 39 20
6 Mild °I 7 4
12 Catheter required °II 10 5
°III 0 0
Number  Defecation Defecation
problems (n; retention/
incontinence)
39 No 0 35 20
5 Obstipation °l 6 2
5 Medication °1L 8 3
required
7 Enterostoma/ °II 7 4
manual help
Number  Sensory Sensory neu-
problems ropathy ()
33 No 0 34 15
21 Mild °I 21 13
2 Moderate °ll 1 1
°II 0 0
Number  Motoric Motoric neu-
problems ropathy ()
51 No 0 51 25
Mild °I 4 3
Moderate °Il 1 1
°IIL 0 0
Number  Skin problems Skin (n)
56 No 0 37 26
°I 16 2
°ll 3 1
°IIL 0 0

(RBE). Doses less than 70.4 Gy (RBE) seem to be safe. In
another study [24], results of 23 patients with sacral chor-
domas who were treated at HIMBC with proton/carbon ion
either hypofractionated 70.4 Gy (RBE) in 16 fractions or nor-
mofractionated with 70.4 Gy (RBE) in 32 fractions showed
grade 3 neuropathy in 17%. None of our patients showed
new toxicity > grade 3 after radiation treatment. At the start
of treatment, 16 % of the patients had no pain, whereas 57 %
reported mild pain and 27% moderate pain. No grade 3
or higher toxicity occurred after radiation treatment in our
patients. Five patients showed a decrease in pain after treat-
ment. The short follow-up time and our limited dose to the
cauda equina could be the reason for the low toxicity.

There was no significant change regarding urinary
and bowel incontinence during follow-up: At baseline,
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5 patients had an enterostoma and 2 patients needed manual
help to defecate. All of them had a sacral chordoma of S3
or above and previous surgery. Placement of urinary, supra-
pubic or intermittent catheter placement was indicated at
treatment start in 12 patients and in 11 of them as a result
of surgical treatment. None required new colostomy or uri-
nary diversion after radiation treatment. Similar results were
published by NIRS, HIMBC, and MGH [22, 24-26]. The
toxicity of radiation treatment is relatively low compared
with expected toxicity after radical resection with com-
plete urinary and bowel incontinence in at least 80 % of the
patients if the chordomas were localized above S3/2.

An evaluation of skin toxicity after carbon ion treatment
at NIRS showed grade 3 and 4 skin toxicity. There was no
severe skin reaction if the prescribed dose was 64 Gy (RBE)
or lower, as with our patients [27]. DeLaney et al. [26] rec-
ommend a skin dose of less than 66 Gy (RBE). Due to the
mild hypofractionation, combination of photons and carbon
ions or the use of opposing beams, only second degree skin
reactions developed in our patients. Furthermore, active ras-
ter scanning application results in a lower skin dose com-
pared with the passive application techniques.

The low rates of toxicity in our evaluation have to be
considered carefully, since most neuropathic side effects
occurred not only after 3—5 years, but also up to 10 years
after radiation. However, the results of other particle centers
showed a correlation between acute toxicity and long-term
toxicity of skin and rectum after treatment.

Prognostic factors

Taking into account all the weaknesses of a retrospective anal-
ysis, we could not find any significant differences of LC and
OS in consideration of resection status, tumor location, tumor
volume, age of the patient, and the applied dose. Female
patients and recurrent treatment showed a significantly worse
LC in the log rank test. The HIMBC results showed a longer
progression-free survival in male patients. A tumor volume
<400 ml was only associated with a tendency of better OS
[24]. Staab et al. [28] also reported better OS of male patients.
Furthermore, they found macroscopic residual tumors in
patients with chordoma of the C-, T-, L-spine, and sacrum
as a significant factor for LC and OS. However, in the same
work, a significant disadvantage if the extended resection was
associated with a surgical stabilization [28] was discussed.
Researchers at MGH [22] reported a significantly better LC
and OS rate in patients who were treated after surgery for
primary versus recurrent tumors. The resection status was
not a significant prognostic factor in their patients with spinal
chordomas [26]. Data from 34 patients with sacral chordoma
demonstrate a higher LC after IMRT in patients treated for
primary tumors and using doses greater than60 Gy [29].
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Conclusion

High-dose radiation seems to be superior for primary tumors
compared to radiation of recurrent tumors. Furthermore,
men with sacral chordomas seem to have a better prognosis
compared with women. The role of resection status, dose,
and tumor volume is still unclear. Hypofractionated particle
therapy should be performed in prospective trials only to
detect the toxicity. After evaluating the safety in phase II tri-
als, a randomized trial evaluating the role of primary defini-
tive radiotherapy compared with surgery combined with or
without adjuvant radiotherapy should be performed. There-
fore, we started a prospective randomized phase II trial for
patients with macroscopic saccrococygeal chordoma in
2013. In this trial, patients are randomized between hypo-
fractionated proton therapy (16 fractions of 4 Gy RBE) and
hypofractionated carbon ion therapy (16 fractions of 4 Gy
RBE), applied over 3 weeks [19].
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