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Abstract

Background. The aim of this study is to evaluate results in terms of local control (LC), overall survival (OS), and tox-
icity profile and to better identify factors influencing clinical outcome of skull base chordoma treated with proton
therapy (PT) and carbon ion radiotherapy (CIRT).

Methods. We prospectively collected and analyzed data of 135 patients treated between November 2011 and
December 2018. Total prescription dose in the PT group (70 patients) and CIRT group (65 patients) was 74 Gy rela-
tive biological effectiveness (RBE) delivered in 37 fractions and 70.4 Gy(RBE) delivered in 16 fractions, respectively
(CIRT in unfavorable patients). LC and OS were evaluated using the Kaplan-Meier method. Univariate and multi-
variate analyses were performed, to identify prognostic factors on clinical outcomes.

Results. After a median follow-up of 49 (range, 6-87) months, 14 (21%) and 8 (11%) local failures were observed
in CIRT and PT group, respectively. Five-year LC rate was 71% in CIRT cohort and 84% in PT cohort. The estimated
5-year OS rate in the CIRT and PT group was 82% and 83%, respectively. On multivariate analysis, gross tumor
volume (GTV), optic pathways, and/or brainstem compression and dose coverage are independent prognostic fac-
tors of local failure risk. High rate toxicity grade >3 was reported in 11% of patients.

Conclusions. Particle radiotherapy is an effective treatment for skull base chordoma with acceptable late toxicity. GTV,
optic pathways, and/or brainstem compression and target coverage were independent prognostic factors for LC.

Key Points

Chordoma is a rare primary bone tumor arising from noto-  skull base."? Although chordoma is generally considered a
chord remnants with an incidence of 0.8-1 per million, with  slow growing tumor, it is characterized by locally aggressive
approximately one-third arising from the midline clivus and  growth and a propensity for local recurrence (LR), and because
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Importance of the Study

Particle radiotherapy plays a key role in the treatment
of skull base chordoma, a rare, locally aggressive,
radioresistant tumor requiring rather challenging man-
agement due to its location. While most of the published
series are retrospective, this prospective study on a large
number of patients for such a rare tumor evaluates par-
ticle radiotherapy outcomes in the view of the personal-
ized medicine era. For the first time in the same series,

of a low potential for metastasis, local control (LC) is the
outcome affecting significantly survival.® The importance
of surgery has been well established in the treatment of
skull base chordoma (SBC). Complete resection is aimed
as the optimal goal of surgical procedure; however, it is
often precluded by tumor location and the surrounding
critical structure such as brainstem or optic pathways.*°
Optimal strategy of combination between maximum safe
resection and radiotherapy should be pursued in order to
obtain the best outcomes, driven by the prognostic factors
and personalized on the specific case. For inoperable pa-
tients, radiotherapy after biopsy is the treatment of choice.5”’
Postoperative photon radiotherapy has been widely admin-
istered, but using moderate radiation doses (<55 Gy) to ac-
commodate the tolerance of dose-limiting structures such
as the brainstem, optic nerves and chiasm, and temporal
lobes. A dose-response relationship has been demonstrated
for SBC where an improved tumor control rate can be
achieved with dose higher than 70 Gy.*" In order to over-
come chordoma radioresistance and to obtain satisfactory
LC, a dose escalation given with advanced forms of treat-
ment modalities (stereotactic radiotherapy or heavy par-
ticles) has become more important in the management of
this tumor. Particle beam therapy (protons and carbon ions)
appeared to be the most effective radiation modality in the
management of SBC, allowing the delivery of high radiation
dose levels, maximizing the positive balance between gross
tumor volume (GTV) optimal dose coverage and sparing of
organs at risk (OARs)."? Furthermore, carbon ions deliver a
higher relative biological effectiveness (RBE) in a selective
way to the target region and a dose dependency for the RBE
chordoma cell lines and dose correlation with tumor control
probability addressing to higher dose levels.'3-'5

The purpose of this study was to evaluate results and
safety of proton therapy (PT) or carbon ion radiotherapy
(CIRT) of patients with SBC at the National Center for
Oncological Hadrontherapy (CNAO), Pavia, Italy and to
identify factors influencing LC and overall survival (OS).

Materials and Methods

From November 2011 to December 2018, one hundred
thirty-five consecutive patients with SBC were treated
with PT or CIRT at CNAO. Treatments were delivered in ac-
cordance with 2 phase Il prospective clinical trials (CNAO

a dual particle (protons and carbon ions) integrated ap-
proach was presented and the choice of particle was
based on multiple features regarding tumor characteris-
tics in a customized way, toxicity risks, and post-surgery
outcomes. Moreover, prognostic factors for tumor local
control have been identified in order to identify more pre-
cise criteria to plan further tailored radiation treatment
and optimal combination with previous surgery.

01/2011 and CNAO S12/2012/C for PT and CIRT, respec-
tively) approved by the CNAO Ethical Review Board for
obtaining “CE” mark approval for CNAO synchrotrone as
a medical device.'®Trials ended in 2013, then patients were
prospectively enrolled in a clinical registry study with the
same inclusion/exclusion criteria of the phase Il clinical
trials. All enrolled patients gave their written informed con-
sent for treatment and the use of their anonymized data for
research and educational purposes.

Inclusion criteria were: histologically proven SBC; cura-
tive treatment (at least 70 Gy[RBE] for PT or 70.4 Gy[RBE]
for CIRT); any surgical resection degree (macroscopic com-
plete, not complete, or only biopsy); any clinical timing
(new diagnosed or recurrent disease); good performance
status (Karnofsky performance status >60); age >5 years
old; follow-up of at least 6 months; written informed con-
sent of the patient (or the legal guardians). Exclusion cri-
teria were: metastatic disease; no histological diagnosis;
previous radiotherapy in affected region; concomitant
chemotherapy; extensive metal instrumentation/implants;
inability to deliver prescribed dose without overdose to
normal structures; pregnancy. The outcomes evaluated
in the study were: LC, distant progression free survival
(DPFS), OS, identification of prognostic factors, toxicity
profile. Recurrent cases were all reviewed: the follow-up
MRI sequences where the recurrence was detected were
fused with rigid registration based on anatomical land-
marks with the planning CT scans to allow dosimetric
analyses.

Treatment Planning and Delivery

Each patient was treated in supine position. Immobilization
was performed using a customized thermoplastic head-
mask and mouth-bites. A simulation CT scan (2 mm
slice thickness) without contrast enhancement was per-
formed for treatment plan calculation. Image fusion with
diagnostic MRI sequences was performed using non-
deformable algorithms based on anatomical landmarks.
The GTV was contoured on MR images performed with
the patient immobilized in the same setup conditions as for
the simulation CT. T2-weighted axial images were routinely
employed and contours were checked and modified on
post-contrast T1-weighted images. Patients were treated ac-
cording to a sequential boost protocol.The prescription dose
for PT is 74 Gy(RBE) delivered in 37 fractions of 2 Gy(RBE): 54
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Gy(RBE) to the low risk (LoR) volume and 20 Gy(RBE) to the
high risk (HR) volume. CIRT prescription dose is 70.4 Gy(RBE)
delivered in 16 fractions of 4.4 Gy(RBE): 39.6 Gy(RBE) to the
LoR and 30.8 Gy(RBE) to the HR volume, respectively.

The HR clinical target volume (CTV-HR) included GTV
with 3-5 mm safety margin modified according to both the
anatomy and the surgical pathway, to include the HR areas
of tumor recurrence. In case of macroscopically radical re-
section, the CTV-HR is limited to include the resection mar-
gins. The CTV-LoR is obtained by adding 5 mm (isotropic
expansion) to CTV-HR, then it is modified according to
preoperative extension of disease, surgical pathway, and
postoperative changes. The HR planning target volume
(PTV) and PTV-LoR encompass the CTV-HR and CTV-LoR,
respectively with a uniform three-dimensional margin of
2 mm." The particle choice (PT or CIRT) was personalized
for each patient upon the following criteria: macroscopic
disease at pretreatment MRI scan (unfavorable conditions:
the presence and larger GTV); histological characteris-
tics (unfavorable conditions: dedifferentiated subtypes,
higher proliferative index); pattern of macroscopic dis-
ease extension (unfavorable conditions: mucosal or brain
infiltration/involvement) and proximity to critical organs
(unfavorable conditions: abutment/compression of brain-
stem, optic pathways); toxicity risks patient-related; post-
surgical anatomic changes and complications (unfavorable
conditions: dural defect and cerebrospinal fluid fistula). In
the presence of unfavorable pretreatment tumor charac-
teristics with no factors that can predispose to high grade
toxicity (as extended mucosal or brain infiltration or post-
surgical fistula), the choice would be tailored toward CIRT.
Furthermore, in the absence of macroscopic disease (GTV
not identified), CIRT is usually not indicated in the clinical
practice. Dose constraints for OARs followed published
data and clinical experience reported from other particle
series, especially for CIRT. Dose constraints to the OARs
for PT were maximum dose of 54 and 63 Gy(RBE) to the
center and surface of the brainstem, respectively, and 60
Gy(RBE) to the optic pathway.'®?' Dose constraints to
the OARs for CIRT were maximum dose of 30 Gy(RBE) to
the surface of the brainstem and 40 Gy(RBE) to the optic
pathways.?223 All treatment plans were calculated with
the Syngo-RT (Siemens AG Healthcare) planning system
in use at CNAO since the beginning of clinical activity.
A constant RBE value of 1.1 is applied for PT RBE-weighted
dose calculation, while the Local Effect Model | provides
CIRT RBE-weighted doses.?*?> Two to 3 beams were used
for plan optimization. The dose was delivered with pencil
beam scanning technique and synchrotron-based active
energy selection with a scan step of 3 mm and 2 mm for
PT and CIRT beams, respectively.?® The distance between
subsequent iso-energy slices was 2 mm for both particles.

Follow-up Evaluation

Patients’ follow-ups with brain and head and neck MRI and
clinical examination were planned every 3 months after the
end of treatment for the first 2 years, every 6 months for
the following 3 years, and then annually. Blood hormone
assays and audiometric and visual examinations were per-
formed every year. Early (up to 90 days after treatment)

and late (after 90 days) adverse events were classified ac-
cording to the Common Terminology Criteria for Adverse
Events (CTCAE) v4.03 grading system.?”’ Response to
treatment was defined according to RECIST 1.1 (Response
Evaluation Criteria in SolidTumors).?8

Statistical Analysis

Descriptive analyses were prepared with the use of me-
dians, means, ranges, and interquartile ranges. Univariate
and multivariate analyses were performed, to identify the
impact of patient-, tumor-, and treatment-related factors
on clinical outcomes. We used the chi-squared test and
the Wilcoxon-rank test to assess differences in the distri-
bution of categorical and continuous variables across
CIRT and PT cohorts. The length of follow-up was calcu-
lated from the last date of treatment to the last follow-up
visit. In-field progression-free interval was defined as the
time interval between the last day of radiotherapy and the
first diagnosis of LR or the last follow-up visit, in case no
LR was found. OS was also calculated to investigate time
to death. Survival curves were estimated by the Kaplan-
Meier method and differences between curves evaluated
by the log-rank test. To calculate differences in treatment
on tumor outcome, multivariate proportional hazards Cox
regression models were performed adjusting for other
prognostic and confounding factors (patient, tumor, and
treatment-related factors). Hazard ratios and 95% Cls from
multivariate Cox models are presented. All P-values were
set at 0.05, two-sided. In order to identify the most appro-
priate cutoff value for GTV, we considered receiver oper-
ating characteristic (ROC) analysis for local relapse. We
choose the point on the ROC curve where Youden’s index
is maximum, which is the point that maximizes both sensi-
tivity and specificity.?® Statistical analyses were performed
using SAS statistical software v9.02 for Windows.

Results

Patients and tumor characteristics are summarized inTable 1.
Sixty-five patients were treated with CIRT, 70 patients with
PT. Median follow-up was 49 months (range 6-87). The two
cohorts of patients (PT vs CIRT) were statistically different in
GTV volume, quality of resection, treatment phase (primary
or recurrent disease regardless of number of resections), and
visual field deficit at baseline evaluation. At the time of our
analysis, 113 (84%) patients remained locally controlled: 51
(78%) receiving CIRT, 62 (89%) receiving PT. Overall 117 (87%)
patients are still alive: 57 (88%) receiving CIRT, 60 (86%)
PT. The choice of the type of radiation (protons or carbon
ions) did not influence the outcome in LC (P = 0.15) and OS
(P = 0.82). No treatment-related secondary malignancies
were reported among patients included in this study.

CIRT Cohort Clinical Outcome and Prognostic
Factors

For the CIRT group, the 3-year and 5-year LC rates were
77% and 71%, respectively (Figure 1A). LR occurred in 14
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| . S5
Table 1 Patients’ characteristics Qs
o H
Total n (%) 135 Patients CIRT Cohort n (%) 65 Patients PT Cohort n (%) 70 Patients s ?
KPS 0.8493 g
<80 22 (16) 11(17) 11 (16)
90-100 113 (84) 54 (83) 59 (84)
Sex 0.374
Male 82 (61) 42 (65) 40 (57)
Female 53 (39) 23(35) 30 (43)
Age, y, median (range) 57 (13-81) 58 (13-81) 53 (17-81) 0.1388
Treatment 0.019
Primary 107 (79) 46 (71) 61 (87)
Recurrent 28 (21) 19 (29) 9(13)
Aim of the treatment 0.146
Postoperative 130 (96) 61(94) 69 (99)
Exclusive 5(4) 4(6) 1(1)
Resection status <0.0001
Complete 19 (14) 0(0) 19 (27)
Incomplete 115 (85) 64 (98) 51(73)
Only biopsy 1(1) 1(2) 0(0)
Surgical technique 0.130
Endoscopic endonasal 112 (83) 55 (84) 57 (82)
Other approach (transcranial) 13 (10) 5(8) 8(11)
Not known 10 (7) 5(8) 5(7)
Surgery (n) 0.285
1 77 (57) 34 (52) 43 (61)
>1 58 (43) 31(48) 27 (39)
Brainstem abutment and/or compression 0.671
Y 31(23) 14 (22) 17 (25)
N 103 (77) 51(78) 52 (75)
Not evaluated * 1 0(0) 1
Optic pathway abutment and/or compression 0.579
Y 11(8) 58 (89) 64 (94)
N 123 (92) 7 (1) 4(6)
Not evaluated * 1 0(0) 1
Visual defect 0.016
Y 24(18) 17 (26) 7 (10)
N 110 (81) 48 (74) 62 (89)
Not evaluated 1(1) 0(0) 1(1)
Diplopia 0.5945
Y 55 (41) 28 (43) 27 (33)
N 80 (59) 37 (57) 47 (67)
Hearing impairment 0.5221
Y 62 (46) 28 (43) 34 (49)
N 73 (54) 37 (57) 36 (51)
Pituitary dysfunction 0.303
N 112 (82.9) 51(78.4) 61(87.1)
Y (1 hormonal deficit) 10 (7.4) 7 (10.8) 3(4.3)
Y (>1 hormonal deficits) 13(9.6) 7(10.8) 6(8.6)
Cranial nerve deficit 0.014
Y 58 (43) 35 (54) 23(33)
N 77 (57) 30 (46) 47 (67)
GTV, cm?, median (range) 7 (0-99.3) 13 (0.4-87.4) 3.5(0-99.3) 0.0001
Dose, median (range) = 70.4 (70.4-70.4) 74 (72-74) =

Abbreviations: *Only CT imaging, CIRT: carbon ion radiotherapy, PT: proton therapy, Y: yes, N: no, GTV: gross target volume, KPS: Karnofsky performance status.
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Fig.1 Kaplan—Meier curves of local control (LC) (A) and overall survival (0S) (B) for PT and CIRT.

of 65 patients. After further analysis the origin of recur-
rence was determined to be situated in close proximity to
brainstem or optic chiasm (13 out of 14 LR, 92%), where
dose coverage was compromised to spare the OARs. Nine
patients developed distant relapse (included extracra-
nial metastases and cranial recurrence outside radiation
field): 4 cases occurred in the cervical spine, 2 cases in the
nasal septum/cavity likely due to surgical seeding, and 3
cases of cranial recurrence were reported outside the ra-
diation field. Three of these 9 patients had also LR. The
3-year and 5-year DPFS rates were 87% and 84%, respec-
tively. The 3-year and 5-year OS rates were 90% and 82%,
respectively (Figure 1B): 8 patients died, 6 patients for the
disease (2 for LR and distant progression, 1 patient for dis-
tant progression) and 2 patients for disease/treatment non-
related cause. In univariate analysis, the GTV extension
had a major impact on LC and OS.The estimated 3-year LC
rates were 81% and 56% for patients with GTV <23.1 cm?
and >23.1 cm?, respectively (P = 0.04); OS rates were 95%
and 65% for patients with GTV <23.1 cm?® and >23.1 cm?,
respectively (P > 0.0001) (Figure 2A). Likewise, optic
pathways and brainstem compression had a significant
(P =0.002 and P = 0.02, respectively) negative impact on
LC (Figure 2C, D) and, as a consequence of OAR sparing,
target coverage (D, of CTV-HR and GTV) was signifi-
cantly lower (P < 0.001 and P < 0.0001, respectively) in pa-
tients with LR (Table 2). Sex, age, histology, and anatomic
extension of the disease (upper/middle/lower clivus) had
no influence on LC and OS.

PT Cohort: Clinical Outcome and Prognostic
Factors

For the PT group, the 3-year and 5-year LC rates were
89% and 84%, respectively (Figure 1a). LR occurred in 8
of 70 patients. After further analysis, the origin of LR was

determined to be situated in close proximity to brainstem
in 7 out of 8 (87 %). Two patients developed distant relapse
in the nasal septum/cavity due to surgical seeding. One of
them had also LR. The 3-year and 5-year DPFS rates were
98% and 96%, respectively.The 3-year and 5-year OS rates
were 93% and 83%, respectively (Figure 1B): 10 patients
died, 5 patients from the disease (LR and 1 of them had
also distant progression) and 5 patients from disease/treat-
ment non-related cause. In univariate analysis the cutoff of
GTV influencing LC and OS was 10.4 cm?3; the LC rates at
3 years were 94% and 71% for patients with GTV <10.4 cm3
and >10.4 cm?3, respectively (P=0.03) (Figure 2B). OS rates
were 100% and 80% for patients with GTV <10.4 cm?® and
>10.4 cm?, respectively (P < 0.0001). Moreover, brainstem
compression had a significant (P = 0.002) negative im-
pact on LC (Figure 2E). No correlation was found between
LC and optic chiasm compression/abutment in PT group.
Target coverage (D, of CTV-HR and GTV) was signifi-
cantly lower (P = 0.002 and P = 0.0072, respectively) in
patients with LR (Table 2). The subgroup analysis on the
19 patients (27%) that underwent macroscopic complete
surgery (GTV = 0) showed LC of 100% with almost signif-
icantly better prognosis compared with GTV >0 (P = 0.074
for LC and P=0.079 for OS).

Toxicity Profile

We have assessed the potential correlation between the
type of particle treatment and high grade late adverse
events, but no CIRT or PT were predictors of grade (G) >3
late toxicity. Therefore, toxicity profile was analyzed for the
entire cohort of patients. No high grade (G >3) acute tox-
icity was observed. Sixteen (12%) patients experienced
high grade (13 patients G3 and 3 patients G4) late toxicity.
Late toxicity profiles are summarized inTable 3. Forty-four
(32.5%) patients experience brain or soft tissue alterations:
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Fig. 2 Kaplan—Meier curves of local control (LC) probability after CIRT in case of GTV <23.1 ¢cm?® versus volume >23.1 cm? (A) and PT in case of
GTV <10.4 cm® versus volume >10.4 cm? (B) and after CIRT in case optic pathway abutment/compression (C) or brainstem abutment/compression (D)

and after PT in case of brainstem abutment/compression (E).

39 patients (30%) had temporal lobe injuries, and 4 patients
(3%) had bone and/or soft tissue injuries. Brain injury was
asymptomatic in 25 out of 39 patients (64 %), and 14 pa-
tients (36 %) developed moderate symptoms controlled by
steroids. At least follow-up 16 out of 39 patients (41%) had
a reduction/resolution of the altered contrast-enhancing
area.The estimated 3-year high grade toxicity-free survival
was 85% for CIRT and 91 % for PT.

No brainstem or spinal cord complications were ob-
served in this series. All of 3 cases of G4 toxicity were ex-
pected: in 2 patents, the optic nerve was very close to the
GTV (causing visual field deficit at the baseline); in a third
case, the patient was affected by preexistent unilateral im-
portant hearing deficit. In all of these cases, the involved
OARs were sacrificed with patients’ consent, and efforts
were made to spare the contralateral optic nerve and
cochlea.

Discussion
Outcome

To our knowledge, this is the largest single institution pro-
spective study describing results of dual particle radiation
treatments (protons or carbon ions) of SBC. In our series
of 135 patients treated with PT or CIRT, 5-year LC rate were

84% and 71%, respectively, in accordance with other pub-
lished series of SBC treated with particle radiotherapy
(Table 4). The gap between these results in LC could be ex-
plained by patients’ selection and imbalances between PT
and CIRT population. In the era of personalized medicine,
the choice of particle has been tailored in a customized way
based on tumor amount of “gross” disease after surgery,
patterns of macroscopic disease extension and relation-
ship with critical organs, particular histopathology ag-
gressive features, and toxicity risks related to patients, to
post-surgical anatomic changes, and to complications (eg,
dural fistula). CIRT has been the treatment of choice in the
presence of unfavorable tumor characteristics, thus prob-
ably negatively influencing LC rate.

Prognostic Factors: General Considerations

In the era of personalized treatment, the importance of
prognostic factor analysis is well established, leading to
various types of therapeutic strategies and allowing to
focus efforts on critical or high risk of recurrence subgroup
of patients. However, as reported in a recent review,32 some
prognostic factors have consistently been reported to be of
predictive value (relationship with OARs, GTV, dose target
coverage), whereas others have only been sporadically dis-
cussed. Classic clinical factors such as older and younger
age are shown to be significant poor prognostic factors,
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Table2 High risk clinical target volume (CTV HR) and gross tumor volume (GTV) coverage

CIRT

D95 CTV HR LC

D95 CTV HR PD

D98 GTV LC

D95 GTV

D98 GTV PD

D95 GTV

D95 CTV HR (GTVO) LC
D95 CTV HR (GTV+) LC
D95 CTV HR PD

D98 GTV L©

D95 GTV

D98 GTV PD

D95 GTV

n Median Gy(RBE)
47 63
14 48.6
47 61
67
14 25.25
33.4
Median Gy(RBE)
19 70.4
41 68
8 63.75
41 67
70
8 59.6
63.2

Lower Quartile Upper Quartile P-value
55 67 <0.001
35.5 54.9

52 67 <0.001
58 69

174 44.4

18.5 51.9

Lower Quartile Upper Quartile

68.9 711 0.002
66 71

61.75 65.45

62 69 0.0072
65 72

324 63

40 67.3

Data available for 129 patients out of 135.

Abbreviations: LC: local control, PD: progression disease, D95: dose covering 95% of the volume, D98: dose covering 98% of the volume.

Table3 Late toxicity profile for the entire cohort of patients (PT
+ CIRT)

Patients %

High grade late toxicity No 119 88
Yes 16 12
G3 13 10
G4 3 2
CTCAE high grade No 119 88
late toxicity
Ear 8 6
G3 7 1
G4 1 3
Endocrine 1 2
G3 1
G4 0
Eye 4
G3 2
G4 2
Nervous 3
system disorders
G3 3
G4

Abbreviations: PT: proton therapy, CIRT: carbon ion radiotherapy,
CTCAE: Common Terminology Criteria for Adverse Events, G: grading.

but the results are often controversial.®334 Some authors
found that female sex was a significant poor prognostic
factor, but other studies reported opposite results.'3% We
did not find correlation between outcome and these pa-
tients’ characteristics. Moreover, except for Jahangiri and

colleagues, who identified tumor localization in the middle
and lower third of the clivus as other risk factors for recur-
rence, no relation between the site of residual tumor and
LC was reported in our study.3¢

Gross Tumor Volume

Regarding the influence of the residual tumor volume after
surgery, the recurrence rate for SBC was markedly higher
in patients with a partial resection than in those with a
total resection.3”%® Many series have reported residual
tumor volume to be a prognostic factor of LC.3%% In sev-
eral proton centers, reported experiences of patients with
SBC have associated GTV with tumor control at cut-points
of 25 mL and 28 mL."122034 Considering carbon ion, Uhl
and colleagues reported a significantly better LC rate when
the boost PTV (including the GTV plus 2 mm of margins)
was <75 mL.%

Likewise, in our series, a smaller GTV is associated
with a more favorable outcome. Patients treated with PT
without residual tumor (GTV not identified) volume after
surgery showed a 100% LC rate after 5 years. In PT and
CIRT cohorts, volumes of GTV influencing LC and OS were
10.4 cm?® and 23.1 cm3, respectively, presumably due to
higher average GTV in patients who underwent CIRT. In
the CIRT group, the estimated 3-year LC rates were 81%
and 56% for patients with GTV <23.1 cm3 and >23.1 cm?, re-
spectively; while in the PT group, 3-year LC rates were 94%
and 71% for patients with GTV <10.4 cm® and >10.4 cm?,
respectively. Maximal safe resection in a highly specialized
center for skull base surgery is the first goal to minimize
this unfavorable prognostic factor for LC. Furthermore, the
findings in our analysis data permit us to address more
precisely the choice of particle based on GTV values. For
the next future GTV >10.4 cm? will be considered the first
cut-point to address the patient preferentially to CIRT
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Table 4 Published series of skull base chordomas treated with particle radiotherapy

Study (Institution) Radiation RT Dose (GyRBE) Patients Follow-up 0S (%)
Type (number) Months
(median)
Hug, 1999; Ph +P TD 71.9 median 33 32.2 9%: 0to <15 mL 3-y: 67 3-y: 87
LLMUC* (66.6-79.2, range) 12%: >15 to 5-y: 59 5-y: 79
Dfp: 1.8 <25 mL
79%: >25 mL
Munzenrider, Ph +P TD: 66-83 range 169 41 NR 5-y: 73 5-y: 80
1999; HCL-MGH" Dpf: 1.8-1.92 10-y: 54 10-y: 54
Noel, 2005; Ph +P TD: 67 median 100 31 23 cm?3 4-y: 53 4-y: 90
CPO%0 (60-71, range) (1993-2002) (median)
Dpf: 1,8-2
Mizoe, 2009 C TD: 48-60.8 range 33 53 NR 5-y: 85 5-y: 88
(NIRS)4! Dpf: 3-3.8 (mean) 10-y: 64 10-y: 67
Uhl, 2014 (GSI)® C TD: 60 median 155 38 NR 3-y: 82 3-y: 95
(54-70, range) 5-y: 72 5-y: 85
Dpf: 3 10-y: 54 10-y: 75
Weber, 2016 P TD: 72.5 mean 151 50 35.4 cm? 5-y:75.8 7-y:72.9
(PSI™ Dpf: 1,8-2 (mean) (mean) 7-y:70.9
Fung, 2018 Ph +P TD 68.4-73.8 range 106 61 25 cm?® 4-y:78.3 4-y:90.2
(CPO)'2 Dpf: 1,8 (2006-2012) (mean) 5-y: 75.1 5-y: 88.3
Present study, PorC P:TD: 74 median 135 44 7 cm?® P: P:
CNAO (72-74, range) 70 P (median) 3-y: 89 3-y: 93
Dpf: 1,8-2 65 C P:3.5cm?3 5-y: 84 5-y: 83
C:TD:70,4 (median) C: C:
Dpf: 4,4 C:12.9cm? 3-y: 77 3-y: 90
(median) 5-y: 71 5-y: 82

Abbreviations: C, carbon ion therapy; Gy, gray; LC, local control; 0S, overall survival; P, proton therapy; Ph: photon therapy; RBE, relative biological
effectiveness; TD: total dose; Dpf: dose per fraction. NR: not reported; GTV: gross tumor volume; CTV: clinical target volume; GSI: Society for Heavy
lon Research (Darmstadt, Germany); NIRS: National Institute for Radiologic Sciences (Chiba, Japan); HCL-MGH = Harvard Cyclotron Laboratory

and Massachusetts General Hospital (Bost, USA); LLUMC = Loma Linda University Medical Center (Loma Linda, USA); PSI = Paul Scherrer Institut
(Villigen, Switzerland); CPQ = Centre de Protontherapie d'Orsay (Orsay France); CNAQ: National Center for Oncological Hadrontherapy (Pavia, Italy).

(balanced with other prognostic and toxicity risk factors),
while GTV >23.1 cm?® will be considered for higher priority
CIRT choice.

Prognostic Factors: Relationship with Organs
at Risk

Every surgical effort must be attempted to remove, when-
ever possible, any tumor extension lying along critical
structures (mainly optic nerves, optic chiasm, and brain-
stem). Although PT and CIRT can achieve a steep dose gra-
dient to healthy tissue, critical structures’ dose constraints
required to be taken into account.® Different studies have
identified optic apparatus and/or brainstem compression
as one of the major prognostic factors for patients’ out-
come, especially in PT series.*" Not surprisingly, in our
series, brainstem compression alone in PT and optic ap-
paratus and brainstem compression in CIRT had signifi-
cant negative impacts for LC (87% and 92% of LR in the
PT and CIRT cohorts, respectively). Brainstem and optic
pathways dose constraints are significantly lower than
therapeutic effective dose, consequently a significant per-
centage of target volume, especially GTV, may receive in-
adequate curative dose in patients with brainstem and/or
optic pathways compression/abutment. In patients with

brainstem and optic pathways compression/abutment and
no feasibility for maximal safe resection, we usually dis-
cuss with referral neurosurgeon the feasibility of person-
alized combined strategy consisting of debulking-space
surgery aimed to eliminate or however minimize abut-
ment/compression. The relaxation of dose constraints
for brainstem and optic pathways adopted in our institu-
tion since January 2019, particularly for CIRT (as detailed
below), could permit further reduction of the impact of this
prognostic factor for the future in patients treated in our
institution.

Dose Level and Target Coverage

The presence of low-dose regions and dose inhomoge-
neity within the GTV is one primary reason for LR, and
underdosing a portion of tumor may increase the risk of
LR.#% In the French proton experience, dose delivered to
90% of the GTV, the minimum dose to GTV, and volume
of GTV covered by the 95% isodose line (V) were signifi-
cantly associated with local failure.?

In 1999, Terahara and colleagues reported an evaluation
of target dose coverage and LC in SBC treated with PT.3" In
their experience, minimum dose to the target was a signif-
icant predictor for LC without finding any relation between
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prescribed dose and LC. Authors commented that portions
of the target were underdosed in order to meet constraints
to critical normal structures. This caused a significant het-
erogeneity in treatment plans: a lower probability of LC in
a low-dose region cannot be compensated by higher doses
delivered to the rest of the target volume.?

Our results emphasize the importance of adequate cov-
erage of the target volume, which is a quantitative factor
also inherently related to relationship between GTV and
OARs. Due to target underdosages aimed at OAR sparing,
target coverage (D, of the CTV HR and D, and D, of
the GTV) is significantly lower in patients that had LR. On
the other hand, these findings confirm further the signifi-
cant importance to deliver effectively a high dose level to
obtain higher probability of LC, therefore our data analysis
doesn’t support at the moment any changes in radiation
dose adopted, especially for CIRT, for which dose concepts
are more influenced by many features. For what concerns
the specific case of CIRT, the approach followed at our in-
stitution was to take advantage of the long-term experi-
ence, in terms of LC and toxicity outcomes, of Japanese
centers.'**! Nevertheless, a different RBE model is used for
RBE-weighted dose calculation in Europe and in Japan, po-
tentially affecting the dose delivered to the patient if not
accounted for. The applied prescription dose value is the
result of a dose conversion study carried out at the begin-
ning of clinical activity at CNAO,*?*3 while brainstem and
optic chiasm constraints were taken from the Japanese
experience without correction, thus following a highly
conservative approach.* Recent evaluation of clinical out-
comes showed that over-sparing of OARs could have com-
promised LC in specific patient groups.?? Therefore, efforts
were directed toward an RBE model update and relaxa-
tion of constraints, particularly for the brainstem and optic
pathways, with the goal of improving target coverage and
therefore LC, without expected increase in tissue toxicity.**

Toxicity

Late high-grade (G3-G4) toxicity rates varied between
6-8.1% and 4.1-6% in PT and CIRT series, respec-
tively.3811.20 We reported 12% of high-grade late toxicity
after SBC irradiation, considering both PT and CIRT cohort.

Temporal lobe necrosis is one of the most dreaded late
adverse events in high-dose proton therapy for SBC."? In
several reports on particle therapy for skull chordomas and
chondrosarcomas, it constitutes the most frequent normal
tissue damage compared with optic nerve, optic chiasm,
or brainstem toxicities.*® Santoni and colleagues reported
10.4% of clinical and radiological MRI changes consistent
with radionecrosis after proton and photon therapy; 7 pa-
tients of 10 developed G3 late clinical symptoms such as
seizure. In our series, no G3-G4 radionecrosis was reported,
while 13% of patients developed moderate symptoms con-
trolled by steroids.*® In a recent Japanese publication by
Koto, asymptomatic radiation-induced brain injury was
found in 28% of patients treated with CIRT. Symptomatic
radionecrosis >G2 was reported in 8% of cases.*’ In our
study, asymptomatic white-matter injuries in the tem-
poral lobe (radionecrosis G1) were noted in 20% of the
patients. Temporal lobe lesions occurred after a median of

25 months after treatment and were confined to the high-
dose region of the PT and CIRT plans. In all patients, MRI
changes remained stable or resolved spontaneously.

Potential bias of the study could be: absence of histo-
pathological review, inhomogeneity between treatment
groups, or required larger number of patients due to the
rareness of disease.

Conclusions

Five-year LC rates achieved after postoperative PT and
CIRT were similar to those reported in the literature.
Brainstem and/or optic apparatus compression, residual
tumor volume, and target coverage were major prognostic
factors. The estimated 3-year high-rate grade toxicity-free
survival was >85% for CIRT and PT. In the era of personal-
ized medicine, prognostic factors should address strategy
in the optimal multimodality treatment of such a rare and
challenging disease as SBC.

Dual particle choice treatment with consequent different
RBE and different types of biological damages on tumor
cells offers already a dual profile of radiation dose person-
alized on patients’ profile based on prognostic factors.

Furthermore, we can consider a prospective trial to in-
vestigate further personalization of treatment approach,
based on these recognized prognostic factors and new
possible factors as biomolecular/histopathologic and
radiomic factors.
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