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Purpose: Pediatric patients with rhabdomyosarcoma (RMS) of the head and neck (H&N) are treated with
multimodal therapy, often with radiotherapy (RT) as definitive local therapy. We report on the patterns of
failure following proton beam therapy (PBT) for H&N RMS.
Methods: Forty-six H&N RMS patients were enrolled on a prospective registry protocol between 2006 and
2015. All were treated with a combination of chemotherapy (ChT) and PBT. Most patients (25 patients,
54%) had parameningeal tumors, of which 11 (24%) had intracranial extension (ICE). Thirteen patients
(28%) had primary tumors greater than 5 cm. Median total cyclophosphamide (CPM) equivalent dose
was 13.2 g/m2 (range 0–16.8 g/m2). Median RT dose was 50.4 Gy(RBE) (range 36 Gy[RBE]–50.8 Gy[RBE]).
Results: With median follow-up of 3.9 years, five-year overall survival was 76%, and five-year
progression-free survival was 57%. Seventeen patients (37%) experienced relapse, including 7 with local
failure (LF). Five-year local control (LC) was 84%. Tumor size greater than 5 cm predicted increased risk of
LF (hazard ratio [HR] 6.49, p = 0.03), as did the presence of ICE at diagnosis (HR 5.21, p = 0.03). Six relapses
occurred in patients with ICE; all included a component of central nervous system relapse, with lep-
tomeningeal disease and/or LF with an intracranial component. Delayed RT delivery after week 4 of
ChT predicted increased risk of relapse for ICE patients (HR 10.49, p = 0.006).
Conclusions: PBT confers excellent LC, and a favorable late toxicity profile as compared with prior photon
RT data. Our observations support ongoing trial efforts to dose-escalate RT for patients with larger
tumors. However, these data raise concerns regarding excess failures among patients with ICE.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 134 (2019) 143–150
Rhabdomyosarcoma (RMS) is the most common soft tissue sar-
coma of childhood and adolescence, accounting for approximately
5% of all pediatric malignancies [1,2]. RMS is treated with multi-
modal therapy, incorporating a combination of systemic
chemotherapy (ChT) as well as local therapy. Approximately 40%
of RMS cases are primary head and neck (H&N) tumors [3]. To
achieve local control of H&N RMS lesions, radiotherapy (RT) is
often utilized as the definitive local therapy modality, given the
morbidity associated with extensive surgical resections in this
region [3,4]. Increasingly, proton beam therapy (PBT) has been
used in place of photon-based RT in the treatment of RMS [5–7].
The primary benefit of PBT over photon-based techniques centers
on the absence of exit dose from a proton beam, in turn sparing
nearby critical structures from unnecessary radiation exposure.
These considerations are particularly important for pediatric
patients with H&N lesions where late toxicity can be severe. To
that end, dosimetric data have supported the use of PBT in the
treatment of RMS, particularly for H&N primary tumors [6,8,9].

With data emerging regarding clinical outcomes for RMS
patients treated with PBT, here we report patterns of failure for
pediatric H&N RMS patients treated with PBT [5]. Particular atten-
tion is placed on the rates of local control (LC), as well as risk fac-
tors for local failure (LF). Outcomes for high-risk subgroups of H&N
RMS patients, such as those with tumors with intracranial exten-
sion (ICE), are analyzed as well. The implications of these findings
to ongoing cooperative group trials are discussed.

Methods

Between January 2006 and January 2015, 46 patients with
newly diagnosed H&N RMS were enrolled on an institutional
prospective IRB-approved registry protocol for all pediatric
patients undergoing PBT; this registry tracked disease-related out-
comes as well as treatment-related toxicities. Informed consent
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Table 1
Patient, tumor, and treatment characteristics. Abbreviations: N, number; RT, radio-
therapy; H&N, head and neck; IRS, Intergroup Rhabdomyosarcoma Study Group; COG,
Children’s Oncology Group; EpSSG, European Pediatric Soft Tissue Sarcoma Study
Group; CPM, cyclophosphamide; Gy(RBE), Gray (Radiobiological Effectiveness); ChT,
chemotherapy.

N = 46 patients
Age at diagnosis: Median 5.2 years

Range 0.1–
15.6

years

Age at RT: Median 5.4 years
Range 0.7–

15.7
years

N %

Gender Male 20 43%
Female 26 57%

Site: Favorable – Orbit 13 28%
Favorable – Other H&N 8 17%
Unfavorable –
Parameningeal

25 54%

Intracranial extension: Yes 11 24%
No 35 76%

Histology: Embryonal 32 70%
Alveolar 14 30%

Cytogenetics PAX3-FOXO1 fusion
transcript [t(2;13)]

13 28%

No fusion transcript
detected

33 72%

Primary tumor size (cm) �5cm 33 72%
>5cm 13 28%

T stage: T1a 21 46%
T1b 1 2%
T2a 12 26%
T2b 12 26%

N stage: N0 35 76%
N1 11 24%

M stage: M0 41 89%
M1 5 11%

IRS stage (IRS-IV; pre-
surgical)

1 20 43%

2 7 15%
3 14 30%
4 5 11%

IRS group (post-surgical) I 1 2%
II 5 11%
III 35 76%
IV 5 11%

COG risk stratification Low 13 28%
Intermediate 28 61%
High 5 11%

Study enrollment: COG ARST 0331 10 22%
COG ARST 0431 3 7%
COG ARST 0531 21 46%
EpSSG 2005 5 11%
Other 7 15%

CPM equivalent dose Median 13.2 g/m2
Range 0–

16.8
g/m2

RT dose to primary tumor Median 50.4 Gy
(RBE)

Range 36–
50.8

Gy
(RBE)

Timing of RT (following ChT
initiation)

Median 13 weeks

Range 1–56 weeks
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from patients’ parents/legal guardians was obtained for this proto-
col at the time of enrollment prior to treatment initiation; all
patients were less than 18 years old at time of PBT.

Staging evaluation of patients included magnetic resonance
imaging (MRI) of the primary site, as well as bilateral bone marrow
(BM) aspiration and biopsies in all patients. Further staging was
performed with a combination of computed tomography (CT)
imaging of the chest, CT imaging of the head and neck, fluo-
rodeoxyglucose positron emission tomography (PET) imaging,
and technetium-99 bone scan. Patients were considered to have
ICE at time of diagnosis if ICE was identified on initial staging
MRI. Patients with cranial nerve palsy and/or bone erosion without
radiographic evidence of ICE were not considered to have ICE in
this cohort. All patients with ICE were further staged with cere-
brospinal fluid (CSF) cytology from a lumbar puncture. Histologic
specimens of the tumor were assessed for FOXO1 fusion transcript
status based on reverse transcription polymerase chain reaction
assay [10]. Patients were risk-stratified into low-, intermediate-,
and high-risk subgroups as per the Children’s Oncology Group
(COG) risk classification system [11].

Patients were treated with multimodal therapy, including PBT
and ChT for all patients, as well as surgical resection for some
patients (Table 1). Treatment planning for PBT was based on CT
simulation and custom immobilization for all patients. Anesthesia
was utilized for patients too young or unable to tolerate simula-
tion/daily PBT treatments while awake; anesthesia was utilized
for 24 patients (52%) in this series. For the treatment planning pro-
cess, all patients had diagnostic MRI scans fused to the treatment
planning CT to facilitate target volume and critical structure delin-
eation. No patient in this series underwent MRI in the treatment
position with immobilization devices (that is, MRI simulation) as
our institutional MRI simulator was not yet available for use during
the study period. Patients were treated with either passive-
scattered PBT (PSPT) or pencil-beam scanning PBT (PBS-PT); 9
patients (20%) were treated with PBS-PT, while 37 (80%) were trea-
ted with PSPT. PBT treatment planning aimed to target gross dis-
ease; institutional practice during this study period did not
include any elective nodal irradiation for H&N RMS patients. Target
volumes were defined by clinical exam as well as radiographic
data. A clinical margin of 5–20 mm (median 10 mm, variable by
anatomic site) was added to the contoured gross disease to gener-
ate the clinical tumor volume (CTV). For patients treated with PSPT,
beam-specific uncertainty margins were used, including a range
uncertainty of 3 mm [12]. For patients treated with PBS-PT,
patients were treated with intensity-modulated proton therapy
(IMPT), with CTV-based robust optimization as previously
described [13]. PBT was delivered in daily fractional doses of 1.8–
2 Gy(RBE) (Gray [Radiobiological Effectiveness]). Resimulation
and replanning were performed in 6 cases (13%); 2 cases of replan-
ning were due to improper fitting of patients’ thermoplastic masks.
The remaining 4 cases of adaptive replanning were to adapt and
shrink treatment fields in response to decreased tumor size with
ongoing RT.

ChT was delivered as per cooperative group protocols (Table 1).
Most patients were treated per North American COG protocols, and
therefore received cyclophosphamide (CPM) as part of their ChT
regimen; several patients, however, were treated per European
protocols (European Pediatric Soft Tissue Sarcoma Study Group
[EpSSG]), and received ifosfamide rather than CPM as part of their
ChT. To standardize, we converted ifosfamide dosing into CPM
equivalent dosing as previously described, and provided a CPM
equivalent dose for all patients, representing the total equivalent
dosing of CPM/ifosfamide delivered to patients in this cohort [14].

Disease-related outcomes including overall survival (OS),
progression-free survival (PFS), LC, regional nodal control (RNC),
and CNS-C (central nervous system [CNS] control) were calculated
using the Kaplan–Meier method. Disease-related outcomes were
calculated from the date of PBT completion. PFS events were
defined by death, disease relapse or progression. LC and RNC
events were defined by local and regional nodal failure, respec-
tively. CNS-C events were defined by failure with a CNS compo-
nent, including LMD as well as a LF with the relapse volume
having ICE. To characterize sites of failure relative to the initial
PBT treatment plans, in-field relapse was defined as >80% of the
relapse volume within the 95% isodose line [IDL] of the initial



E.B. Ludmir et al. / Radiotherapy and Oncology 134 (2019) 143–150 145
treatment plan; marginal relapse was defined as >20% and �80% of
the relapse volume within the 95% IDL of the initial plan; out-of-
field relapse was defined as �20% of the relapse volume within
the 95% IDL of the initial plan [15]. Treatment-related toxicities
were assessed using the Common Terminology Criteria for Adverse
Events (CTCAE) version 4.0 definitions [16].

Statistical analyses included log-rank testing using the Cox
proportional-hazard model to compare differences in disease-
related outcomes between groups. Comparisons of ratios across
groups were performed using chi-squared testing. All tests per-
formed were two-sided with an a priori a = 0.05 as a threshold
for statistical significance. Analyses were performed using the SPSS
statistical package (Version 22.0, Armonk, NY) [17].
Results

Cohort and treatment characteristics

Patient, disease, and treatment characteristics of the full cohort
of 46 patients with H&N RMS treated with PBT are summarized in
Table 1. Median age at diagnosis was 5.2 years (range 0.1–
15.6 years). In addition to staging evaluation with primary-site
MRI and bilateral BM aspiration and biopsies, patients were staged
with a combination of chest CT (46/46 patients, 100%), contrast
enhanced CT of the H&N (40/46, 87%), PET (15/46, 33%), and
technetium-99 bone scan (21/46, 46%). No patient had evidence
of LMD at time of diagnosis, including the 11 patients with ICE
who were further evaluated with CSF cytology.

All patients were treated with a combination of PBT and ChT.
ChT was delivered per COG or EpSSG protocols as highlighted in
Table 1. While most patients were treated on COG protocols, 5
patients (11%) were treated on EpSSG protocols utilizing ifos-
famide rather than cyclophosphamide. Median CPM equivalent
dose for the cohort was 13.2 g/m2 (range 0–16.8 g/m2) (Table 1)
[14]. PBT was delivered at a median time of 13 weeks following ini-
tiation of ChT (range 1–56 weeks).
Patterns of failure

Median follow-up for all patients in the cohort following com-
pletion of PBT was 3.9 years (range 0.5–8.9 years). Five-year OS
and PFS rates for the cohort were 76% (95% confidence interval
[CI] 57%�87%) and 57% (95% CI 38%�73%), respectively (Fig. 1).
By risk-stratification, 5-year OS rates for low-, intermediate-, and
Fig. 1. Disease-related outcomes. Disease-related outcomes for the full cohort
(N = 46) with the Kaplan–Meier survival curves for overall survival (OS, black) and
progression-free survival (PFS, gray).
high-risk patients were 100%, 65%, and 80%, respectively. Seven-
teen patients (37%) experienced disease relapse. These relapses
included 4 patients with isolated LF, 2 with LMD relapse, 2 with
concurrent LF and LMD relapse, 8 with isolated regional nodal fail-
ure (RNF), and 1 with concurrent LF and RNF. No extra-CNS distant
metastatic relapses were observed in this series. Median time to
relapse was 12.5 months (range 3.0–59.9 months) following com-
pletion of PBT. Only one patient experienced disease relapse
beyond 24 months following PBT completion; this patient pre-
sented with an orbital embryonal tumor, with gross nodal disease
at diagnosis. The patient was treated to 45 Gy[RBE] to the primary
and 41.4 Gy[RBE] to the gross node, with subsequent in-field nodal
relapse of the initially involved node 59.9 months following PBT.
All other patients with relapse (16/17, 94%) recurred within
24 months following PBT completion.
Local control

A total of 7 patients (15%) experienced LF (isolated or concur-
rent with other sites of relapse) (Table 2). Five-year LC rate was
84% (95% CI 69–92%). For all 7 cases of LF, the local recurrence vol-
ume was in-field relative to the initial PBT treatment plan, as
defined in Methods above. Four of 7 patients with LF presented
with ICE at diagnosis; all 4 of these patients had an intracranial
component of their LF at time of relapse (Patients 3 through 6,
Table 2). Two of these 4 patients further presented with concurrent
disseminated LMD at time of LF (Table 2). Examining risk factors
for LF, univariate analyses demonstrated a significant effect of pri-
mary tumor size on LF (tumor >5 cm, HR 6.49, 95% CI 1.26–33.46,
p = 0.03). Five of 13 patients (38%) with tumors >5 cm experienced
LF, compared with 2 of 31 patients (6%) with tumors �5 cm. The
presence of ICE at diagnosis also conferred a higher risk of LF (HR
5.21, 95% CI 1.16–23.54, p = 0.03). No effect of primary tumor site
(p = 0.38), age (p = 0.61), histology (p = 0.36), study protocol
(p = 0.33), post-surgical risk group (Intergroup Rhabdomyosar-
coma Study [IRS] group; p = 0.35), CPM equivalent dose
(p = 0.22), use of PBS-PT versus PSPT (p = 0.50), RT dose (p = 0.97),
or RT timing (p = 0.56) on LF incidence was identified. By COG risk
stratification, five-year LC rates were 100%, 82%, and 60% for low-,
intermediate-, and high-risk patients, respectively (p = 0.10).
ICE and CNS control

Of 11 patients presenting with ICE at diagnosis, 6 (55%) experi-
enced disease relapse (Table 2). This includes the 4 patients above
with LF with intracranial component, 2 of whom concurrently pre-
sented with disseminated LMD at time of relapse. The remaining 2
ICE patients with relapse presented with LMD at relapse, without a
component of local recurrence (Table 2). All patients with a com-
ponent of CNS involvement at relapse (either locally recurrent dis-
ease with intracranial involvement or LMD) initially presented at
diagnosis with ICE. For the full cohort, 5-year CNS-C rate was
86% (95% CI 72–94%); among patients presenting with ICE
(N = 11), 5-year CNS-C was 42% (95% CI 14–69%). CNS-C for ICE
patients was identical to PFS, as no ICE patients experienced non-
CNS relapse; 5-year OS for ICE patients was 61% (95% CI 25–83%).
Among patients with ICE, the additional intracranial margin to
generate the CTV based on the extent of gross disease varied
between 5 and 20 mm (median 10 mm). On univariate analyses,
the sole variable predicting disease relapse among patients with
ICE was the timing of RT relative to the initiation of ChT. Four of
11 ICE patients (36%) started RT within the first 4 weeks of ChT,
of whom none experienced disease relapse (Table 3). In contrast,
6 of the remaining 7 ICE patients who initiated RT at or after week
5 of ChT experienced disease relapse (Table 3). Patients who
received RT beyond week 4 had a significantly higher rate of
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relapse (HR 10.49, 95% CI 1.94–56.67, p = 0.006; Fig. 2). Other
disease- and treatment-related factors did not predict for recur-
rence among patients with ICE, including CPM equivalent dose
(p = 0.95), tumor size (p = 0.64), RT dose (p = 0.37), or intracranial
margin utilized for CTV generation (p = 0.45). In addition to RT tim-
ing as a predictor for PFS, patients with ICE initiating RT beyond
week 4 trended toward worse OS (HR 7.34, 95% CI 0.97–55.38,
p = 0.05; Fig. 2).

Among the 7 patients with RT initiation beyond week 4 of ChT,
only one patient had RT delayed past week 4 due to clinical consid-
erations. This patient (Patient 6; Table 2, Table 3) was diagnosed at
8 months of age, and RT was delayed until 22 weeks of chemother-
apy had been delivered to forestall the delivery of RT until after the
patient had turned 1 year old in an effort to minimize long-term
toxicity [18]. All other patients had RT delivered beyond week 4
due to the timing of patient referral for RT (N = 6). No tumor-
related or chemotherapy-related toxicities led to a clinical decision
to delay RT initiation.
Regional nodal control

Nine patients with a component of RNF were identified in this
cohort. Of these, 8 patients presented with alveolar histology
tumors, and the relationship between alveolar histology with risk
of regional nodal relapse (particularly in first-echelon draining
lymph node basins) was recently characterized by our group
[19]. Among the full cohort, five-year RNC rate was 73% (95% CI
49–87%); among patients with alveolar histology lesions, five-
year RNC was 37% (95% CI 12–62%), with 8 of 14 alveolar-
histology patients (57%) experiencing RNF. In contrast, only one
patient of 32 with embryonal histology tumors (3%) developed
RNF, resulting in a 5-year RNC of 88% among embryonal histology
patients (95% CI 39–98%). As discussed above, the sole patient with
embryonal histology RMS with subsequent RNF presented with an
orbital tumor with involved regional nodes; this patient experi-
enced late relapse, at 59.9 months following PBT, with an in-field
relapse at the initially involved node.
Salvage therapy

Of 17 patients with disease relapse, at last follow-up 10 (59%)
had expired due to disease progression (DOD), 3 (18%) were alive
with disease (AWD), and 4 (24%) were alive without evidence of
disease (NED). Salvage chemotherapy was utilized for 16 patients
(94%), and salvage RT for 8 (47%). Median follow-up time after dis-
ease relapse was 3.0 years. All patients who received salvage RT
also received salvage ChT. The sole patient who did not receive sal-
vage ChT (or RT) expired within 3 months of disease relapse; this
patient (Patient 6; Tables 2, 3) presented at relapse with dissemi-
nated LMD as well as concurrent LF, and deteriorating performance
status precluded salvage ChT. Among patients who received sal-
vage ChT, median survival after relapse was 24.7 months. No dif-
ference was detected in post-relapse survival among patients
who received salvage ChT alone compared with those who
received salvage ChT as well as salvage RT (median post-relapse
survival 18.7 months versus 24.7 months, respectively; HR 1.31,
95% CI 0.33–5.30, p = 0.70). Among patients with local failure,
one patient (Patient 2; Table 2) was treated with reirradiation;
the disease recurred in the parapharyngeal space (in-field), and
was treated with salvage ChT, resection (with positive margins,
the sole patient in this series who underwent salvage surgery),
and adjuvant re-irradiation with a second course of PBT to 36 Gy
(RBE). This patient is alive and without evidence of disease
44.4 months following relapse.



Table 3
Outcomes for ICE patients. Individual patient outcomes for patients presenting at diagnosis with ICE. Abbreviations: ICE, intracranial extension; Dx, diagnosis, CPM,
cyclophosphamide; RT, radiotherapy; Gy(RBE), Gray (Radiobiological Effectiveness); ChT, chemotherapy; NED, alive without evidence of disease; AWD, alive with evidence of
disease; DOD, expired due to disease; LF, local failure; CNS, central nervous system; LMD, leptomeningeal disease.

Patient
number

Age at
Dx
(years)

Subsite Histology Primary
tumor size
(cm)

CPM
equivalent
dose (g/m2)

RT dose
(Gy
[RBE])

RT timing
relative to ChT
(weeks)

Disease
relapse?

Last
known
status

Notes

3 4.3 Infratemporal
fossa

Embryonal 6.0 16.8 50.4 8 Y NED LF with CNS component

4 6.8 Pterygopalatine
fossa

Embryonal 5.2 16.8 48.6 13 Y AWD LF with CNS component

5 15.5 Nasal cavity Embryonal 6.0 8.4 50.4 10 Y DOD Concurrent LF (with CNS
component) and LMD
relapse

6 0.7 Paranasal sinus Embryonal 4.1 16.8 50.4 22 Y DOD Concurrent LF (with CNS
component) and LMD
relapse

7 10.2 Paranasal sinus Alveolar 4.3 16.8 50.4 13 Y DOD LMD relapse
8 15.4 Paranasal sinus Alveolar 7.0 7.2 50.4 13 Y DOD LMD relapse
10 5.9 Middle ear Embryonal 3.2 16.8 50.4 1 N NED
11 3.3 Masticator

space
Embryonal 7.0 12.0 50.4 4 N NED

12 5.5 Nasopharynx Embryonal 6.3 16.8 50.4 4 N NED
13 1.8 Infratemporal

fossa
Embryonal 5.6 16.8 50.4 4 N NED

14 3.3 Mastoid region Embryonal 4.5 16.8 50.4 14 N NED

Fig. 2. Role of RT timing for patients with ICE. (A) Progression-free survival and (B)
overall survival as a function of RT timing relative to ChT initiation for patients with
ICE at presentation (N = 11). Analysis performed based on whether patients
received RT by week 4 of chemotherapy (black curve, ‘‘�Week 4”, N = 4) or after
week 4 (gray curve, ‘‘>Week 4”, N = 7). Log-rank test p-values shown for PFS
(p = 0.006) and OS (p = 0.05).
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Toxicity

Acute toxicities of PBT included 4 patients (9%) with grade 3
toxicity, and 31 patients (67%) with grade 2–3 toxicity. Grade 3
acute toxicities observed included 3 patients (7%) with mucositis,
and 1 patient (2%) with keratopathy and conjunctivitis. Grade 2
acute toxicities included dermatitis (16 patients, 35%), mucositis
(11 patients, 24%), conjunctivitis (6 patients, 13%), xerostomia (3
patients, 7%).

Late toxicities related to PBT were observed in 12 patients (26%)
with grade 3 toxicity, and 19 patients (41%) with grade 2–3 toxic-
ity. Long-term grade 3 toxicities included cataract development (7
patients, 15%), bone hypoplasia and facial asymmetry (2 patients,
4%), unilateral hearing loss (1 patient, 2%), unilateral epiphora
and punctal stenosis (1 patient, 2%), and dental caries (1 patient,
2%). Six of 7 patients who developed cataracts had orbital primary
tumors, with ipsilateral-only (unilateral) cataract development;
one patient treated for a nasopharyngeal primary tumor developed
a unilateral ipsilateral cataract as well. No patients with bilateral
(synchronous or metachronous) cataract development were
observed in this series. Non-cataract grade 3 toxicity was observed
in 5 patients (11%). Late grade 2 toxicities included thyroid
endocrinopathy (secondary hypothyroidism; 5 patients, 11%),
decreased growth velocity (5 patients, 11%), chronic sinusitis (3
patients, 7%), xerostomia (2 patients, 4%), and xerophthalmia (2
patients, 4%). Use of PBS-PT (compared with PSPT) did not confer
lower rates of acute grade 2–3 (p = 0.96) or grade 3 (p = 0.77) tox-
icity; similarly, PBS-PBT did not confer lower rates of late grade 2–
3 (p = 0.59) or grade 3 (p = 0.77) toxicity. No acute or late grade 4–5
toxicities were observed in this cohort.
Discussion

Here we report a large series of patients with H&N RMS treated
with PBT as part of multimodal therapy. Disease-related outcomes,
including LC (85% at 5 years), compare favorably to other modern
series utilizing either photon-based intensity-modulated RT
(IMRT) or PBT. Prior reports with either RT modality (photon-
based RT or PBT) have generally described LF rates between 12%
and 38%, with most describing LF rates in the range of 19–22%
[4,5,7,20–26]. This includes the recent publication of overall out-
comes for COG ARST0531, where the LF rate for intermediate-risk
RMS patients was 22.4% [23]. Moreover, concerns have been raised
previously regarding the possibility of increased marginal recur-
rences with highly conformal techniques such as PBT, which has
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limited low-dose radiation ‘‘bath” in the peritumoral region com-
pared with photon-based approaches such as IMRT [27,28]. No
marginal failures were found in the present series, with all local
relapses in-field from the delivered RT treatment plan. This obser-
vation is consistent with the existing literature reporting compara-
ble local control between PBT and IMRT among H&N RMS patients
[5,7,20,21].

Given that the primary therapeutic benefit to the use of PBT
over photon RT is to spare unnecessary dose to critical structures,
the toxicity profile observed in this series is notable as well. In the
present study, toxicity rates are consistent with existing reports
[5,7]. We report an acute grade 3 toxicity rate of 9%, as compared
with prior PBT reports of 13–15% of patients with acute grade 3
toxicity [5,7]. With regard to late toxicity, our observed rate of
non-cataract late grade 3 toxicity (11%) similarly mirrors the exist-
ing PBT literature, with non-cataract/non-ocular late grade 3 toxi-
city rates reported in the 4–5% range [5,7]. This is in contrast to
IMRT H&N RMS series, which have reported non-cataract late
grade 3 toxicity rates of 47% [16,29]. It is also noted that the pre-
sent series, as well as prior PBT RMS studies, have not reported
any late grade 4 toxicities, in contrast to published photon RT data
[5,7,29]. While further long-term follow-up is needed for a more
complete landscape of the late toxicities of PBT, these clinical
observations support dosimetric data that PBT may confer an
improved toxicity profile as compared with IMRT [6,8,9]. Collec-
tively, data in this series support the efficacy and safety of PBT in
the treatment of H&N RMS.

With regard to LC, the role of tumor size highlighted in the pre-
sent series is of particular significance looking toward future coop-
erative group trials for RMS. Our data demonstrate higher rates of
LF for patients with tumors >5 cm (38%) compared with those
�5 cm (6%). The latest COG protocol for intermediate-risk RMS,
ARST1431, includes an RT-dose-escalation component whereby
RT for patients with tumors >5 cm is dose-escalated from 50.4 Gy
to 59.4 Gy [30]. This is based on the results of the COG D9803 trial;
subgroup analysis from this trial showed a difference in LF rates
based on tumor size (LF 25% for >5 cm, versus 10% for �5 cm)
[4,30,31]. The present series supports this observation of LC as a
function of tumor size, and the prevalence of isolated LF in this ser-
ies further suggests that strategies such as RT dose escalation may
be efficacious given the pattern of spread.

Notably, no other treatment-related factors predicted LC in this
series, including CPM dose. With successive cooperative group tri-
als, CPM (equivalent) doses have been steadily decreased with the
hopes of mitigating toxicity (including acute hematologic and
infectious complications as well as long-term risk of infertility)
[4,23,30,32]. As the trend to decrease CPM dosing has progressed,
cooperative-group-level evidence from other risk stratifications
of RMS have pointed to higher rates of disease relapse [33]. The
D9803 protocol, which demonstrated the effect of tumor size on
LC as above, included treatment with CPM doses between 25.1 g/
m2 and 30.8 g/m2 [4,32]. By contrast, patients on more recent pro-
tocols, including ARST0531 and EpSSG 2005, were treated with
substantially lower total CPM doses (or CPM equivalent doses),
from 8.4 g/m2 to 16.8 g/m2 [23,34]. Reports regarding patterns of
failure and risk factors for LC are still pending from these more
recent trials (ARST0531 and EpSSG 2005), and therefore the effect
of lower CPM dosing on LC risk factors is unclear; this is especially
important given that currently the ARST1431 protocol is using
lower-dose CPM (total dose 8.4 g/m2). The present series provides
the first evidence of patterns of failure and LC risk factors at these
lower dose ranges of CPM. Our data demonstrate the continued
role of tumor size (at a threshold of 5 cm) on LF incidence. Further-
more, we observed low rates of LF (6%) among patients with
tumors �5 cm, suggesting that lower CPM dose ranges did not
result in increased LF compared with the historical cohort from
D9803. This remained the case even if intermediate-risk patients
only were examined in our series (LF 43% for tumor size >5 cm, ver-
sus 13% for �5 cm). Therefore, lower CPM dose ranges, including
those utilized for ARST0531, EpSSG 2005, and ARST1431, may
not result in higher LF incidence among patients with smaller
tumors. Collectively, these data provide evidence that tumor size,
but potentially not CPM dosing (including modern-era lower
CPM doses), affects LC. This supports the investigation into RT
dose-escalation for patients with larger tumors on ARST1431.

Turning to RNC, we observed high rates of RNF among patients
with alveolar histology tumors. As previously reported by our
group, there may be a role for more extensive nodal evaluation
during staging of patients with alveolar lesions [19]. Similarly,
there may be a role for elective nodal irradiation of at-risk draining
nodal basins, as well as complete coverage of any nodal basin ini-
tially involved at diagnosis [19]. The sole patient with RNF who had
an embryonal histology tumor, it should be noted, was treated to
41.4 Gy(RBE) to a grossly involved node; this may represent
undertreatment of gross disease in a lymph node, and conse-
quently account for subsequent disease relapse. This was the sole
relapse that occurred after 2 years following PBT completion, with
RNF presenting 5 years after PBT.

Among patients with ICE, we observed high rates of disease
recurrence (6/11 patients, 55%). All relapses for patients with ICE
included LMD and/or LF with an intracranial component, highlight-
ing the CNS-centric pattern of failure for this particularly high-risk
subgroup. The strongest risk factor observed for relapse for ICE
patients was the timing of RT. No patient initiating RT by week 4
of chemotherapy experienced relapse, whereas nearly all patients
(6/7 patients, 86%) initiating RT after week 4 developed subsequent
disease failure. No other clinical or treatment characteristics were
identified to account for the observed rates and patterns of failure
among this subgroup. These results were confirmed in an explora-
tory analysis in which patients treated with either PBT or IMRT
were included, adding a further 4 ICE patients treated with IMRT
to this group of 11 PBT-treated ICE patients [35]; the role of RT tim-
ing was confirmed in this analysis, in which all 5 patients treated
by week 4 remained disease-free, while 9 of 10 patients treated
after week 4 experienced relapse [35]. The importance of RT timing
for patients with ICE has been explored in earlier cooperative-
group trials. One analysis of the IRS II-IV trials demonstrated a
two-fold increase in LF rate among ICE patients if RT was initiated
after week 2 of ChT [36]. The recommendations for patients with
ICE, therefore, had been to initiate RT as early as possible, ideally
within the first week of ChT initiation. While this paradigm of
treating patients with ICE at week 0 was included in the IRS-IV
and D9803 trials, subsequent protocols have delayed RT for ICE
patients with the goal of reducing the size of RT fields after allow-
ing for disease response following induction ChT [4,23,30]. The
ARST0531 protocol included RT initiation at week 4 for all enrolled
patients, including those with ICE at presentation; the current
ARST1431 trial is further delaying RT to week 13 for all patients.
The patterns of failure data from ARST0531, including outcomes
for ICE patients in particular, is still pending [23]. Our data, while
limited by being retrospective in nature and having less statistical
power than larger cooperative-group studies, provide evidence
that early initiation of RT for patients with ICE may still be an
important factor to decrease risk of relapse.

Expanding on this, the role of CPMmust be evaluated as well for
patients with ICE. Of standard RMS chemotherapeutics, CPM has
the most significant CNS penetration and bioavailability [37]. As
noted previously, successive trials have decreased the CPM dosing,
from D9803 (total CPM dose 25.1–30.8 g/m2) to ARST0531 (8.4–
16.8 g/m2) and now to ARST1431 (8.4 g/m2 per current protocol).
While outcomes and patterns of failure for ICE patients from
ARST0531 have not yet been reported, it is possible that reduced
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CPM dosing may be affecting disease control rates as well. With
lower overall CPM dose ranges in our series (among ICE patients,
ranging from 7.2 g/m2 to 16.8 g/m2), we hypothesize that the com-
bination of lower CPM doses and delayed RT initiation beyond
week 4 collectively may account for the observed high rates of
relapse among ICE patients treated after week 4. Our data suggest
that excess treatment failures may be observed among patients
with parameningeal tumors, similar to the results of another
recent institutional series [38]. We further support an analysis of
ARST0531 in which outcomes for patients with ICE are compared
based on treatment arm, given the two-fold difference in CPM dos-
ing between these arms (8.4 g/m2 versus 16.8 g/m2) with RT timing
set at week 4 across all arms. Such an analysis could provide
insight into the optimal treatment approach for these high-risk
patients.

Together, our data highlight successes as well as areas for
improvement in the treatment of H&N RMS. Use of PBT yields com-
parable LC rates as with photon RT, without evidence of increased
marginal failures. While long-term toxicity data with further
follow-up are pending, this series demonstrates a toxicity profile
similar to that of other PBT reports, and a seemingly improved late
toxicity profile as compared with prior IMRT series. This cohort,
treated with lower doses of CPM, provides the first modern expe-
rience to support the role of tumor size in the risk of LF, and bol-
sters the incorporation of RT dose-escalation into ARST1431 for
patients with larger tumors. Finally, the high rates of relapse
among patients with ICE, and the role of RT timing for these
patients, provides cautionary data as successive trials further delay
RT while reducing CPM dose. We speculate that treatment de-
escalation combination of RT delay and CPM dose reduction con-
tributes to increased risk of relapse among ICE patients, and con-
tinued monitoring of ongoing clinical trials will be critical.
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