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Abstract

Summary—The first fifteen consecutive patients treated with multi-field optimization intensity
modulated proton therapy (MFO-IMPT) were able to complete treatment with no need for
treatment breaks and no hospitalizations. Ten patients presented with SCC and 5 with ACC. There
were no treatment-related deaths and with a median follow-up of 28 months, the overall clinical
complete response rate was 93.3%. Early clinical outcomes warrant further investigation of proton
therapy in the management of head and neck malignancies.

Background—We report the first clinical experience and toxicity of multi-field optimization
(MFQ) intensity-modulated proton therapy (IMPT) for patients with head and neck tumors.

Methods—Fifteen consecutive patients with head and neck cancer underwent MFO-IMPT with
active scanning beam proton therapy. Patients with SCC had comprehensive treatment extending
from the base of the skull to the clavicle. The dose for chemoradiation therapy and radiation

therapy alone was 70 Gy and 66 Gy, respectively. The robustness of each treatment plan was also
analyzed to evaluate sensitivity to uncertainties associated with variations in patient setup and the
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effect of uncertainties with proton beam range in patients. Proton beam energies during treatment
ranged from 72.5 to 221.8 MeV. Spot sizes varied depending on the beam energy and depth of the
target, and the scanning nozzle delivered the spot scanning treatment “spot-by-spot” and “layer-
by-layer”

Results—Ten patients presented with squamous cell carcinoma (SCC) and 5 with adenoid cystic
carcinoma (ACC). All 15 patients were able to complete treatment with MFO-IMPT with no need
for treatment breaks and no hospitalizations. There were no treatment-related deaths and with a
median follow-up of 28 months (range: 20-35), the overall clinical complete response rate was
93.3% (95%, confidence interval 68.1% to 99.8%). Xerostomia occurred in all 15 patients as
follows; Grade 1 - ten patients, Grade 2 - four patients, and Grade 3 - one patient. Mucositis within
the planning target volumes was seen during the treatment of all patients; Grade 1 - one patient,
Grade 2 - eight patients, and Grade 3 - six patients. No patient experienced Grade 2 or higher
anterior oral mucositis.

Conclusions—This is the first clinical report of MFO-IMPT for head and neck tumors. Early
clinical outcomes are encouraging and warrant further investigation of proton therapy in
prospective clinical trials.

Introduction

Radiation therapy is a well-established option for the management of head and neck tumors
(1). Innovations in the delivery of external beam radiation therapy such as 3-dimensional
(3D) conformal radiation and intensity-modulated photon therapy (IMRT) have resulted in
greatly improved cure rates and quality of life (2-4). IMRT is the current standard of
treatment delivery for head and neck cancer because of its ability to tightly conform the dose
to the target volume, thereby sparing normal structures such as the parotid glands. It also
accelerates treatment through the use of simultaneous integrated boosts (SIBs) via altered
fractionation schedules within the same treatment plan (1). However, optimizing the dose
conformality with IMRT often requires the optimization of intensities of multiple coplanar
beams, which can result in high doses of radiation to normal tissue structures and subsequent
beam-path toxicities to non-target structures (5). The inherent physical properties of proton
energy deposition results in virtually no dose being delivered distal to the target (6,7) make
proton therapy a logical alternative to IMRT.

Over the last three decades, the most common method of delivering proton beam therapy has
been “passive scattering’ using compensators, aperatures, and a range-modulation device to
create a broad spread-out Bragg peak (SOBP) (8). A compensator is used to create
conformal dose only to the distal surface of the target, while an aperture is used to define the
lateral extension of the treatment field. While passive scattering is a form of 3D conformal
proton beam therapy the dose distributions proximal to the target volume are not conformal
in passive scattering. Spot scanning proton therapy (SSPT) does not require compensators or
apertures and has recently become available on a new generation of proton therapy delivery
systems (9). A proton spot is magnetically scanned lateral to the beam direction to create a
large field without introducing scattering elements into the beam path. Mono-energetic spots
with different energies from an accelerator are used to create a conformal dose distribution
to the entire target volumes. When all spots from all fields are optimized simultaneously
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using an inverse optimization method, a specific mode of SSPT called multi-field
optimization intensity modulated proton therapy (MFO-IMPT) is realized. Similar to IMRT,
a simultaneous integrated boost treatment plan can be readily created with MFO-IMPT.

Numerous reports have been published documenting the theoretical advantages of proton
therapy over photon therapy for head and neck malignancies (7,10-12). MFO-IMPT has
been shown in dosimetric planning studies to be most effective in reducing the doses to the
spinal cord, ipsilateral and contralateral parotid glands, and brainstem (13-17). However, to
our knowledge, no clinical studies have been conducted to prove or disprove the theoretical
advantages of MFO-IMPT over IMRT for patients with head and neck tumors. The purpose
of this pilot clinical study was to report our early results with MFO-IMPT for the treatment
of head and neck malignancies.

Materials and Methods

Subjects were 15 consecutive patients with head and neck malignancies who were
prospectively enrolled on an approved institutional review board prospective protocol and
treated with MFO-IMPT with each patients informed written consent. Tumors in all cases
were evaluated by central pathologic review, and all cases were evaluated weekly in a
multidisciplinary clinic with the participation of surgical, medical, and radiation oncologists
specializing in the treatment of head and neck cancer.

Treatment planning and delivery

All patients underwent computed tomography (CT) imaging for treatment planning (i.e.,
simulation) purposes while supine with a customized thermoplastic mask and bite block for
immobilization. Doses were prescribed in grays (Gy) Relative Biological Effectiveness
(RBE), assuming RBE of 1.1 for protons. Organs at risk with specified dose contraints were
contoured for treatment planning included the brain (maximum (max) dose less than 60 Gy),
brainstem (max dose less than 54 Gy), spinal cord (max dose less than 45 Gy), optical
apparatus (max dose less than 54 Gy), cornea (max dose less than 35 Gy), cochleas (max
dose less than 35 Gy), salivary glands (mean dose less than 26 Gy), oral cavity (mean dose
less than 30 Gy), and larynx (mean dose less than 35 Gy). All contours in all cases were
reviewed for quality assurance (QA) by a team of head and neck radiation oncology experts.
The planning target volumes (PTVs) delineation for IMPT patients were done in similar
fashion to our IMRT treated patients. The PTV was defined by adding 3-5 mm to the CTVs
while ensuring critical structures were not compromised. Treatment planning was done on
an Eclipse proton therapy treatment planning system (version 8.9, Varian Medical Systems,
Palo Alto, CA). Normally three fields from three different beam directions (combing gantry/
couch angles) were used for MFO-IMPT head and neck patients. The beam angles for
bilateral neck treatment were left and right anterior oblique beams with slight superior-
inferior (couch kick 15° to 20°) as well as a single posterior beam. We chose these beams to
optimize target coverage while minimizing dose to the brain, brainstem, spinal cord, oral
cavity, salivary glands, and larynx. Specifically, the anterior oblique beams place the most
distal Bragg peaks lateral to spinal cord; and the posterior beam passes the spinal cord and
places the distal Bragg peaks just posterior to the parotid gland. The other important
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consideration for selecting these beam angles is to minimize the uncertainties along the
beam path by avoid beams going through the mouth/teeth from anterior and the shoulders.
For paranasal sinus tumors, a vertex beam was incorporated into the treatment planning to
minimize the dose to the optic apparatus (i.e. optic nerves, optic chiasm, and corneas, etc.).
For ipsilateral neck treatment, two to three ipsilateral beam angles were chose to eliminate
dose to the contralateral neck and spare the salivary glands, oral cavity, brainstem, larynx,
and optic apparatus, and cochleas. The energy layers required for each field were determined
by the water equivalent thickness of the largest target volume in the beam direction. Metal
artifacts were managed by contouring regions with HU great than 2500 and assigning the
HU value of the material with correct relative linear stopping power. Artifacts in nearby soft
tissues were contoured and assigned to the average HU value of the surrounding tissues
without artifacts.

The system optimized the weights (intensities) of all spots from all fields simultaneously
using a simultaneous spot optimization algorithm with the objective of achieving specified
normal tissue and target dose and dose-volume constraints. SIB with accelerated
fractionation was prescribed for all patients and achieved by using the MFO-IMPT option in
Eclipse. For treatment planning, the goals and constraints were as follows; 95% of the
planning target volumes had to be covered with the prescribed doses. For the organs at risk,
treatment planning goals include the maximum dose to the spinal cord less than 45 Gy
(RBE), the mean dose to the parotid dose less than 26 Gy(RBE), the mean dose to larynx
less than 25 Gy(RBE), the mean dose to oral cavity less than 15 Gy(RBE), the maximum
dose optic apparatus and brain stem less 54 Gy(RBE), the maximum dose to the brainstem
less than 54 Gy(RBE), the maximum dose to the cochlea less than 35 Gy(RBE), and the
maximum dose to the cornea less than 35 Gy(RBE).

Radiation Target Volumes and Doses

Prescribed doses to the target volumes, and corresponding boost doses depended on whether
patients were to receive concurrent chemoradiation therapy or radiation alone. For patients
receiving concurrent chemoradiation, the prescribed dose to CTV1 (defined as gross disease
plus a 1-cm margin) was 70 Gy(Relative Biological Effectiveness (RBE), assuming RBE of
1.1 for protons) to be given in 33 fractions of 2.12 Gy(RBE) per fraction; dose to the CTV2
(encompassing the high-risk nodal volume adjacent to gross disease in the neck) was 63
Gy(RBE) in 1.9-Gy(RBE) fractions; and dose to CTV3 (encompassing an additional margin
beyond CTV2 for patients with pharyngeal tumors and uninvolved nodes in the neck
considered to be at risk of harboring subclinical disease) was 57 Gy(RBE) in 1.7-Gy(RBE)
fractions. For patients treated with proton therapy alone, the prescribed dose to CTV1 was
66 Gy(RBE) in 30 fractions of 2.2 Gy(RBE) each; to CTV2, 60 Gy(RBE) in 2.0-Gy(RBE)
fractions; and to CTV3, 54 Gy(RBE) in 1.8-Gy fractions (Figure 1).

The planning target volumes (PTVs) were defined as a 3 mm expansion of the CTVs.
Strictly speaking, the PTV concept commonly used in photon therapy cannot be directly
used for proton therapy because the range uncertainties are beam-direction-specific (18).
However, beam-specific PTVs (bsPTVs) (19) are not available in our clinical treatment
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planning system for IMPT. Nevertheless, we used the PTV concept to manage delivery
uncertainties for plans with a non-parallel-opposed beam arrangements (20).

QA Procedures

Patient-specific QA measurements were based on a recently published method developed for
scanning beams (21) with appropriate modifications. The robustness of each treatment plan
was also analyzed to evaluate sensitivity to uncertainties associated with variations in patient
setup and the effect of uncertainties with proton beam range in patients (22, 23). We
evaluated the robustness of the IMPT plans to setup and range uncertainties using a worst-
case analysis approach (24). The setup uncertainty for proton therapy of head and neck
cancer in our practice is estimated to be 3 mm. The range uncertainty due to stopping power
conversion error, computed tomography artifacts, and patient anatomy changes is assumed
to be 3.5% of the nominal beam ranges. The perturbations included 6 spatial shifts along the
three major axes (left-right, posterior-anterior, and superior-inferior), 2 range shifts — a total
of 8 perturbed dose distributions. Dose distributions were recalculated in Eclipse for each of
the above described 8 perturbed situations. We extracted the highest and the lowest dose
values in each voxel from the nominal and the 8 perturbed dose distributions, forming a hot
dose distribution with the highest values and a cold dose distribution with the lowest values.
The dose distributions derived in this way provided an estimate of the robustness of the
delivered dose to spatial and range uncertainties. Proton beam energies during treatment
ranged from 72.5 to 221.8 MeV. Spot sizes varied depending on the beam energy and depth
of the target, and the scanning nozzle delivered the spot scanning treatment “spot-by-spot”
and “layer-by-layer” (25,26). The spot sizes ranges from sigma = 0.5 to 1.4 cm in air at the
isocenter. The switch time between layers is 2.1 seconds.

Patients were scanned weekly with verification CT scans to evaluate the set-up, range, and
anatomical uncertainties that would necessitate adaptive replanning. Adaptive replanning
due to weight loss occurred during the fourth week of treatment. Daily image guidance was
performed using orthogonal 2D kV x-ray images and comparing with DRRs generated by
the treatment planning system (TPS) from simulation CT images to align the patient.

Toxicities and Clinical Response

Acute toxicities were assessed weekly during the proton treatment by the treating physician
and were documented according to the Common Terminology Criteria for Adverse Events
(CTCAE) v4.0. Clinical response was assessed at 6-10 weeks after treatment completion by
physical, endoscopic, and radiographic examination.

Statistical Considerations

Descriptive statistics are used to summarize toxicity and tumor response data. Exact
binomial confidence interval estimates are provided for the MFO-IMPT completion rate and
the clinical complete response rate. Analyses were performed with StatXact-9© for
Windows (Copyright © 2010, 1989-2010, Cytel Software Corporation, Cambridge, MA).
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Patient and treatment characteristics are listed in Table 1. Ten patients presented with
squamous cell carcinoma (SCC) and 5 with adenoid cystic carcinoma (ACC). The primary
SCC tumors were located in the oropharynx (8), nasopharynx (1), and unknown with
cervical metastases (1). Of the 8 oropharyngeal tumors, 7 were both p16- and human
papillomavirus (HPV)-positive, and the eighth was both p16- and HPV-negative. The ACCs
were located in the nasopharynx (3) or paranasal sinuses (2). Disease in the latter 2 cases
was recurrent after surgery and postoperative radiation. All 5 patients with ACC were
treated with concurrent chemotherapy and MFO-IMPT for unresectable disease. Five
patients (all with SCC) underwent taxane and platinum-based induction chemotherapy
before MFO-IMPT. Twelve patients (including all 5 with ACC) had MFO-IMPT with
concurrent chemotherapy consisting of either cisplatin (7 patients), carboplatin (4 patients),
or cetuximab (1 patient).

All 10 patients with SCC had comprehensive treatment extending from the base of the skull
to the clavicle to encompass both the primary tumor and neck regions. All 5 patients with
ACC received 70 Gy(RBE) in 33 fractions to gross disease with margin (CTV1) but no
treatment to the regional lymphatics. All 15 patients were able to complete treatment with
MFO-IMPT (100% completion rate with 95% CI 78.2% to 100%) without treatment breaks.

There were no treatment-related deaths (i.e., grade 5 toxicities) and no patient required
hospitalization. Doses to the organs at risk for proton therapy confined to the base of skull
are shown in Table 2; those for treatment that included the regional lymphatics are shown in
Table 3. Xerostomia occurred in all 15 patients as follows; Grade 1 - ten patients, Grade 2 —
four patients, and Grade 3 — one patient. Mucositis within the planning target volumes was
seen during the treatment of all patients; Grade 1 — one patient, Grade 2 — eight patients, and
Grade 3 - six patients. No patient experienced Grade 2 or higher anterior oral mucositis.

Six patients (2 with base-of-tongue tumors, 2 tonsil, 1 nasopharyngeal, and 1 paranasal
sinus) experienced no nausea or vomiting during the course of treatment despite five of
those patients having had concurrent chemoradiation. Two patients experienced vomiting (1
grade 3 and 1 grade 4; both required feeding tubes for grade 3 dysphagia and experienced
grade 2 or 3 weight loss during treatment). Five patients (38%) experienced grade 3
dysphagia. Dysgeusia was common, with 12 patients (80%) experiencing grade 2 effects
such as altered taste with change in diet, noxious or unpleasant taste, or loss of taste. Weight
loss during treatment to the oropharynx and nasopharynx ranged from 1.7% (2.2 kg) to
21.1% (19 kg).

No patient experienced grade 4 or 5 radiation dermatitis. Two of the 3 patients with ACC of
the nasopharynx experienced faint erythema (grade 1), and the third patient experienced no
skin changes. At the initial follow-up at 6 weeks after treatment, all dermatitis had resolved
to grade 0 or grade 1. Two patients had MFO-IMPT concurrent with cisplatin after salvage
surgery for recurrent paranasal sinus tumors. Both patients experienced dysphagia,
dysgeusia, and radiation dermatitis, but neither experienced anterior oral mucositis or
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vomiting and there were no grade 4 or 5 toxicities. At 2 years, 10 patients experience Grade
1 xerostomia consisting of dryness without significant dietary alteration. Three of the 10
patients experienced Grade 1 dysguesia consisting of altered taste but no change in diet.

With a median follow-up of 28 months (range: 20-35), all 10 patients with SCC and 4 of the
5 patients with ACC experienced a clinical complete response (CR); one patient with ACC,
who was being reirradiated for a recurrent paranasal sinus tumor, had a partial response. The
overall clinical complete response rate is 93.3% (95% CI 68.1% to 99.8%). Figures 2 and 3
illustrate the complete clinical responses of our first cases of patients treated with MFO-
IMPT for nasopharyngeal ACC and oropharyngeal SCC, respectively.

Discussion

To our knowledge, this is the first report of IMPT using MFO for head and neck
malignancies. We used MFO-IMPT, applied with a discrete spot scanning proton beam,
from the base of the skull to the clavicles safely, with no grade 5 toxicities and only 1
episode of grade 4 toxicity (vomiting). We further demonstrated the successful use of
accelerated altered fractionation by incorporating SIB with proton therapy. Oropharygeal
tumors, nasopharygeal tumors, and tumors metastatic to the neck were all treated
successfully after induction chemotherapy and concurrent chemotherapy regimens without
the need for treatment breaks, chemotherapy dose reduction, or hospitalization. MFO-IMPT
was also successful in treating recurrent paranasal sinus malignancies. Clinical and
radiographic responses provide further evidence of the safety and effectiveness of MFO-
IMPT for this purpose.

MFO-IMPT plans usually use two to three beams while IMRT plans often use nine beams so
the dose proximally to the Bragg peak may be a modest improvement over IMRT. The total
treatment time for two field plans was 20.1 min (SD 3.4) with beam delivery time of 3.6 min
(SD 1.5). The total treatment time for three fields was 32.4 min (SD 5.6 min) with beam
delivery time of 9.4 min (SD 2.6 min). Although this study demonstrates early clinical
applications of MFO-IMPT, several proton treatment-related uncertainties that can affect the
robustness of the treatment plan require further investigation. These uncertainties result from
variations in the range of the proton beam, daily set-up, intrafraction patient motion,
anatomical changes and weight loss during the treatment course. The MFO-IMPT fields
individually produced highly non-uniform dose distributions which combine to produce the
desired apparently uniform dose. Such dose distributions are highly sensitive to the
uncertainties mentioned above and carry a risk of both underdosing or overdosing target
volumes and/or normal structures. To minimize many of these uncertainties and their effect,
advanced immobilization techniques, image guidance, optimal beam angle selection, robust
analysis, robust optimization, and adaptive planning are all being actively investigated
(27-29). With MFO-IMPT, image guidance should be performed daily with either daily KV
imaging and periodic CT verification scans or in-room CT-based volumetric imaging. In the
current study, most patients experienced some weight loss during treatment, but only 2
required feeding tubes. In IMRT, weight loss or tumor volume reduction may require
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remasking and replanning during treatment; however, anatomical changes may have a
greater impact on the MFO-IMPT dose distributions. In addition to accounting for the effect
of weight loss, nutritional interventions should be considered to maintain body mass to the
greatest extent possible during treatment while also seeking to balance oral nutrition and
hydration so as to maintain swallowing functionality. Finally, cost-effectiveness of IMPT
over IMRT for head and neck patients must be considered in the emerging health care
environment as recent modeling suggests that IMRT may be more cost-effective than IMPT
(30).

In conclusion, this is the first clinical report of MFO-IMPT in the management of head and
neck cancers. Our early clinical results are positive and warrant further investigation of
MFO-IMPT in the treatment of head and neck malignancies. We will continue to follow
these patients and others on this protocol and report their clinical outcomes with longer-term
follow-up. Future prospective trials will determine if MFO-IMPT is able to reduce beam-
path toxicities and translate into an improvement in the therapeutic ratio, with superior
disease outcomes and a reduction in treatment-related morbidity.
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Figure 1.
Average DVHs of all three patients with bilateral oropharyngeal tumors treated with IMPT

alone to 66 Gy (RBE) in 30 fractions. (Ipsi = ipsilateral, Contra = contralateral, SMG =
submandibular gland, CTV = clinical target volume)
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Figure 2.
Unresectable T4ANOMO adenoid cystic carcinoma of the nasopharynx in a 33-year-old

woman. Panels a and d, CT scans showing tumor invasion the carotid space, extending
circumferentially around the lateral aspect of C1 with epidural extension and perineural
spread into the left hypoglossal canal, left vidian canal, left foramen rotundrum, and left
foramen ovale. The tumor also extended into the left middle cranial fossa and encased the
left internal carotid artery up to the petrous carotid canal. Panels b and e, isodose lines of the
MFO IMPT treatment plan in the axial (b) and coronal (€) planes (gross disease is contoured
in maroon). Panels ¢ and f, CT scans obtained at 6 weeks after concurrent chemoradiation
therapy to 70 Gy(RBE) in 33 fractions with cisplatin illustrate a clinical and radiographic
complete response. The patient remains without evidence of disease three years from
treatment.
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Figure 3.
T2N2b human papillomavirus—positive squamous cell carcinoma of the right tongue base in

a 67-year-old man. Panels a and e, PET/CT scans show avid primary tumor and cervical
node metastases. Panels b and f, isodose lines of the MFO IMPT treatment plan in the axial
(b) and coronal (f) planes. Panels ¢ and g, confluent mucositis at the tongue base with no
mucositis at the anterior local tongue (c) and grade 2 radiation dermatitis on the neck (g)
after receipt of 66 Gy(RBE) with concurrent cetuximab illustrate treatment reactions
consistent with the treatment plan. Panels d and h, PET/CT scans obtained at 10 weeks after
treatment illustrate complete clinical, metabolic, and radiographic. The patient remains
without evidence of disease two and a half years from treatment.
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