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Opinion statement

The application of proton beam radiation therapy in the treatment of head and neck cancer
has grown tremendously in the past few years. Globally, widespread interest in proton
beam therapy has led to multiple research efforts regarding its therapeutic value and cost-
effectiveness. The current standard of care using modern photon radiation technology has
demonstrated excellent treatment outcomes, yet there are some situations where disease
control remains suboptimal with the potential for detrimental acute and chronic toxicities.
Due to the advantageous physical properties of the proton beam, proton beam therapy
may be superior to photon therapy in some patient subsets for both disease control and
patient quality of life. As enthusiasm and excitement for proton beam therapy continue to
increase, clinical research and widespread adoption will elucidate the true value of proton
beam therapy and give a greater understanding of the full risks and benefits of proton
therapy in head and neck cancer.

Introduction

Radiation therapy is an integral treatment modality that neck cancer, definitive treatment with radiation can re-
is commonly used in the multidisciplinary approach to  sult in effective disease control [1]. Radiation therapy is
managing head and neck cancer. In early-stage head and  also often used in addition to chemotherapy with the
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benefit of organ preservation or as an adjuvant therapy
following surgery to help improve overall survival (OS)
and locoregional control (LRC) in advanced-stage dis-
ease. While the goal of curative intent remains a priority,
optimizing the quality of life and minimizing toxicity
for each patient remains a challenge due to the potential
for significant detrimental effects on functionality (sali-
vation, swallowing, hearing, etc.) and the burden of
adverse symptoms following radiation. Over the past
few decades, the development of intensity-modulated
radiotherapy (IMRT) has had a tremendous impact on
the field with innovations in conformity, reductions in
toxicity, and critical organ sparing [2]. However, due to
the limiting physical properties of the photon beam,
IMRT often results in inevitable irradiation of normal
healthy tissue at significant doses. The unnecessary irra-
diation of these normal and critical structures can lead to
debilitating acute and chronic toxicity. The patient pop-
ulation of head and neck cancer continues to evolve
with a growing proportion of younger patients with
HPV-associated oropharyngeal cancer [3]. While there
has been treatment success with high rates of disease
control with traditional external beam therapy,

Physics and rationale

minimizing treatment-related acute and late complica-
tions while improving posttreatment quality of life has
become an extremely important goal in managing head
and neck cancer [4].

Proton beam therapy (PBT) is a radiotherapy ap-
proach that has demonstrated promising results in dis-
ease control and treatment outcomes while allowing for
a high quality of life in head and neck cancer patients.
While proton therapy has been used clinically in the
treatment of cancer for decades, its utilization has been
limited due to its costly expenses and limited availabil-
ity. Technological innovations and advances in treat-
ment machines have allowed for increased adoption
and affordability of proton therapy [5]. However, inter-
est and excitement regarding proton beam therapy con-
tinue to grow with expansion in research and develop-
ment of proton beam treatment facilities across the
world. This chapter aims to summarize the significant
trends of proton use and the most recent literature on
clinical treatment outcomes, toxicity, optimal patient
selection, and limitations of proton radiation therapy
for head and neck cancer.

Proton therapy is a form of external beam radiation therapy (EBRT) that uses a
linear accelerator to generate a concentrated beam of protons directed at a
specified target for therapeutic usage. It is the unique physical properties of the
proton beam that contributes to its potential for significant therapeutic value.
Clinical studies have demonstrated the benefit of proton and the potential
advantages and disadvantages when compared to traditional photon therapy
(Table 1). At the molecular level, there is a fundamental difference between
traditional photon therapy used in IMRT and charged particles such as the
proton. In comparison to photons, protons have a heavier mass that leads to a
relatively decreased scattering angle and consequently sharper dose distribution
with a finite, defined range. Additionally, the majority of the radiation delivered
by a monoenergetic proton beam is directed to a concentrated region with sharp
distal dose falloff, known as the “Bragg peak.” By localizing the Bragg peak to
the designated tumor volume, a high dose of radiation is delivered to the tumor
with minimal to no exit dose reaching normal, healthy tissue. However, in the
clinical context, complex tumor volumes require different energy beams that are
combined to form a spread out Bragg peak (SOBP) to cover the tumor volume.
The consequence of forming the SOBP is the potential for significant entrance
dose and radiation to the skin. However, the minimal to no exit dose is the
main dosimetric advantage of proton beam therapy, which allows for high
conformality and minimal radiation to normal tissue or critical structures
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(Fig. 1). The potential for optimal tumor volume conformality has brought
attention to the application of proton therapy in various clinical settings.

Treatment planning

In treatment planning with proton beam therapy, it is important to take
advantage of the physical properties of the proton beam (Bragg peak) and the
lack of exit dose. The challenge for the planning team and the radiation
physician is to choose the shortest and most reliable path for the beams to reach
the target. While protons are advantageous over photons in terms of dose
homogeneity, proton penetration may encounter worse tissue inhomogeneity
issues. Artifacts, such as dental or surgical hardware, can lead to uncertainty in
the localization of the Bragg peak and consequently suboptimal treatment
delivery with potential for irradiation of normal tissue [5]. Therefore, it is
important to avoid choosing a beam path through areas such as the mouth
(dental artifacts), hollow organs, and critical structures (e.g., spinal cord, sali-
vary glands). Treatment plans can be further complicated by fluctuations in a
patient’s anatomy, such as changes in tumor size, patient weight, and daily
patient position. Intensive quality assurance as well as reimaging during the
treatment is essential to account for all of these technical uncertainties and
ensure the integrity of the treatment [13]. Techniques and plans to minimize
skin toxicity should also be addressed, such as using three-dimensional con-
formal passive scattering.

In the head and neck, the complex anatomic geometry and irregularity in
target shapes often require more complex proton techniques rather than treat-
ment with uniform or double scattering to successfully treat large tumor vol-
umes [14]. Intensity-modulated proton therapy (IMPT) is an advanced proton
technology that can result in treatment plans with remarkable conformality
with fewer radiation beams and sparing of normal tissue irradiation via the use
of pencil beam scanning. Pencil beam scanning uses two pairs of scanning
magnets that guide monoenergetic proton beams laterally to a specified spot
and intensity that precisely paint the target volume. This technique allows for
modulation in both the lateral direction and depth due to variations in proton
energies. Individual proton beams that each uniformly cover the entire target

Photon \ Proton

e

&

Fig. 1. Comparing photon (IMRT)
proton treatment plans are shown for a salivary duct carcinoma of the left parotid gland. The proton treatment plan demonstrates
better sparing of contralateral organs and critical structures in comparison to the photon treatment plan.
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volume (single-field optimization) or collectively cover the target volume as a
sum (multi-field optimization) can be utilized in planning with IMPT. While
multi-field optimization allows for intensity modulation and a high degree of
conformality, the uncertainties in proton range and delivery are typically greater
in comparison to single-field optimization plans.

Oropharyngeal cancer

In addition to chemotherapy and surgery, radiation is an integral part of the
management of oropharyngeal cancer (OPC) in both the definitive and adju-
vant settings. Traditionally, IMRT has been a successful treatment option for
oropharyngeal carcinoma with reduced toxicities (such as xerostomia). How-
ever, with an increasing proportion of young, HPV-positive patients, treatment-
related toxicities must be further reduced to ensure optimal quality of life. Due
to the nature of the photon, IMRT often results in unnecessary radiation of
healthy tissue while proton therapy offers the benefit of sparing irradiation of
contralateral oropharyngeal and nasopharyngeal tissue. Proton therapy can be
used to reduce the incidental radiation delivered outside of the target volume
especially after transoral robotic surgery. In addition to integrating transoral
robotic surgery, advancements in de-escalation of radiation dose or volume and
alternative systemic chemotherapy agents are being made to optimize the
treatment of HPV-positive oropharyngeal cancer patients. The use of proton
therapy shows a promising outlook for reducing treatment-related adverse
effects and improving long-term quality of life.

Considering the anatomic relationship of the oropharynx to the oral cavity
and salivary glands, proton therapy may provide a dosimetric advantage in
comparison to photon therapy that virtually eliminates irradiation to critical
structures. In a prospective study of 29 patients with locally advanced oropha-
ryngeal carcinoma, Slater et al. reported only three patients with late grade 3
toxicity (11%) and increased locoregional control (5-year LR control, 84%)
following treatment with accelerated fractionation using photon therapy and
concomitant proton boost [15]. A case-matched analysis by Blanchard and
colleagues demonstrated a significant decrease in gastronomy tube dependence
(OR0.53; 95% CI 0.24-1.15) during treatment and grade 3 weight loss (3-
month follow-up OR 0.44; 95% CI 0.19-1.0) in patients receiving IMPT for
oropharyngeal cancer in comparison to those who received IMRT with no
statistical difference in outcomes [12]. Another dosimetric case-matched study
of 25 patients treated with IMPT for OPC demonstrated significantly lower
mean doses of radiation delivered to the anterior and posterior oral cavity, hard
palate, esophagus, and mandible in comparison to IMRT plans for the same
group [16]. Further assessments are required to characterize any differences in
long-term disease control and toxicity.

Due to the complexity and large volumes often seen in oropharyngeal
cancers, IMPT is recommended to enhance homogeneous tumor coverage
and contralateral treatment with minimal radiation to adjacent critical struc-
tures. In some tumors, such as HPV-positive, node-positive OPC, there is an
early response to radiation with subsequent changes in anatomy and volume
that may necessitate replanning during the course of treatment. Therefore, after
considering the sensitivity of proton beam therapy to anatomic variations,
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some clinicians may limit the use of proton beam radiation to the adjuvant
setting.

Sinonasal cancer

The application of proton beam radiation in sinonasal cancer is another
promising field of research and treatment. While radiation is often used in the
postoperative setting with acceptable treatment outcomes, surgery can lead to
significant disfiguration in facial anatomy and potential injury to neurovascular
structures due to the location of these tumors [42]. In patients with unresectable
tumors, treatment with definitive radiation with or without chemotherapy
results in discouraging outcomes due to the limiting dose constraints of the
surrounding critical structures, such as the optic pathways and brainstem [17].
Several studies have demonstrated better tumor coverage with decreased inte-
gral radiation dose when using proton beam therapy in comparison to IMRT or
3D-CRT [18-20]. In a study of 84 patients who received hyperfractionated
proton therapy (1.2 Gy |RBE] twice daily) for nonmetastatic sinonasal cancer,
local control and overall survival rates were 83 and 68%, respectively at 3 years.
On multivariate analysis, continuous local control was a significant predictor of
overall survival 15].

In a systematic review and meta-analysis of 41 non-comparative observa-
tional studies, Patel and colleagues [8] reported on the clinical outcomes of
treatment with charged particle therapy (including helium ions, protons, car-
bon ions, or mixed charged particles) and traditional photon radiation in
patients with paranasal sinus and nasal cavity malignant cancer. There was no
significant difference between median doses for the charged particle therapy
group and the IMRT group of 60 and 61 Gy, respectively. At 5 years and longest
duration of follow-up, charged particle therapy was associated with improved
overall survival and disease-free survival in comparison to IMRT. In the subset
comparing proton beam therapy versus IMRT, locoregional control at longest
follow-up and 5-year disease-free survival were significantly improved in the
proton therapy group. There was no difference in toxic effects between the
treatment groups besides a higher rate of neurological complications in the
charged particle therapy group. However, it is important to note that there may
have been reporting bias and referral bias with a significantly greater proportion
of charged particle studies that reported treatment-related toxicities and more
challenging patients referred for charged particle therapy [8]. Still, this study
demonstrates that there are possible benefits and potential for better clinical
outcomes by using proton therapy in sinonasal cancer. This study provides
high-level evidence that the use of proton therapy in some head and neck
cancers is associated with an improvement in survival.

Nasopharyngeal cancer

Radiation with or without chemotherapy is the treatment of choice for naso-
pharyngeal carcinoma (NPC). However, the complex anatomy of the naso-
pharynx with close proximity to critical structures, including the pharyngeal
constrictor muscles, salivary glands, and brainstem, presents several challenges
for the radiation oncologist. IMRT allows for adequate tumor coverage with
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good prognosis and decreased radiation delivered to normal critical structures,
such as the parotid gland, which leads to reductions in toxicity (xerostomia)
and improvements in quality of life [21, 22]. Although IMRT can reduce the
dose delivered to specified structures, the nature of IMRT implies an increased
dose delivered to nontarget structures along the beam path [23]. Furthermore,
some subsets of NPC, such as EBV-negative or previously irradiated, locally
recurrent disease, are particularly challenging and difficult to achieve excep-
tional outcomes with IMRT. Given the dosimetric and physical advantages of
using protons, proton beam radiation therapy may be a promising treatment
option in some cases of NPC.

In a phase 2 trial of 23 patients treated with combined photon/proton
radiation therapy and chemotherapy for stage III/TVB NPC, Chan and col-
leagues reported 2-year disease-free survival, local control, and overall survival
rates of 90, 100, and 100%, respectively. The most common grade > 3 toxicities
were hearing loss (29%) and weight loss (38%), and no patients developed
grade 3 xerostomia. Additionally, 48% received a gastrostomy tube during the
treatment [24]. In a dosimetric comparison of IMPT versus IMRT treatment
plans for 29 organs at risk (OAR), Lewis and colleagues reported significant
reductions in the mean dose for 13 OAR for proton-based plans [25]. In another
study by Chan and colleagues, 17 patients with T4 NPC were treated with
proton beam therapy. Local control, progression-free survival (PFS), and overall
survival rates were 92, 75, and 74%, respectively. Late toxicities were reported:
five patients with radiographical evidence of temporal lobe changes, one pa-
tient with mandibular osteonecrosis, and one patient with endocrine dysfunc-
tion [26].

Proton beam therapy offers an alternative radiotherapy approach for
treating NPC with excellent treatment outcomes and possible reduction in
overall toxicity. Future prospective clinical studies are needed to evaluate for
neurological toxicity and treatment outcomes in patients with recurrent and T4
disease, locally advanced disease.

Re-irradiation for recurrent head and neck cancer

Several patients who were definitively treated for head and neck cancer will
develop recurrence of disease that may require treatment with high-dose re-
irradiation in order to achieve effective disease control. Chemotherapy alone
may only have a 7- to 10-month median survival benefit, and many patients are
not candidates for salvage surgery [27-29]. However, this presents a challenge
for the treatment team due to the prior effects following radiation exposure to
both the tumor site and the normal tissues.

In a cohort of 206 patients, traditional IMRT re-irradiation for recurrent head
and neck disease resulted in suboptimal locoregional control and survival rates
at 2 years of 59 and 51%, respectively, with significant grade 3+ toxicity (32% at
2 years, 48% at 5 years) [30]. In comparison, Phan and colleagues reported on a
study of 60 patients who received proton beam irradiation for recurrent head
and neck cancer (15 passive scattering proton therapy, 35 IMPT). Locoregional
failure-free survival, distant metastasis-free survival (DMFS), progression-free
survival, and overall survival rates at 1 year were 68.4, 74.9, 60.1, and 83.8%,
respectively. Acute grade 3 toxicity was reported in 18 patients (30%), and
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feeding tubes were placed in 13 patients (22%) following proton radiation
therapy [27]. In a multi-institutional study on proton beam re-irradiation for
recurrent head and neck cancer, the 1-year locoregional failure rate was 25.1%,
and actuarial distant metastasis-free survival and overall survival rates at 1 year
were 84.0 and 65.2%, respectively. The median dose of proton beam radiation
therapy received was 60.6 Gy (RBE). Acute grade 3 toxicities included six
patients with dysphagia (9.1%), nine patients with mucositis (9.9%), six pa-
tients with esophagitis (9.1%), and three patients with dermatitis (3.3%). In
comparison to late toxic effects following photon re-irradiation, there were
relatively low rates of late toxicity with six cases of grade 3 or four skin
complications (8.7%), four cases of grade 3 dysphagia (7.1%), and two cases of
grade 5 bleeding (2.9%) [31e].

Although retreating recurrent head and neck disease remains a challenging
task, proton beam therapy seems to have a relatively safe toxicity profile in
comparison to traditional photon re-irradiation [31e]. Still, the acute and late
complications following re-irradiation for recurrent disease remain high with
complex adverse effects, such as radiation-induced cutaneous fistula formation,
which requires a multidisciplinary approach involving reconstructive surgery.
Re-irradiation for recurrent head and neck cancer usually only involves the gross
tumor volume without including elective nodal disease or subclinical volumes
in order to reduce toxicity. Larger retreatment volumes have also been strongly
associated with treatment toxicity and death [27, 32]. While proton beam
therapy has demonstrated encouraging toxicity profiles and treatment out-
comes, treatment planning in the recurrent setting is highly individualized for
each patient due to the heterogeneity in clinical presentation. Since most of the
known benefit of proton therapy is based upon the dosimetric advantages and
physical properties of the proton, prospective studies are needed in order to
further assess for adequate disease control, survival outcomes, long-term tox-
icity, and costs of proton beam therapy in comparison to traditional radiation
treatment modalities.

Limitations of proton beam therapy

The current literature on proton beam therapy is largely confined to
comparative dosimetric analyses and retrospective studies at single insti-
tutions. Proton beam therapy has a dosimetric advantage compared to
photons, which may reduce any unnecessary radiation dose to normal
tissues, but organs within the target range will receive the entire dose of
proton radiation, and potential toxicities to these structures must be eval-
uated in order to determine any true clinical advantages of using proton
therapy [33, 34]. Some studies have reported possible increased risk for
worse toxicities in subsets of patients who received proton beam therapy,
such as skin toxicity, temporal lobe necrosis, and neurological complica-
tions [6e, 7e, 8]. Further investigations that compare the clinical effec-
tiveness and benefits of proton beam therapy to those of IMRT are neces-
sary, especially in regard to long-term toxicity, patient-reported outcomes,
and quality of life. Prospective, randomized controlled studies are also
essential to fully understand the risks and benefits of proton beam therapy
compared to the current standard of care.
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In terms of treatment planning, proton beam therapy is especially
sensitive to fluctuations in patient positioning and anatomical changes
[35, 36]. Technological advances and excellent quality assurance are re-
quired to ensure a safe and effective delivery of treatment for each patient
and to minimize any uncertainties.

Future directions

Our current understanding of proton radiation therapy use for head and
neck cancer seems to be promising. As the interest in proton beam therapy
grows, further clinical research and technological advancements will give
more insight into the true value of proton radiation therapy as a thera-
peutic option in the treatment of head and neck cancer. Furthermore,
improvements in proton delivery and automating proton plan adaptation
will help establish robust treatment plans and quality assurance system to
precisely deliver the radiation dose to the desired target volumes [37e].
Improvements in treatment delivery may also potentially translate to
improved clinical outcomes and reduced toxicity-related costs. Efforts to
define the optimal patient population will help clarify which patients
would most benefit from the application of proton beam therapy.

Large prospective, randomized clinical trials will give a direct compar-
ison of proton therapy to modern photon therapy and clarify the risks and
benefits of treatment. These studies will elucidate the appropriate patient
subsets; assess the impact of proton therapy on patient safety, quality of
life, and efficacy; and evaluate the cost-effectiveness of proton beam ther-
apy in comparison to photon therapy [38]. As proton beam therapy
becomes more widespread, additional research should also be aimed at the
interaction between proton beam therapy and other treatment modalities,
such as immunotherapy [39]. Future research on the relationship between
proton radiotherapy and immunotherapy can clarify the effects of proton
radiation therapy on antitumor immune response and immunogenic cell
death. Furthermore, it is important for future direction to focus on the
long-term sequelae of proton radiation therapy, such as risk for secondary
malignancy following radiation. In an analysis of the Surveillance, Epide-
miology, and End Results (SEER) database, Chung and colleagues reported
no significant difference in risk for the development of secondary malig-
nancies between proton or photon therapy [40]. Further research regarding
the long-term follow-up after proton beam therapy specifically for head
and neck cancer is necessary to develop a more comprehensive under-
standing of the long-term effects of proton radiation therapy. The risk of
radiation-induced secondary malignancies is of particular interest due to
the differences in proton and photon therapy dose distributions to nor-
mal, healthy tissue, which may translate to different long-term conse-
quences. Additionally, a better understanding of the radiobiology and
molecular interactions of the proton in various tissues will help optimize
target volumes and treatment plans. Proton beam therapy has demon-
strated superior dose distribution and reduced radiation doses to organs at
risk and nontarget tissues, but additional investigations regarding the
optimal dose and fields should be performed to improve therapeutic
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approaches with proton beam therapy [34, 41].

According to existing clinical evidence, proton beam therapy has an encour-
aging future in the treatment of head and neck cancer. The specific role of
proton beam therapy will be elucidated as more widespread adoption grows,
and the scope of clinical research expands. The overall affordability and effec-
tiveness of proton treatment will also improve as interests in clinical application
evolve. It is our responsibility as healthcare providers and medical experts to
ensure a high level of integrity in our research and to thoroughly investigate all
aspects of proton beam therapy as a therapeutic tool. As clinicians and
healthcare providers continue to strive to optimize the standard of care in
treating head and neck cancer, proton beam therapy has a reassuring potential
to provide excellent treatment outcomes and improve the quality of life for an
ever-changing patient population.
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