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A B S T R A C T   

Introduction: Radiation dose-escalation for head and neck cancer (HNC) patients aiming to improve cure rates is 
challenging due to the increased risk of unacceptable treatment-induced toxicities. With “Proton Image-guided 
Radiation Assignment for Therapeutic Escalation via Selection of locally advanced head and neck cancer pa
tients” (PIRATES), we present a novel treatment approach that is designed to facilitate dose-escalation while 
minimizing the risk of dose-limiting toxicities for locally advanced HPV-negative HNC patients. The aim of this 
Phase I trial is to assess the safety & feasibility of PIRATES approach. 
Methods: The PIRATES protocol employs a multi-faceted dose-escalation approach to minimize the risk of dose- 
limiting toxicities (DLTs): 1) sparing surrounding normal tissue from extraneous dose with intensity-modulated 
proton therapy, 2) mid-treatment hybrid hyper-fractionation for radiobiologic normal tissue sparing; 3) Magnetic 
Resonance Imaging (MRI) guided mid-treatment boost volume adaptation, and 4) iso-effective restricted organ- 
at-risk dosing to mucosa and bone tissues. 
The time-to-event Bayesian optimal interval (TITE-BOIN) design is employed to address the challenge of the long 
DLT window of 6 months and find the maximum tolerated dose. The primary endpoint is unacceptable radiation- 
induced toxicities (Grade 4, mucositis, dermatitis, or Grade 3 myelopathy, osteoradionecrosis) occurring within 
6 months following radiotherapy. The second endpoint is any grade 3 toxicity occurring in 3–6 months after 
radiation. 
Discussion: The PIRATES dose-escalation approach is designed to provide a safe avenue to intensify local treat
ment for HNC patients for whom therapy with conventional radiation dose levels is likely to fail. PIRATES aims 
to minimize the radiation damage to the tissue surrounding the tumor volume with the combination of proton 
therapy and adaptive radiotherapy and within the high dose tumor volume with hybrid hyper-fractionation and 
not boosting mucosal and bone tissues. Ultimately, if successful, PIRATES has the potential to safety increase 
local control rates in HNC patients with high loco-regional failure risk. 
Trial registration: ClinicalTrials.gov ID: NCT04870840; Registration date: May 4, 2021. 
Netherlands Trial Register ID: NL9603; Registration date: July 15, 2021.   
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Introduction 

High risk HPV-negative locally advanced HNC 

Worldwide, head and neck cancer (HNC) affects approximately 
650,000 people, accounting for 350,000 deaths annually [1]. Radiation 
oncology plays a pivotal role in HNC treatment, eliminating tumor cells 
locally with radiation. Typical curative radiation doses of 70 Gy are 
prescribed to the primary tumor and pathological lymph nodes in 33–35 
daily fractions (i.e. 5 or 6 fractions per week over 6 to 7 weeks). Un
fortunately, despite efforts to precisely deliver radiation to tumor tar
gets, there is inevitable co-irradiation of surrounding normal tissues, 
which can lead to toxicities that compromise quality of life [2]. Thus, 
HNC radiotherapy is challenged by the fine line between maximizing 
tumor control and dose-limiting toxicities. 

While advances in radiotherapy, such as proton therapy, have 
reduced toxicity risks, local regional tumor recurrence rates have not 
improved, and occur for the general HNC population in approximately 
30% of cases [3–9]. In particular, outcome rates remain relatively poor 
for locally advanced (i.e. stage III/IV) human papillomavirus (HPV)- 
negative HNC patients treated with chemo-radiotherapy (which is the 
standard-of-care treatment for inoperable locally advanced HNC) [10]. 
The 5-year local–regional control (LRC) rates are around 50% for locally 
advanced HPV negative oropharyngeal carcinomas, 30–40% for HNC of 
the hypopharynx, and 60–70% for larynx carcinomas [10–12]. 

Multiple studies have shown that the primary site local regional 
recurrence originates in the central regions that receive the high cura
tive radiation dose (i.e. 70 Gy) [5,8,9]. This suggests that increasing the 
radiation dose to the tumor volume (e.g. from 70 to 80 Gy) is needed to 
improve cure rates in high-risk locally advanced HNC patients. 

Background radiation dose-escalation 

Previous studies have tested radiation tumor dose-escalation by 
either increasing: 1) the tumor dose per fraction, or 2) the total dose by 
using smaller doses per fraction yet treating multiple times per day 
(hyper-fractionation). Photon radiotherapy-based phase I-II studies 
showed that performing dose-escalation by increasing doses per fraction 
(e.g. 35x 2.3 Gy instead of 35x 2.0 Gy) results in unacceptable severe 
toxicity in the high dose area [13]. Specifically, the study by Madani 
et al. observed a severe mucosal ulcer (mucositis grade 4) in a single 
patient with tumor dose-escalation up to 80.9 Gy, and in 5 out of 14 
patients with dose level II of 85.9 Gy [13]. While 4 out of total 6 mucosal 
ulcers healed with a median time of 4 months, one patient presented 
with a mucosal ulcer of which the consequences resulted in death. In 
contrast, delivering 80.5 Gy with hyper-fractionation (i.e. 70x 1.15 Gy) 
resulted in significantly lower tumor recurrence rates without severe 
mucosal ulceration [14,15]. Nevertheless, the higher doses to sur
rounding normal tissues that accompany photon therapy-based hyper- 
fractionation still translated to higher toxicity rates, and the (near) 
doubling of fractions increased clinical workflow burden. 

PIRATES approach for proton therapy-based dose-escalation 

This protocol aims to improve the treatment of high risk HNC pa
tients (i.e. locally advanced HPV negative HNC patients). For this group 
only, we propose a novel method for safe dose-escalation: Proton Image- 
guided Radiation Assignment for Therapeutic Escalation via Selection of 
locally advanced head and neck cancer patients (PIRATES). We 
reasonably expect PIRATES to be a safe method for dose-escalation, as 
damage to surrounding normal tissues is kept low in order to prevent 
severe toxicity and severe mucosal ulceration, based on the following 
principles (Fig. 1):  

1. Using proton therapy to limit dose surrounding normal tissues while 
escalating the dose to the tumor compared to photon therapy. Proton 

therapy offers the possibility of tumor dose-escalation without 
increasing, or even lowering, toxicity compared to conventional 
IMRT/VMAT (Fig. 2), due to the unique properties of accelerated 
protons.  

2. Applying a hybrid hyper-fractionation strategy, meaning that dose- 
escalation will be delivered with two daily fractions but only for 
part of the treatment period (i.e. from radiotherapy weeks 5 to 7), 
while therapy will be with conventional dose levels in the first 
4 weeks. Hyper-fractionation allows for biological normal tissue re
covery between morning and afternoon fractions. An interval of 
6–8 h between fractions is preferred.  

3. Defining the dose-escalation “boost” target volume with MR-guided 
mid-treatment adaptation based on tumor shrinkage. This facilitates 
the boost dose levels being applied to the (usually) smaller volume of 
still visible tumor. The initial target volume at start of treatment, not 
overlapping with the boost dose, will only receive the conventional 
target dose (i.e. 70 Gy).  

4. Using iso-effective organ-at-risk sparing to prevent the mucosa and 
mandible within the target area from receiving the boost dose, i.e. 
these organ-at-risk (OAR) should receive similar doses as with con
ventional treatment. 

Methods 

Overview of the study design 

This phase I study is based on the time-to-event Bayesian optimal 
interval (TITE-BOIN) design [16], a novel dose-finding design that ac
commodates late-onset toxicities. A total of 18 HNC patients will be 
included according to their eligibility. The MTD with proton therapy 
will be tested with 3 possible dose levels (Fig. 3). 

Fig. 1. State-of-the-art technology integration used in PIRATES to allow for 
safe dose-escalation. 

Fig. 2. Dose-escalation planning example with proton therapy. Compared to 
photon therapy plan (left), both proton therapy plans without (middle) and 
with tumor dose-escalation (right) show much lower doses to the surrounding 
normal tissues. 
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Primary objective 

To assess the safety & feasibility of image guided mid-treatment 
hyper-fractioned dose-escalation with proton therapy and identify the 
maximum tolerable dose (MTD) for the treatment of locally advanced 
HPV negative HNC. 

Primary endpoint 

Severe unacceptable local adverse events which are radio
therapeutically attributable. Specifically, CTCAEv5 grade 4 mucositis or 
dermatitis that does not resolve to a grade ≤ 3 in 3 months, and 
CTCAEv5 grade ≥ 3 myelopathy, and/or osteoradionecrosis. 

Secondary and exploratory endpoints 

Rates of grade 3 toxicity at 3 to 6 months after radiation oncology. 
Specifically, CTCAEv5 grade 3 mucositis, dermatitis, aspiration, 
dysphagia, hearing impaired, xerostomia, weight loss, trismus, hoarse
ness, oropharyngeal pain. Local and regional control will be analyzed as 
exploratory endpoints. 

Inclusion and exclusion criteria 

Conditions for patient eligibility 

• Biopsy proven diagnosis of squamous cell carcinoma of HNC origi
nating in the oropharynx, hypopharynx, larynx, or oral cavity  

• Primary radiotherapy with curative intent, either in combination 
with chemotherapy or not  

• Inoperable locally advanced disease, defined as:  
o AJCC 8th stage ≥ III  
o T stage ≥ 2  
o Negative for HPV by p16 IHC or ISH 

Conditions for patient ineligibility  

• Previous radiation treatment in the head and neck region  
• Head and neck surgery of the primary tumor or lymph nodes except 

for incisional or excisional biopsies  
• Pregnant or breast-feeding females  
• Patients younger than 18 years  
• Patients with ECOG performance score of 2 or lower  
• Contraindications to MRI 

Additional exclusion criteria: continuation of smoking and/or alcohol abuse 
A recent in-depth analysis of contribution factors related to the 

development of mucosal ulcers with dose-escalation showed that the 
development of ulcers is highly correlated with smoking and alcohol 
abuse (>5 unit/d) [17]. These results strongly advise against smoking 
and alcohol use during and after treatment, due to the increased risk of 
developing mucosal ulcers. Therefore, current smokers or extensive 

alcohol users are asked to stop during and after treatment. Continuation 
of the use of tobacco or alcohol will be tested with urine analyses during 
and after treatment, if patients fail to refrain from these substances, they 
will be excluded from the study for safety purposes, even is patient is 
already being treated. 

Radiotherapy treatment description 

Image-guided hybrid hyper-fractionation dose-escalation with proton 
therapy 

The radiation regimen will be administered in a two-part schedule 
(see schematic overview and dose levels in Fig. 4 and Table 1, 
respectively). 

The first 4 weeks of the radiation treatment will be according to the 
conventional clinical standard (i.e. first 18 fractions). Throughout the 
entire treatment, the primary tumor target volumes, referred to as 
CTV70, will receive the conventional 70 Gy (daily fraction dose of 
2.12 Gy) and the elective lymph node levels will receive 57 Gy (1.72 Gy/ 
fraction) according to current clinical practice at MD Anderson Cancer 
Center (MDACC). 

For weeks 5 to 7, a boost dose will be administered to the mid- 
treatment tumor volume. This volume will be determined on CT and 
MR imaging in treatment position acquired at week 4; PET-imaging is 
optional. Only the adapted tumor volume (GTVboost) will receive the 
dose-escalation (e.g. 80.5 Gy for the first patients entering the trial, and 
either 76 Gy or 85 Gy, which will be decided by the statistical TITE-BOIN 
design detailed below). Since the tumor typically reduces in size during 
treatment [18], the GTVboost will be within CTV70, thus having received 
the conventional prescribed dose for first 18 fractions. Patients will be 
radiated twice per day (i.e. hyper-fractionation), as illustrated in Fig. 4. In 
the morning, both the CTV57, CTV70 and GTVboost will receive the con
ventional elective of 1.72 Gy/fraction. In the afternoon, only the pri
mary CTV will receive dose: the CTV70 will receive additional 0.4 Gy to 
get in total to its conventional daily dose of 2.12 Gy (=1.72 + 0.40 Gy) 
and the GTVboost will receive 1.1 Gy for a total daily dose of 2.82 Gy 
(=1.72 + 1.10 Gy). Subsequently, this leads to a total radiation dose of 
80.5 Gy (Table 1). For subsequent phases of the TITE-BOIN, the addi
tional second fraction dose of the GTVboost will be either 1.4 Gy or 0.8 Gy 
depending on interval evaluation, resulting in total doses of 85.0 or 
76.0 Gy respectively (Table 1-Alternatives). 

Specific organ constraints 
For this protocol, the mucosal area is defined as the 2 mm mucosal 

rim around the airway. For the mucosal rim, mandible, and other bone 
structures dose, the objective is to keep the maximum dose below 74 Gy 
(appendix A). 

Technical factors 
Proton therapy will be delivered with Intensity Modulated Proton 

Therapy (IMPT) technique on the gantry that allows for pencil beam 
scanning in the MDACC proton therapy center. The Varian Medical 
Systems synchrotron produces protons with energies varying between 
70 and 250 MeV in order to allow for 3D dose delivery. IMPT plans will 
be developed in Eclipse (from Varian Medical Systems) or Raystation 
(Raysearch), with robust optimization to ensure for adequate dose de
livery in case of setup or range errors. 

Specification of safety parameters: adverse events 

Safety of phase I trial will be assessed by monitoring severe local (i.e. 
in the escalated radiation field) adverse radiation-attributable side ef
fects, which includes the following toxicities: 1) Mucositis, either oral or 
laryngeal – Grade 4: severe mucosal ulcers; 2) Dermatitis – Grade 4: skin 
necrosis or ulceration of full thickness dermis; 3) Cervical myelopathy – 
Grade ≥ 2: Severe weakness or sensory loss or paraplegia; 4) Osteor
adionecrosis – Grade ≥ 3: elective or major surgery required. For grade 5 

Fig. 3. Phase I trial schema and dose-escalation levels.  
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(i.e. Death) any grade 5 local radiation attributable Adverse Event is 
considered. 

Not adverse events: additionally monitored symptoms 

Common not severe acute (≤90 days) radiation attributable adverse 
events will be monitored: weight loss, xerostomia, dysphagia, dysgeusia, 
hoarseness, fatigue, regional alopecia, radiation dermatitis (G ≤ 3), ra
diation mucositis (G ≤ 3), and aspiration. Standard of care radiotherapy 
routinely demonstrates acute (i.e. <90 days post-therapy) Grade 3 
toxicity rates are nearly ubiquitous (almost 90% for mucosal squamous 
carcinomas stage II-IV). Consequently, a 0.75 MTD rate at 3 months 
represents a conservative assessment of toxicity which is beginning to 
resolve still for many patients at 3 months post-chemoradiation. Less 
common not severe or treatable long-term (>90 days) adverse events 
include: hypothyroidism, hearing loss, and dysphagia (i.e. chronic 
swallowing dysfunction that may require permanent feeding tube 
placement). 

Symptom assessment, baseline and follow-up proceedings 

Toxicities will be monitored by the treating physician/s for every 
consult, which is clinical practice, before, weekly during, and at 
8–10 weeks, 3, 6, 9, 12 months after therapy in the first year, subse
quently every 4 months in the second year and then every 6 months. 
During treatment, when patients are seen, a dedicated physician assis
tant will independently rate CTC-AEs, blinded to physician rating as a 
secondary check. When CTC-AEs ≥ 3 are divergent, a third clinician will 
rate the case. A REDCap database will contain: physician-rated toxicity 

scores (CTCAEv5), quality of life scores (FACT-HNSI-10), and patient- 
reported toxicity (MDADI, MDASI, XeQOLS and EQ-5D-3L). Refer to 
Appendix B for more details. 

Statistical considerations 

The statistical hypothesis is that image-guided hybrid hyper- 
fractionated dose-escalation with mucosal sparing proton therapy is a 
feasible and safe treatment for locally advanced HNC patients. Feasi
bility is defined as at least 80% of the patients receiving the MTD 
complete treatment. Safety is defined that none of the patients that 
receive the MTD develop severe unacceptable toxicities (Grade 4, 
mucositis, dermatitis, or Grade 3 myelopathy, osteonecrosis) within 
6 months following radiotherapy (primary endpoint) and rates of any 
grade 3 toxicity do not exceed 80% of patients in 3 to 6 months following 
treatment. 

The time-to-event Bayesian optimal interval (TITE-BOIN) design 
[16] is used to find the MTD and address the challenge that the DLT 
window is as long as 6 months. Unlike the majority of existing phase I 
designs, which require suspending the accrual after treating each cohort 
of patients, the TITE-BOIN design allows for real-time dose assignment 
decisions for new patients while some enrolled patients’ toxicity data are 
still pending. This shortens the trial duration and reduces the logistic 
difficulties caused by repeatedly suspending accrual. The TITE-BOIN 
works by predicting the dose-limiting toxicity (DLT) outcome for pa
tients whose DLT data are pending based on their follow-up time. It is 
implemented in a simple way similar to the traditional 3 + 3 design, but 
is more flexible and possesses superior operating characteristics that are 
comparable to those of the more complex model-based designs, such as 

Fig. 4. Two-part radiation schedule (for boost dose level 80.5 Gy). Three target volumes are defined: conventional low dose level to elective lymph nodes (in blue 
CTV57), conventional high dose clinical tumor volume determined at start (in green CTV70) and the boost adapted, after shrinkage (arrows), to gross tumor volume at 
week 4 (in red GTV80). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
PIRATES dose levels for phase I trial for Clinical Target Volumes (CTV).   

week 1–4  week 5–7      
Target fraction 

dose 
# sub 

total 
morning fraction 
dose 

# afternoon fraction 
dose 

# sub 
total 

Total Description 

CTV70 2.12 18 38.16 1.72 15 0.40 15 31.80 70.0 Gy Conventional primary tumor dose 
CTV57 1.72 18 30.96 1.72 15 ˠ ˠ 25.80 56.8 Gy Conventional elective lymph node level 

dose 
GTVboost-80 * * 38.16 1.72 15 1.10 15 42.30 80.5 Gy Boost dose level II – initial escalation dose 
Alternatives:           
GTVboost-85 * * 38.16 1.72 15 1.40 15 46.80 85.0 Gy If no adverse event, GTVboost dose will be 

increased 
GTVboost-76 * * 38.16 1.72 15 0.80 15 37.80 76.0 Gy If adverse event, GTVboost dose will be 

decreased 

*GTVboost will be determined in week 4, yet is assumed to be within CTV70 for week 1–4. 
ˠCTV57 is not included in the afternoon fraction. 
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the time-to-event continual reassessment method (TITE-CRM) [19]. 
Refer to Appendix C for statistical plan. 

Discussion 

If this Phase I trial is successful, PIRATES dose-escalation approach 
will be the first to provide a safe avenue to intensify treatment for locally 
advanced HNC patients for whom therapy with conventional radiation 
dose levels is more likely to be unsuccessful. The recent technical ad
vances that allow for more precise radiation dose delivery have not been 
deployed to improve poor tumor control and survival odds of the HNC 
subgroup of locally advanced HPV-negative HNC patients [10–12]. 
Since nearly all tumor recurrences occur in the high radiation dose re
gion (i.e. within the CTV70), increasing radiation dose to the patholog
ical tumor sites has the potential to improve the tumor control for these 
high risk patients [8]. However, this was previously not feasible, as it 
caused devastating toxicity [20]. This proposal details the novel PI
RATES approach of integrating state-of-the-art: 1) delivery with proton 
therapy, 2) adaptive radiotherapy with MR-guided boost definitions, 3) 
biological recovery strategy with hybrid hyper-fractionation and 4) 
physical dose constraints, in order to keeping toxicity levels at accept
able tolerance. Several large clinical trials have reported toxicity inci
dence rates for locally advanced HNC patients caused by ‘conventional’ 
chemo-radiation, either with cisplatin, cetuximab or carboplatin 
[21–31]. Despite high rates of toxicity, these studies demonstrate that 
acute grade 4 are very rare (~1–3% depending on the side effects). With 
the PIRATES approach, we believe that we can aim to have similar rates 
of these severe side effects. 

Proton therapy and adaptive radiotherapy can reduce the radiation 
damage to the tissue surrounding the tumor volume. Proton therapy has 
the capacity to deliver dose to tumor tissue without depositing dose at 
the distal end of the beam, allowing for more conformal dose to the 
tumor only [32,33]. Furthermore, by not dose-escalating the entire 
tumor from the start of treatment, but rather using an adapted boost 
volumes that conform to visually detectable tumor tissue on mid- 
treatment CT and MRI scans, we expect to decrease the volume that is 
boosted and thus minimize unnecessary dose delivery to the surround
ing normal tissues. 

On the other hand, hybrid hyper-fractionation (i.e. hyper- 
fractionation for the last 3 weeks) and not boosting mucosal and bone 
tissues can minimize severe toxicity within the high dose tumor volume. 
A hyper-fractionation approach allows for in-field normal tissue recov
ery, as these normal tissues tend to recover more rapidly than tumor 
tissue [15]. Moreover, rather than full treatment hyper-fractionation (i. 
e. 2 × 33 = 66 fractions), this hybrid hyper-fractionation (48 fractions) 
design balances the (logistic) burden on the patient and the department. 

The PIRATES protocol is only directed to the small sub-cohort of the 
HNC population that is at high risk of treatment failure loco-regionally, as 
treatment intensification should only be applied to patients that are 
likely to benefit from this proposed sub-volume dose-escalation. If 
applied to patients that have lower risk, the desired effect of improved 
treatment efficiency may be counterproductive, as increase in symptoms 
has been shown to be related to overall survival in HNC [34]. Even more 
exemplary, the RTOG 0617 non–small-cell lung cancer (NSCLC) dose- 
escalation trial showed that dose-escalation to unselected populations 
can potentially result in lower overall survival rates [35]. While an 
overall consensus has not been reached, this result is likely caused by the 
increased dose to surrounding normal tissues (e.g. the heart and lung). 
As described throughout, the PIRATES approach takes extensive dosi
metric and radiobiologic considerations to limit the dose to the normal 
tissues surrounding and within the high dose receiving volume, while 
selecting for eligibility only high risk (e.g. HPV-negative, large-volume, 
tobacco-associated) locally advanced HNC patients, for whom tumor 
progression is their highest risk of oncologic modal recurrence and thus 
the greatest mortality-modulating potential risk factor. 

While overall tumor staging is a useful prognostic marker of overall 

survival [36], identification of high risk patients for particular modes of 
oncologic recurrence may be improved by using more advanced 
outcome prediction models. As shown by Ang et al. [37], other factors 
that are not incorporated in the AJCC tumor staging are of influence for 
overall survival and progression-free survival, such as smoking pack 
years and age. Moreover, several studies have shown that tumor-specific 
characteristics quantified from imaging, so-called radiomics features, 
can aid in treatment outcome prediction [38–42]. These predictive 
radiomics features are generally associated with the tumor tissue het
erogeneity and the size/shape, but have also shown to be able to subside 
clinical variables such as N stage [40]. The next years require dedicated 
efforts to design robust treatment outcome prediction models to facili
tate improved selection of high-risk patients for dose-escalation ap
proaches so that only these at excessive risk of local or regional 
recurrence can be effectively slated for potential local escalation 
strategies. 

Current status and planned timeline 

Institutional review board (IRB) approval was obtained in October 
2020, and study is monitored by Data and Safety Monitoring Committee 
at MD Anderson Cancer Center. Start of the trial was delayed due to 
COVID-19 pandemic; the accrual of patients at MDACC started in May 
2021. Two patients have been enrolled in the study at current standing. 
The total accrual time of the 18 HNC patients is expected to be within 
2 years. 
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