
VU Research Portal

Towards functional organ preservation in head and neck cancer

Doornaert, P.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Doornaert, P. (2016). Towards functional organ preservation in head and neck cancer. [PhD-Thesis - Research
and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/53d6db47-b49a-4d3c-bafd-5bdfa1fd97a0


117

9

Chapter 9
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Volumetric modulated arc therapy

Despite the fact that volumetric modulated arc therapy (VMAT) is of ten referred to as a novel technique, 
Brahme et al. had already reported in the 1980s, the idea of using rotating beam therapy to create a 
non-uniform dose distribution [1]. A decade later, in 1994, saw the introduction of the Corvus® platform 
(Nomos, Pittsburgh, PA, USA), the first commercial tomotherapy system. The radiation dose was given 
by a small fan-beam megavolt (MV)-source with a binary multileaf collimator (MLC), rotating around the 
patient in a slice by slice way, analogous to CT imaging. Parallel to tomotherapy, arc therapy using a linear 
accelerator was explored. In 1995, Yu described a new method, called intensity-modulated arc therapy 
(IMAT), with changing field shapes during continuous gantry motion [2]. This has evolved so that currently 
dif ferent linear accelerator arc delivery systems exist, including RapidArc®, (Varian Medical Systems, 
Palo Alta, CA, USA), Elekta VMAT® (Elekta Inc, Stockholm, Sweden) and SmartArc® (Philips Inc, Andover, 
MA, USA). With a variable dose rate and gantry speed and continuously changing MLC apertures, VMAT 
delivery is faster and creates highly conformal dose distributions which in some cases results in improved 
target volume coverage and sparing of normal tissues, compared with conventional, static field intensity 
modulated radiotherapy (IMRT) techniques. 

Because modern VMAT plans are a form of IMRT, they retain many of its advantages and disadvantages. 
Nevertheless, compared with static field IMRT, VMAT has the potential to of fer additional advantages, 
such as a reduced treatment delivery time and a reduced monitor unit (MU) output. In static field IMRT, 
time is required to move into position for, and call up, each field, the maximum dose rate has of ten been 
lower, and small leaf openings are required for complex fluency distributions. A typical static IMRT plan 
for head and neck cancer (HNC) uses 5-9 beams, leading to a treatment time of around 10-15 minutes, 
compared to less than 3 minutes for a dual arc plan delivering 2 Gy [3-6]. The number of MU in a static IMRT 
plan is 2-3 times higher than a conventional radiotherapy plan, which has led to concerns of increased risk 
of secondary radiation-induced malignancies [7]. Stathakis et al. estimated a 40% increase in the risk of 
radiation induced malignancy using IMRT compared to conformal RT in HNC [8] A recent study however, 
using 3 theoretical risk models with dif ferent dose-risk relationships, reported otherwise: although the 
use of IMRT leads to a redistribution of the individual tissue risks, the total risk seemed to be comparable 
between the 2 techniques [9].  No direct comparisons between static IMRT and VMAT exist in HNC, but 
since several studies have reported reductions in monitor units of 50–60% using VMAT [3,4,10], it seems 
unlikely that VMAT would increase the risk of secondary cancers.

Increasing complexity

In 2008, Bortveld and Webb argued that single arc VMAT only had a potential use for relatively simple 
cases because of less conformal dose distributions compared to tomotherapy [11]. By using a collimator 
angle of 45%, Otto showed that equally good dose distributions could be achieved with single arc therapy 
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[12]. Verbakel et al. showed in a planning study for HNC that dual arc plans provided an at least similar 
OAR and better PTV dose homogeneity than single arc VMAT or static IMRT [3]. To confirm the findings 
of this planning study, RapidArc planning and delivery parameters in a group of HNC patients for whom 
IMRT plans were technically challenging were analyzed (chapter 2). The high dose regions were shown 
to be very conformal with a conformity index (CI) of 1.13. The mean dose to ipsi- (IL) and contralateral 
(CL) parotid gland for this group of 35 HNC patients treated with RapidArc was 31.4 Gy and 26.1 Gy 
respectively, comparable to earlier results for patients with HNC treated with IMRT in our department 
[13]. Results are somewhat dif ficult to compare with other series, since other authors may have dif ferent 
dose prescriptions, approaches to delineation and optimization objectives. In our institute, objectives are 
set to achieve a V95% of  99% and 98% for the PTVboost and PTVelective respectively, while keeping the boost 
and elective volumes receiving >107% of prescribed dose as small as possible. A report on early clinical 
experience with VMAT by Scorsetti et al. in a group of patients with locally-advanced HNC showed a V95% 
of 97.2% for the PTVboost and CI of 1.21. Mean CL parotid dose was 21.5 Gy, but dose prescription to the 
PTVelective was 3.5 Gy lower when compared to our series [14]. 

From the beginning, parotid-sparing IMRT was considered standard in patients with HNC.  However, 
parotid saliva lacks mucins that maintain a patient’s subjective sense of hydration, and preserving 
the parotids alone has inconsistently translated into improvements in xerostomia [15-19]. Since the 
submandibular glands (SMG) contribute two-thirds of unstimulated saliva flow and its saliva is rich in 
mucins [20], patients could potentially benefit from SMG sparing. However, concerns have been raised 
that SMG sparing could compromise adequate coverage of target volumes, with an increased risk of 
marginal recurrences [refs Eisbruch 16, Mendenhall 21]. As shown in chapter 3, we were able to reduce 
the dose to contralateral SMG to 33.2 Gy and 34.4 Gy (using an elective dose of 57.75 Gy (21 patients) 
and 54.25 Gy (10 patients) respectively) in patients undergoing elective irradiation to clinically negative 
contralateral level II-IV nodes. Planned PTV coverage was not compromised, with an average V95% of 
99.2% and 98.7% for the PTVboost and PTVelective, respectively. In contrast, a planning study by Houweling et 
al. of contralateral SMG-sparing IMRT, reported that in order to reduce the mean contralateral SMG dose 
from 54 Gy to 40 Gy, it was necessary to accept an underdosage of target volumes in the vicinity of the 
gland to 90% of prescribed dose [22]. It is unclear if this is due to the dif ference in planning technique, or 
choice of optimization objectives. Several studies have reported no relapses in the vicinity of the spared 
SMG, demonstrating that SMG sparing can be achieved without increasing the risk of marginal failures 
[23,24]. 

Tumors arising in the paranasal sinuses remain a challenge in radiotherapy treatment planning due 
to the proximity of many critical OARs. In chapter 4 we investigated the possible dosimetric gain of 
a non-coplanar arc technique in patients treated locally to a dose of 66 Gy in 2 Gy fractions. Since the 
sinonasal region is box-shaped and located in between the optic nerves, it makes sense to incorporate 
a craniocaudal beam to avoid the optic system. Using a dual arc strategy (360º counterclockwise and 
160-180º craniocaudal), we were able to achieve a dose reduction of 3 to more than 10 Gy in the clinically 
relevant 55-60 Gy area in one of the optic nerves in 50% of patients without compromising PTV coverage, 
conformity or the homogeneity index. Comparable findings were recently reported by Orlandi et al., with 
a superiority of non-coplanar VMAT over static IMRT and coplanar VMAT plans [25]. Compared to (non-)
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coplanar static IMRT, VMAT makes use of unrestricted beam directions over the range of the arcs, and 
using a non-coplanar setup increases the degrees of freedom, which can allow for steeper dose gradients 
to be achieved in an axial plane. The integral dose may be higher with a non-coplanar setup. This has led 
some authors to prefer a coplanar VMAT technique, since in their series OAR sparing is only marginally 
better with a non-coplanar technique [26].  

Swallowing problems as a result of (chemo)radiotherapy treatment for HNC have a significant impact on 
quality of life, possibly even more than xerostomia [27-29]. Eisbruch et al. was one the first to describe that 
muscular components of the swallowing apparatus, critical to the development of dysphagia in irradiated 
patients, could be spared by IMRT [30]. Numerous studies have found significant correlations between 
dysphagia and various dose–volume parameters for the pharyngeal constrictor muscles, esophageal 
inlet muscle and glottic and supraglottic larynx [31-37], leading to IMRT based strategies to limit the dose 
to the swallowing structures. Since sparing of more structures leads to increasingly complex treatment 
plans, there is a potential risk for unexpected negative consequences like an increase in dose to other 
OARs and/or healthy structures or less conformity. When introducing new techniques into the clinic it 
is important to guard against unintended consequences. In chapter 5, we examined the introduction 
of successive technologies and planning techniques in our department and the consequent impact on 
dosimetric parameters. To do so, clinical treatment plans of 120 comparable patients with oropharynx 
cancer were selected from 4 IMRT time periods with increasing sparing of OARs and/or newer techniques. 
Significant gains in OAR sparing over time, especially for the swallowing muscles and submandibular 
gland, did not come at the cost of increasing dose deposition in other OARs like the parotid glands or 
elsewhere, nor at the cost of decreasing PTV coverage/homogeneity. In our opinion, this is mostly due 
to increasing planner skill and experience in VMAT planning followed by stricter planning protocols, and 
to a lesser part by improved optimization algorithms. This emphasizes the importance of high quality 
planning protocols and implementation/training techniques that minimize the learning curve and equip 
the planner with the skills needed to optimize plan quality [38]. Results also show that it is unlikely that the 
optimal planning solutions have been reached. Tol et al. reported on the tradeof f between an increasing 
number of arcs (leading to a better OAR sparing) and increased delivery time, and a modest increase 
in MU. Although dual arc treatments are mostly used in clinical practice, they concluded that four arc 
plans seemed to provide a good balance between increased delivery time and improved plan quality [39]. 
Another important factor is the (inverse) relation between increasing PTV coverage/homogeneity and 
the resulting OAR sparing, showing the need for interdepartmental consensus on planning criteria [40,41].

With the advent of IMRT and the resulting conformal dose distributions, some authors have cautioned 
about the potentially increased risk of marginal tumor miss [42]. Proper delineation of both primary 
tumor and elective lymph node regions using multi-modal imaging modalities, combined with a robust 
treatment setup protocol is of paramount importance [43-46]. A recent analysis of the Surveillance, 
Epidemiology, and End Results (SEER) database, pooling individual data from HNC patients treated with 
radiotherapy between 1999 and 2007, demonstrated that the use of IMRT was associated with a significant 
improvement in cause-specific survival compared with non-IMRT techniques [47]. This dif fers from the 
results of Nutting et al. who found no dif ference in locoregional control or survival in the PARSPORT-trial, 
comparing 3D conformal and IMRT radiotherapy (n=94, with 47 patients receiving IMRT) for HNC [48]. 
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Organ at risk sparing

In addition to maximizing tumor control, the goal of IMRT and VMAT is to reduce radiation-induced 
complications to improve the quality of life of patients. Xerostomia and swallowing problems are the 
most important side ef fects af ter radiotherapy and have been the subject of numerous investigations. 
Since it is intuitive that a lower dose in an OAR (potentially) leads to a lower normal tissue complication 
probability (NTCP), there are only a few studies in which a direct comparison between dif ferent 
techniques in HNC has been performed. One randomized controlled clinical study showed that at 
12 months post-radiation therapy, QOL scores were significantly higher in the IMRT group than the 
conventional radiation therapy group for patients with nasopharyngeal carcinoma [49]. The prospective 
randomized PARSPORT trial showed similar results: at 12 and 24 months, significant benefits were seen 
in recovery of saliva secretion with parotid sparing IMRT compared with conventional radiotherapy, as 
were clinically significant improvements in dry-mouth-specific and global quality of life scores [48]. A 
retrospective study of 114 patients showed significantly lower xerostomia rates in the contralateral SMG 
sparing group compared to the non-sparing group, independent of parotid sparing [50]. Van der Laan et 
al. compared in their planning study 30 standard IMRT treatment plans with swallowing-sparing IMRT 
plans that aimed to reduce the dose to organs at risk for swallowing dysfunction in the same patients. 
Adequate coverage of target volumes and dose to critical structures were comparable, whereas the 
mean doses to the various swallowing-related structures were significantly reduced. Applying predictive 
models for swallowing dysfunction, a mean reduction of 9% (range 3-20%) in predicted physician-rated 
Radiation Therapy Oncology Group (RTOG) grade 2-4 swallowing dysfunction was achieved [37]. A recent 
comparative ef fectiveness systematic review investigated whether one treatment modality (i.e. 3DCRT, 
IMRT, proton therapy, and stereotactic body RT) would be more ef fective than the others in (among other 
things) reducing normal tissue toxicity and adverse events, and improving quality of life. Late xerostomia 
was shown to be reduced and QOL domains related to xerostomia were improved in patients treated with 
IMRT compared with 3DCRT. Although evidence was identified on other key toxicities like dysphagia, the 
reported rates compared between modalities were inconsistent [51].

The balance between striving for improvements in tumor outcomes and not increasing toxicity is delicate. 
Although a burdensome treatment, with an absolute survival benefit of 6.5% for the combination of [52] 
concurrent platinum-based chemotherapy and radiotherapy (CRT), this is nowadays considered the 
standard of care for non-surgical treatment of locally advanced HNC. Since several randomized trials 
testing sequential approaches with induction docetaxel, cisplatin, and 5-fluorouracil (TPF) followed 
by concurrent CRT versus concurrent CRT alone have failed to demonstrate a statistically significant 
dif ference in OS and PFS [53-56], the exact role of induction chemotherapy (IC) remains controversial. 
Nevertheless, all studies showed an important reduction in tumor volumes af ter IC, presenting 
opportunities for modification (i.e. reduction) of the pre-IC target volumes, with a possible resulting 
decrease in OAR dose and toxicity. Although consensus guidelines advocate using the pre IC tumor 
volume projected on the post-IC planning CT scan [57], it is unclear if it is imperative to give the whole pre-
IC tumor volume the full boost dose. Chapter 6 describes a planning study in a uniform cohort of patients 
with oropharynx cancer, comparing OAR doses calculated on the pre- and post-IC planning CT scan, using 
2 dif ferent delineation strategies on the post-IC scan: one based on pre-IC (consensus) and the other on 
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post-IC (visible) target volumes. As expected, substantial reductions in primary tumor and nodal volumes 
af ter TPF-IC were achieved with both contouring strategies. Unfortunately, subsequent reductions in OAR 
doses were rather modest and only statistically significant for the contralateral parotid gland with the 
consensus delineation approach. When using the post-IC visible target volumes, dif ferences were larger, 
especially for some of the swallowing muscles, for which the reduction in doses were possibly clinically 
relevant. Radiotherapy strategies delivering a full dose on the post-IC visible tumor but a lower dose to 
the pre-IC volume (in order to decrease the dose in some OARs) merit investigation.

Historically, a dose (equivalent) of 46-50 Gy has been given to the elective lymph node regions to eradicate 
possible microscopic disease. This dose is rather empirical, and based on historical studies, when staging 
was primarily done by clinical examination and radiotherapy was given using large open 2D fields. With 
the advent of modern imaging techniques including contrast enhanced CT scan, (dif fusion weighted) 
MRI (DW-MRI), PET-CT scan, ultrasound with fine needle aspiration or a combination of techniques, it 
is likely that af fected lymph nodes that were missed in earlier days, are now diagnosed and treated to a 
high dose, and that a lower dose to the clinically negative neck would be suf ficient. This hypothesis is in 
part supported by some (retrospective) studies, showing a very low rate of isolated regional recurrences 
of only a few percent [58-60]. Since the dose to the swallowing muscles and the salivary glands is at least 
in part due to the elective lymph node irradiation, dose de-escalation to the elective neck would reduce 
the resulting dose to these OARs and could probably reduce toxicity and improve quality of life af ter 
treatment. Nuyts et al. recently reported on the VLAK trial, a prospective randomized study investigating 
whether a reduction of the dose to the elective nodal sites from 50 to 40 Gy would result in a reduction 
of acute and late side ef fects without compromising tumor control [61]. In the 40 Gy arm, extra dose 
constraints to the swallowing apparatus were set, which makes it somewhat dif ficult to appreciate the 
true benefit of an elective dose decrease. Follow up was too short to report on (late) tumor control, but 
grade 3 dysphagia was significantly reduced and at the time of reporting, no patients had a recurrence 
in the electively treated neck. In the Netherlands, the UPGRADE-RT study (Uniform FDG‐PET guided 
GRAdient Dose prEscription to reduce late Radiation Toxicity), giving a lower dose to the PTVelective, will 
soon start accruing patients [NCT02442375].

Although parotid gland sparing (and more recently SMG sparing) IMRT is now current practice, up to 40% 
of patients still experience moderate to severe xerostomia af ter treatment [62]. It would be useful to be 
able to identify the patients at risk for developing xerostomia, so truly individualized interventional and/
or therapeutic strategies could be developed. An earlier report from Dirix et al. suggested that DW-MRI 
before and af ter treatment might be a promising tool for investigating changes due to radiotherapy [63]. 
In our study, DW-MRI data before, early during treatment and af ter treatment were analyzed to evaluate 
the ef fect of CRT on salivary gland function (Chapter 7). To overcome possible geometric distortions, both 
echo planar imaging (EPI) and half-Fourier acquisition single-shot turbo spin-echo (HASTE) sequences 
were used. Since there is evidence that the parotid gland is not a parallel organ and that irradiation of the 
central region containing the highest number of stem cells resulted in the greatest loss of salivary output 
[64], sub-regions in all individual salivary glands were evaluated. Although the magnitude of ef fect 
dif fered between both techniques, a rise in salivary gland apparent dif fusion coef ficient (ADC) values 
during and af ter treatment was observed, indicating a lower cell density. Although still weak, using 
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HASTE sequences showed a better correlation between dose and ΔADC between baseline and during/
af ter CRT. ADC values with both techniques were higher in the SMG than the parotid gland which is in 
line with previous data [63]. Since two-thirds of the saliva is produced by the SMG in the unstimulated 
state, the expected higher amount of water in the extracellular space of the submandibular glands could 
explain the higher ADC. With both techniques there appeared to be regional dif ferences within the 
salivary glands, possibly reflecting the regional dose dif ferences. Animal studies showing that the dose 
to the sub-volume of the parotid gland containing the stem cells is a better predictor for dysfunction 
than the mean dose to the whole gland were recently confirmed in a retrospective analysis of treated 
patients [65]. Therefore, a reduction of dose in this sub-volume might further reduce the risk of parotid 
gland dysfunction and xerostomia. A better understanding of possible heterogeneity in the response to 
treatment within the individual glands could help to develop optimal treatment plans with preferential 
sparing of important sub-regions, in an ef fort to further reduce treatment morbidity. At the University 
Medical Centre Groningen, a prospective randomized trial evaluating parotid gland stem cell sparing 
IMRT is currently recruiting [NCT01955239].

 
Standardization

Although general guidelines are well formulated in national and consensus treatment protocols, specific 
treatment recommendations are sometimes vague or open to interpretation. This can be the result of 
conflicting reports, historically dif ferent treatment approaches or a lack of data. With concomitant 
CRT nowadays considered standard non-surgical treatment for locally advanced HNC, there seems to 
be little chance of new studies directly comparing CRT against alternative fractionation schedules like 
for example hypofractionated radiotherapy (compared to standard fractionation, with an absolute 
survival benefit at 5 years of 6.5% and 8% respectively [52,66]). The result of this could be that some 
patient subgroups are now treated too intensively and exposed to higher risks of toxicity. T3 larynx 
cancer, especially when not-bulky, could be considered intermediate stage HNC, and guidelines are less 
clear in the approach that should be taken with this disease. In the Netherlands, the treatment of HNC is 
relatively well organized and centralized, and comprehensive guidelines exist, so we conducted a survey 
to identify how T3 laryngeal carcinoma is currently being managed in the Netherlands (Chapter 8). 
Results show that although there were areas of agreement, dif ferences were identified. For example, for 
T3N0 cancer, 3/12 centers use RT only, while other centers define a ‘bulky’ disease state or use a volume 
criterion above which chemotherapy (CT) is added. For T3N+ laryngeal cancer, nodal stage is considered 
more important than primary tumor volume for the addition of CT: with N2-3 disease, 10/12 centers use 
CRT. The two leading centers in the ARCON trial do not use a nodal volume criterion, which is in line with 
the results of their study [67]. Total (boost) doses were comparable (i.e. 68-70 Gy), whereas elective doses 
dif fered more, with a higher dose in the simultaneous integrated boost (SIB) schemes compared to the 
sequential schemes and accelerated scheme only (ASO) scheme. The higher dose in the SIB schemas 
was given to compensate for a longer total treatment time of the elective regions (from 4-5 weeks to 
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6-7 weeks). Since no robust data exist, elective doses and/or fractions vary between the centers. The 
results of this study emphasize the need for further standardization of treatment in general, and dose 
and fractionation schedules in particular. The National Platform RT HNC, an assembly of radiation 
oncologists and physicists treating HNC in the Netherlands, therefore aims to harmonize RT dose, 
fractionation and delivery techniques. A current project of the Platform is an evaluation of the variation 
in treatment plan objectives, leading to a possible improvement of treatment planning by increased OAR 
sparing and reduction of variation between institutes. First results show that af ter targeted feedback 
on their initial plans, average composite salivary/swallowing mean doses (±SD) decreased from 30.3±5 / 
36.6±8Gy to 26.1±3.2 / 29.6±6.7Gy [Verbakel, personal communication].

Looking to the future

Treatment of locally-advanced HNC is complex, and although progress has been made, both conceptually 
and technically, more than one-third of patients eventually succumb to their disease [68,69]. Furthermore, 
ef fective but aggressive treatments have a major impact on quality of life issues like xerostomia and 
dysphagia. 

Several approaches to improving the therapeutic ratio are currently being investigated. The ARTFORCE 
study (adaptive RT for HNC: a phase III randomized study with cisplatin and conventional or adaptive high 
dose RT for advanced HNC [NCT01504815]) and the EORTC1219/DAHANCA29 trial (a blind randomized 
multicenter study of accelerated fractionated CRT with or without nimorazole, [NCT01880359]) 
investigate the possibility of treatment intensification with no/modest increase in toxicity for selected 
patient groups. Other studies focus on treatment de-intensification, looking for a consequent decrease 
in toxicity: the UPGRADE-RT is a randomized controlled trial with dose reduction to the elective neck in 
head and neck squamous cell carcinoma [NCT02442375]. The De-ESCALaTE study compares cetuximab 
versus cisplatin early and late toxicity events in HPV+ oropharyngeal squamous cell carcinoma in patients 
treated with combined therapy [NCT01874171]. 

To enable a more tailored approach to treatment selection, new predictive and prognostic (bio)markers 
are being investigated: the PREDICTION study explores the predictive value of PET-CT and PET-DW-MRI 
early during CRT for locoregional control of advanced stage HNC (local VU University Medical Center 
study). The EORTC1219/DAHANCA29 study uses a 15-gene signature for hypoxia to pre-randomize 
the patients and investigate if the hypoxic gene profile is a predictive factor for the benefit of hypoxic 
sensitization. Furthermore, the integration of new diagnostic and molecular imaging modalities for more 
precise delineation and technical advances like improved imaging during treatment could optimize RT 
treatment [70,71]. 
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Despite a tendency toward standardization of techniques and increasing plan quality despite additional 
OAR sparing, it is unlikely that current plans are optimal and it remains dif ficult, if not impossible, to 
predict a specific dose distribution for each individual patient. However, technical improvements are 
being made in a number of areas. For example, in order to estimate the achievable OAR doses and to 
improve the overall plan quality and consistency, knowledge-based planning strategies have been 
developed. RapidPlan®, the Varian solution makes use of a large set of previously generated OAR dose 
volume histograms (DVH) to build a model. This is used to predict a range of achievable DVH-lines for 
OARs of new patients and then to generate a plan. However, the quality of the model’s output for any 
given new patient depends on the plans used to build the model, and the number and relevance of the 
structures and DVHs used [72]. Other vendors are also developing comparable solutions like Pinnacle 
Auto-Planning® (Philips Radiation Oncology Systems, Best, Netherlands) and multi-criteria optimization 
strategies (RaySearch Laboratories, Stockholm, Sweden). In addition, the extent of OAR sparing has 
been shown to be related to the desired PTV coverage and dose homogeneity, providing additional 
opportunities to refine PTV-OAR trade-of fs [40]. 

Adaptive radiotherapy, an approach to correct for anatomical changes during RT treatment through 
modification of original target volumes and plans is an interesting intellectual concept [73]. However 
technical limitations have hampered its integration into routine care, and it is dif ficult to predict which 
patients are likely to benefit in a clinically meaningful way [74]. With increasing computational power, 
more accurate deformation algorithms and better pre-treatment selection criteria, it is likely that 
adaptive radiotherapy will be implemented in routine clinical practice. 

Planning studies have shown a reduction in OAR dose using proton planning in HNC [75], which is 
expected to translate into less side ef fects. Because of the higher costs of proton therapy, the model 
based approach is a potential tool to select patients who would benefit most of this treatment [76].
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