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Abstract 

Radiotherapy delivery in head and neck cancer (HNC) has dramatically improved 

recently with the introduction of advanced techniques such as intensity-modulated 

radiation therapy (IMRT) and image-guided radiation therapy (IGRT). The aim of 

IGRT is to correct for setup errors such as positional shifts without modifying the 

original treatment plan. Intra-treatment structural and spatial changes are not 

corrected using IGRT. In contrast, Adaptive radiotherapy (ART) is an exciting 

concept that aims to modify the radiotherapy treatment plan in response to temporal 

changes to the anatomy and tumour. In an anatomy-adapted ART, repeat planning is 

based on intra-treatment structural changes to reduce organs at risk (OARs) planned 

dose deviations and improve dose homogeneity to preserve target coverage. 

Treatment can be individualised further by adapting to a changing target volume in a 

response-adapted ART. Improved soft tissue contrast with magnetic resonance (MR) 

guidance has made the latter a real possibility. 

This thesis lays the groundwork for the introduction of ART at our institution. To 

assist with the increased clinician workload, I first demonstrate the utility of using 

deformable image registration (DIR) for contour propagation during repeat planning. 

This improves delineation efficiency by significantly reducing clinician delineation 

time. Whilst intra-treatment changes are evident in CT-based studies, there are few 

magnetic resonance imaging (MRI) studies reporting this. This thesis demonstrates 

that these intra-treatment changes in target volume and OARs are evident on MR 

imaging and that MR-guided response-adapted ART leads to OAR dose reduction 

and improves target volume coverage. The clinical introduction of a hybrid MRI and 

linear accelerator (MR-Linac) has made daily MR-guided ART possible but this has 

important practical differences to a conventional linear accelerator. Patient selection 
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is crucial due to a restricted craniocaudal treatment field length and a longer 

treatment time. A hyo-sternal neck length <14.6 cm in a neutral neck position can be 

used to identify suitable patients. The dosimetry in a neutral neck position can be 

optimised using an oral cavity dose constraint, allaying concerns about increased 

oral cavity doses. Finally, this thesis reports the first HNC patient to be treated on the 

MR-Linac using a simple online adapted workflow. 

Whilst certain findings in this thesis such as the utility of DIR for contour 

propagation can be applied to current clinical practice, the response-adapted ART 

findings remain investigative and lay the groundwork for future randomised 

controlled studies. 
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1 Introduction 

1.1 Background 

Head and Neck cancer (HNC) consists of a spectrum of diseases with different 

responses to treatment and prognoses. HNC may arise from the upper aerodigestive 

tract, paranasal sinus, salivary glands and thyroid gland. In the literature, the term 

HNC commonly refers to squamous cell carcinoma (SCC) as this accounts for the 

majority of HNC (90 to 95%). HNC is among the ten most common malignancies in 

the world with an annual incidence of approximately 530,000 (1) and is predicted to 

increase to 856,000 annually by 2035 due to changes in demographics (2,3). 

Declining rates of cigarette smoking has contributed to a decreased incidence of 

laryngeal and oral cavity HNC (4,5). Conversely, there has been a dramatic increase 

in the incidence oropharyngeal cancer (OPC) associated with the human 

papillomavirus (HPV) (5,6). 

At least 50% of HNC patients present with locally advanced HNC (LAHNC) i.e. 

Stage III and above (American Joint Committee on Cancer 7th edition) (7). Many 

patients in this category will undergo multimodality treatment consisting of a 

combination of chemotherapy, radiotherapy and surgery. There has been a shift to 

treating patients with chemoradiotherapy (CRT) as this organ-sparing treatment 

offers equivalent or even better loco-regional control and disease-free survival to 

surgery (8,9). However, the 5-year disease-free and overall survival rates remain 

disappointing at 30-40% in poor prognostic groups despite advances in radiotherapy 

treatment delivery (7). Intrinsic tumour radio-resistance and limitations of current 

anatomical imaging to accurately define disease extent may account for these 

disappointing figures (10,11). Thus, attempts to improve treatment outcomes have 
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revolved around chemotherapy or radiotherapy dose escalation or improving 

radiotherapy technique delivery and planning. Escalating cytotoxic chemotherapy 

and radiotherapy dose has been at the expense of severe acute and morbid late side 

effects (12–14). Improved target volume definition with multi-modality imaging 

with MRI and Positron emission tomography – computed tomography (PET-CT) has 

the potential to increase certainty about the spatial location and extent of tumours 

and organs at risk thereby avoiding geographical miss and enabling steeper dose 

gradients. However, this is limited by available resources and the need to scan in the 

treatment position.  

Different prognostic groups exist based on factors such as demographics, staging and 

pathological variables. Whilst tobacco and alcohol consumption used to be the 

leading risk factors for developing HNC, there has been an increase in HPV-

associated OPC which affects a younger and non-smoking category of HNC patients. 

HPV-negative OPC and HPV-associated OPC  are two separate biological entities 

with different responses to treatment and prognoses (15).  Despite a rising incidence, 

HPV-associated OPC shows a better response to treatment and prognosis compared 

to HPV-negative OPC (15,16). A significant proportion of these patients is cured 

with multi-modality treatment but must live with the long-term radiation-induced 

side effects which have a negative impact on patient’s quality of life. On the other 

hand, HPV-negative OPC exhibits a more aggressive phenotype with worse 

prognosis despite current intensive multi-modality treatment (15).  

Given the prognostic importance of HPV status, it has been incorporated in the 8th 

edition of AJCC/Union for International Cancer Control (UICC) staging to reflect 

the better prognosis of HPV-associated OPC. Despite the prognostic differences, 

current standard-of-care treatment for both HPV-associated and HPV-negative OPC 
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remain cisplatin-based CRT. The differing outcomes have led to the development of 

clinical trials aimed at personalizing treatment according to HPV status. For 

example, trials are underway to investigate treatment de-intensification for HPV-

associated OPC to reduce long-term treatment-related morbidities without 

compromising oncological outcomes. Such strategies include alterations to the 

chemotherapy component (omitting or substituting with cetuximab) (17,18) or the 

radiotherapy component (reduction of dose or target volume modification) (19). De-

intensification strategy using cetuximab has been disappointing with both the 

DeESCALaTE HPV trial (17) and the NRG oncology RTOG 1016 trial (18) 

reporting a worse overall survival in the cetuximab arm compared with the cisplatin 

arm. In the DeESCALaTE HPV trial, 334 low-risk HPV-associated oropharyngeal 

SCC patients were randomised to cisplatin or cetuximab with concurrent 

radiotherapy. Although there was no significant difference in toxicities between both 

arms, the 2-year overall survival was significantly worse in the cetuximab arm 

compared with the cisplatin arm (89.4% vs 97.5%, p=0.0012) (17).  Although this 

was a non-inferiority study, a similar effect on overall survival was reported in the 

NRG oncology RTOG 1016 trial with a 5-year overall survival of 77.9% and 84.6% 

in the cetuximab and cisplatin arm, respectively (18). There was an increased risk of 

5-year locoregional failure with cetuximab compared to cisplatin (17.3% vs 9.9%) 

(18). Treatment de-intensification with the omission of concurrent cisplatin was 

investigated by the NRG-HN-002 study (20). In this study 306 patients were 

randomised to 60 Gy with accelerated radiation compared with 60 Gy with standard 

fractionation and concurrent cisplatin. Only the concurrent cisplatin arm met the 

non-inferiority margin and showed an improved 2-year progression free survival 

compared to the accelerated radiotherapy arm (90.5% vs 87.6%) (20). 
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To improve clinical outcomes in the HPV-negative OPC, there has been 

considerable interest in treatment intensification such as the addition of novel 

targeted therapies or by escalating radiotherapy dose (21). Sun et al. investigated the 

addition of a novel oral antagonist of inhibitor of apoptosis protein (Debio 1143) as a 

radiosensitiser to standard cisplatin chemoradiotherapy. In the Debio 1143 arm, there 

was an improved local control rate at 18 months compared with the placebo arm 

(54% versus 33%, p=0.026) but at the expense of greater mucositis (31% versus 

21%), dysphagia (50% versus 21%),  anaemia (35% versus 23%) (22). 

1.2 Head and neck cancer radiotherapy 

Radiotherapy plan is optimised to deliver a homogeneous tumoricidal dose to the 

target volume whilst sparing the organs at risk (OARs) as much as possible. This 

achieves a high probability of local tumour control whilst minimising the risk of 

normal tissue complications (i.e. therapeutic ratio).  

Recent technological advances in imaging and radiotherapy have enabled an 

improvement in this therapeutic ratio. Radiotherapy delivery has evolved from 

conventional two-dimensional radiotherapy (2D-RT) to more conformal techniques 

such as three-dimensional conformal radiation therapy (3D-CRT), intensity-

modulated radiation therapy (IMRT), volumetric-modulated arc therapy (VMAT) 

and image-guided radiation therapy (IGRT).  

IMRT and VMAT deliver a precisely sculpted dose to the target volume whilst sharp 

dose gradients can reduce normal tissue toxicities such as xerostomia (23). This is 

particularly important in the HNC due to the proximity of the OARs to the target 

volume. However, the improved radiotherapy dose conformality is at the expense of 
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increased sensitivity to geometrical errors, which can have a significant impact on 

the delivered dose.  

1.2.1 Morbidity associated with HNC radiotherapy 

The proximity of the OARs to the target volume means that HNC radiotherapy is 

still associated with significant long-term morbidities despite the implementation of 

conformal radiotherapy techniques. Acute- and long-term side-effects include oral 

mucositis (24), nausea (24), poor voice function (25), swallowing dysfunction (25), 

xerostomia (26,27), weight loss (25), trismus (28) and osteoradionecrosis (29).  All 

of these can culminate into decreased quality of life (30,31). Xerostomia is an 

important long-term side effect that may contribute to dysphagia, increased oral 

bacterial colonization and dental caries (26,27). These long-term morbidities are 

particularly devastating for the relatively younger HPV-associated OPC patients who 

have a higher chance of cure.  

1.2.2 Intra-treatment changes and their dosimetric consequences 

At the pre-treatment stage, a radiotherapy plan is created to fulfil a set of target 

volumes and OARs dose constraints. These planned delivered doses to both target 

volumes and OARs assume that the patient anatomy and position remain unchanged 

between the planning scan to the delivered radiotherapy fractions. Although random 

and systematic patient positioning errors can be adjusted with IGRT, spatial and 

volumetric changes (such as weight loss, tissue swelling, tumour and normal tissue 

shrinkage) cannot be corrected using IGRT.  

With spatial and volumetric changes consistently reported during HNC treatment 

(32–34), the doses derived from the planning scan may not be representative of the 

delivered doses since this represents a single snapshot of the patient’s anatomy. 
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Without accounting these intra-treatment changes, significant deviations from the 

planned radiotherapy doses can occur, with higher and lower delivered dose to 

OARs and target volumes, respectively (35).  

1.2.2.1 Target Volume  

HNCs are radiosensitive and may demonstrate a significant response by the end of 

treatment, with several CT-based studies reporting a measurable reduction in gross 

tumour volume (GTV) and clinical target volume (CTV) throughout radiotherapy 

treatment. (32,36). Overall, target volume reduction (GTV, CTV and planning target 

volume (PTV)) can be measured as early as within the first 2 weeks of radiotherapy 

treatment (36), with a median target volume reduction of 3 to 16%, 7 to 48% and 6 

to 66% by the end of weeks 2, 4 and 7, respectively (37).  

The GTV shrinks by a median volume of 2 to 3% per day (32,36) and by a median 

volume of up to 70% compared to the initial volume (32). Similarly, the high- and 

low-dose CTVs demonstrate significant volume changes throughout treatment with 

the most significant changes occurring at week 2 with volume reduction by 3.2% and 

10%, respectively (p=0.003 and p<0.001, respectively) compared to the initial 

volume (33). A planning study by Bhide et al. reported that if the initial radiotherapy 

plan was delivered without accounting the CTV change, this led to an increased dose 

inhomogeneity across the CTV (33). These target volume dose inhomogeneities can 

translate to poorer local control (38,39). Other studies suggest that these intra-

treatment target volume changes led to dosimetric changes to the high-dose target 

volume only (40), low-dose target volume only (41) or led to no dosimetric 

consequence (42).  

These reported studies show heterogeneity in relation to the timing of the intra-

treatment imaging, the imaging modalities (e.g. cone-beam CT (CBCT), 
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megavoltage CT (MVCT), diagnostic CT imaging) and patient populations (e.g. 

OPC only, nasopharyngeal cancers, mixed HNC). Thus, it is difficult to draw an 

overall conclusion on the effects of target volume changes and their dosimetric 

consequences. Nonetheless, dosimetric changes to the target volume, if present, are 

small and as a whole appears to be robust during HNC radiotherapy treatment.  

1.2.2.2 Organs at risk  

Similar to the target volume, OARs have been imaged at different time-points using 

a variety of imaging modalities such as CBCT, MVCT, helical CT and CT on rails 

(43–46).  

Longitudinal changes to the parotid glands have been of particular interest due to the 

association of xerostomia with parotid gland mean dose (47–49). Parotid glands have 

been consistently reported to shrink in volume during radiotherapy. A review article 

of thirty-eight studies by Brouwer et al. reported an overall mean parotid volume 

loss of 26  11% by the end of treatment (50). The rate of change in parotid gland 

volume is not linear, with an increased volume loss during the first half of 

radiotherapy treatment (51). Bhide et al. reported that by the end of treatment the 

parotid volumes reduced by 35% and the most significant parotid gland volume 

changes occurred at weeks 2 and 4 of treatment, with a reduction of 15% (p<0.001) 

and 31% (p<0.001), respectively (33). Increased parotid gland volume loss has been 

associated with worse complications such as duration of percutaneous endoscopic 

gastrostomy (PEG) use, saliva reduction and xerostomia scores (50). 

In addition to volume loss, the parotid glands can migrate by up to 4 mm medially 

due to the associated target tumour shrinkage and weight loss (32,33,36). This occurs 

in a significant number of patients, with an incidence of 74% in a study by Castelli et 

al. (52). The significance of parotid gland medial migration is that the parotid glands 
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are placed in closer proximity to the high-dose target volume, which may lead to 

higher than planned parotid gland doses. In a review by Brouwer et al., this 

translated to a mean dose increase of 2.2 Gy +/- 2.6 Gy compared to the planned 

dose (50). The mean parotid gland dose deviations can be as large as 10.4 Gy (53). 

However, not all patients demonstrate a deviation in mean parotid gland dose, with 

reports estimating an incidence of just under 60% (52). It is likely that significant 

dosimetric changes only occur in a proportion of patients due to a combination of 

both volume loss and medial migration.  

There are fewer reports on the anatomical changes of other OARs during 

radiotherapy. Similar to the parotid glands, submandibular glands show a volume 

reduction ranging between of 15 to 32% and migration superiorly (42,54,55). This 

can lead to an increased mean dose of up to 1 Gy (42).  

In contrast to the parotid and submandibular glands, other critical OARs such as the 

spinal cord and brainstem do not show significant volumetric changes. However, 

doses to these OARs can deviate from planned doses, with reported increases in the 

maximum dose (Dmax) and dose received by 1 percent of the volume (D1%) (50). The 

mean increase in dose to spinal cord and brainstem are small (<2%) for the majority 

of patients, but variations can be large (44). The excess Dmax can be as high as 2.5 

and 5.6 Gy to the brainstem and spinal cord, respectively (56). However, this may 

apply to a small percentage of patients with Cheng et al. reporting that the Dmax to 

the brainstem and spinal cord, was exceeded in only 16% and 11% of their patients, 

respectively (34). The deviation in doses to the spinal cord and brainstem are 

associated with factors such as overall weight loss (57), patient positional changes 

(58) and target volume shrinkage (42). 
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In summary, the anatomic changes observed during radiotherapy lead to cumulative 

delivered parotid gland doses greater than planned, with magnitude depending on the 

proximity to the target volumes and volume change. The clinical consequences of 

the unaccounted larger mean parotid gland dose place the patient at higher risk of 

xerostomia (52). Dosimetric changes to critical OARs such as the spinal cord and 

brainstem may also occur in a small number of patients. 

  



 33 

1.3 Adaptive radiotherapy 

To take into account these aforementioned volume and spatial intra-treatment 

changes, adaptive radiotherapy (ART) has been developed and investigated. ART is 

an umbrella term that refers to any online or offline assessments and modifications 

of the pre-planned radiotherapy parameters in response to a stimulus (e.g. tumour 

shrinkage or weight loss) or at pre-defined intervals. These can be broadly divided 

into an anatomy-adapted and a response-adapted workflow that adjusts to a changing 

anatomy (e.g. correcting target volume and OAR dose deviations (59,60)) or to a 

treatment response to enable dose escalation (e.g. escalate target volume dose (61)) 

and de-escalation (e.g. shrink the target volumes according to tumour response (19)), 

respectively.  

1.3.1 ART strategies 

ART can be implemented in the treatment workflow at different time-points using 

different techniques. 

ART can be triggered: 

• at pre-planned intervals (e.g. weeks 2 and 4) when the risk of dosimetric 

deviations are felt to be the greatest. 

• at any time-point if significant dosimetric deviations occur due to clinical 

variables. 

• following regular treatment response assessments using imaging (such as 

CBCT, diagnostic CT or MRI scans) or triggered when cumulative dose 
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delivered to the target volume and OARs deviate from the pre-planned 

doses. 

In the ‘online’ setting, updated imaging for that session is used to derive and deliver 

a new treatment plan for that fraction. In contrast, the ‘offline’ ART workflow is less 

time-pressured, with a new radiotherapy plan planned for future fractions. 

1.3.2 Dosimetric evidence for ART 

The routine integration of ART in the radiotherapy workflow has financial and 

workload implications and places a significant burden on an already stretched 

healthcare system. Thus, the majority studies reporting on the dosimetric benefits of 

ART in HNC are based on ad-hoc offline correction strategies aimed at reducing 

plan deviations (41,62,63). These studies use an anatomy-adapted ART to reoptimize 

treatment parameters to reduce target volume dose inhomogeneities, to improve 

target volume coverage and to maintain OAR dose to within their constraints. This 

ensures that delivered doses to the target volume and OARs deviate minimally from 

the pre-planned parameters and maintain the therapeutic ratio (43,64). The benefits 

of ART were reported in a study by Surucu et al. where fifty-one HNC patients 

underwent dosimetric assessment half-way through treatment due to clinical reasons 

with a repeat CT scan (62). Thirty-four patients were deemed to benefit from repeat 

planning with dosimetric assessments showing a median reduction of 4.5% to the 

spinal cord Dmax, 3% to the brainstem Dmax, 6.2% to the mean ipsilateral parotid and 

2.5% to the mean contralateral parotid (62). Importantly, the spinal cord Dmax 

exceeded its constraint at 57.1 Gy without adaptation and was corrected with ART 

for one patient (62). This illustrates the potential benefit of monitoring the OAR dose 

for treatment adaptation.  
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Another ART approach is to perform ART at regular intervals where the most 

significant changes are expected. A study by Zhang et al. assessed the most efficient 

ART replanning strategy to maintain target volume coverage and mean parotid gland 

dose (63).  Sixty-three replanning strategies were assessed for thirteen OPC patients 

using weekly CT imaging (63). First, the authors reported that no ART led to a mean 

dose increase of 4 Gy to the parotid glands (63). Second, the authors reported that 

weekly ART was unnecessary and that two or three repeat plans were the most 

efficient. ART at weeks 1, 3 and 5 was the optimal ART strategy and this led to a 

mean parotid gland dose reduction of 3.3 Gy for 94% of the patients. However, two 

repeat plans at weeks 1 and 5 also improved the mean dose to the parotid glands by 

2.9 Gy (63).  Similarly, a retrospective planning study of eleven patients by Wu et al. 

evaluated three different ART strategies (single versus two versus weekly ART). All 

ART strategies led to an improvement in the mean parotid gland doses, but the most 

benefit was found in the weekly ART patients. Compared to no ART,  one mid-

treatment, two mid-treatment and weekly ART led to a reduction in mean parotid 

gland dose of  3%, 5% and 6%, respectively (41).  

1.3.3 Clinical evidence for ART 

To justify implementing ART into clinical practice, dosimetric improvement should 

correlate with improved clinical outcomes. However, reports of clinical outcomes 

following ART are scarce and limited by their non-randomised or retrospective 

nature. These are summarised in Table 1-1.  

In a non-randomised study of 317 HNC patients by Chen et al., 51 patients 

underwent ART mid-treatment due to clinical reasons, such as tumour shrinkage and 

weight loss (38). Although the dosimetric benefit of ART was not reported, the ART 

cohort had a significant improvement in 2-year local control rate compared to the 
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non-ART cohort (88% versus 79%, respectively; p=0.01). There were no significant 

differences in overall survival (p=0.55) and in the incidence of acute grade 3 

toxicities (p=0.45), acute hospitalisation (p=0.45), late grade 3 toxicities (p=0.71) 

and gastrostomy tube dependence at 1 year (p>0.05) between the two cohorts. The 

selection criteria for ART may have contributed to the observed improvement in 

local-regional improvement in this study due to the selection of tumours with a 

favourable biology.  A similar finding was reported in a non-randomised prospective 

study of 129 nasopharyngeal cancer patients by Yang et al. (65). 86 patients 

underwent one or two ART plans (pre-planned at fractions 15 or 25 or both), whilst 

43 patients formed the control group. ART led to a significant improvement in the 

quality of life and 2-year locoregional control (97% vs 92%, p=0.04), but did not 

improve the 2-year overall survival (89.8% versus 82.2%, respectively; p=0.475) 

compared to no ART. However, the control group consisted of patients who had 

declined repeat planning CTs as part of ART. Thus, confounding factors may have 

led to the observed differences between groups.  

In a single-arm retrospective study by Kataria et al., radiotherapy treatment was 

delivered in two phases (66). In phase I, 54 Gy was delivered to both low-dose and 

high-dose PTV. For phase II, ART was used in week 5 of treatment to an extra 16 

Gy to the high-dose PTV. The authors used an anatomy-adapted ART and reported a 

2-year disease-free survival and overall survival of 72% and 75%, respectively, 

which was in keeping with previous data published from their institution (67). The 

authors acknowledge that a higher proportion of patients with stage IV HNC in their 

population may explain the lower overall survival and disease-free survival rates 

compared to other studies. The acute and late toxicities were comparable to other 

studies. In a prospective, non-randomised study of 22 patients by Schwartz et al., 
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ART led an excellent 2-year local and regional disease control of 100% and 95%, 

respectively (43). Most patients underwent a single ART and a second ART if 

clinically indicated. Both ART strategies led to improved mean parotid gland doses, 

with the most benefit resulting from two ART plans. One ART reduced the mean 

dose to the ipsilateral parotid gland by 1.3 Gy (3.9%) (p=0.002) and contralateral 

parotid gland by 0.6 Gy (2.8 %) (p=0.003). Two ART reduced the mean dose further 

by 4.1 Gy (9%) (p=0.001) and 0.8 Gy (3.8%) (p=0.026) to the ipsilateral and 

contralateral parotid glands, respectively. 

In contrast, a retrospective case-matched control study by Zhao et al. reported that 

ART did not improve clinical outcomes for patients with nasopharyngeal cancers 

despite dosimetric benefits to the target volume and OARs (p=0.34) (56). However, 

patients with locally advanced disease (T stage >2 and N stage >1) benefitted from 

ART, with an improvement in the 3-year local relapse-free survival and a reduction 

in late side-effects (mucositis and xerostomia) compared to a matched control group 

without ART.  

Although these studies suggest that ART can improve clinical outcomes, it is 

important to note that they are limited by their non-randomised nature and potential 

bias associated with patient selection in the control groups. In the routine clinical 

practice, ART remains a reactive process to significant weight loss, contour changes, 

deviations in target volume coverage and OARs dose constraints. Before routine 

clinical implementation of ART, prospective randomised phase 3 trials are needed to 

assess most efficient use and clinical benefits of ART. 
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Table 1-1. Summary of ART studies reporting clinical outcomes. 

Study Design and treatment 

modalities, primary site 

Number of patients Number 

of ART 

Timing Replans Follow-up 

(months) 

Clinical outcome 

Total ART No 

ART 

Zhao et al. 

(56) 

Retrospective analysis, 

case-matched controls. 

NPC AJCC stage II to IV 

(7th edition). 

 

 

99 33 

 

66 1 or 2 One ART (n = 

33):  

Fraction 15 (+/- 

5) 

Two ART (n = 

9):   

Fraction 15 (+/- 

5) 

Fraction 27 (+/- 

4) 

Median 38 months 

(range, 3 to 75 

months) 

No significant difference in 3-year local 

relapse-free survival for ART vs no ART 

(72.7% vs 68.2% (p=0.34)). 

ART significantly improved 3-year local 

relapse free survival for patients  T3 

(p=0.03). 
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Study Design and treatment 

modalities, primary site 

Number of patients Number 

of ART 

Timing Replans Follow-up 

(months) 

Clinical outcome 

Total ART No 

ART 

Schwartz et 

al. (43,60) 

Prospective non-

randomised trial. 

OPC Stage III to IVb (7th 

edition) 

 

22 22 

 

0 1 or 2 One ART (n = 

22): 

Fraction 16 

(Range, 2 to 28) 

Two ART (n = 

8): 

Fraction 22 

(Range, 11 to 

25) (n = 8) 

Median 31 months 

(range, 13 to 45 

months). 

100% 2-year local disease control 

95% 2-year regional disease control 

 

 



 40 

Study Design and treatment 

modalities, primary site 

Number of patients Number 

of ART 

Timing Replans Follow-up 

(months) 

Clinical outcome 

Total ART No 

ART 

Yang et al. 

(65) 

Prospective non-

randomised trial. 

Nasopharynx (stage I to 

IV) AJCC 2002. 

 

129 86 43 1 or 2 One ART (n = 

63):  

Fraction 15 (n 

=10) 

Fraction 25 (n = 

53) 

Two ART (n 

=23) 

Fractions 15 and 

25 

Median 29 months 

(range, 4 to 54 

months) 

ART significantly improved the 2-year 

locoregional control compared to no ART 

(97.2% vs 92.4%, respectively; p=0.04) 

No significant difference in 2-year overall 

survival between ART and no ART (89.8% 

vs 82.2%, respectively; p=0.475) 

Chen et al. 

(38) 

Non-randomised 

retrospective study. 

Oropharynx, oral cavity, 

larynx, hypopharynx, 

nasopharynx. 

317 51 266 1  At 40 Gy (range, 

10 to 58 Gy) 

30 months ART led to significant improvement in 2-

year local control rate compared to no ART 

(88% vs 79%, respectively; p=0.01) 

 

No significant difference in 2-year overall 

survival between ART and no ART (73% 

vs 79%, respectively; p=0.55) 
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Study Design and treatment 

modalities, primary site 

Number of patients Number 

of ART 

Timing Replans Follow-up 

(months) 

Clinical outcome 

Total ART No 

ART 

Kataria et al. 

(66) 

Retrospective, non-

randomised study. 

Oropharynx, larynx, 

hypopharynx 

 

36 36 0 1 Fraction 23 not stated Median disease-free survival = 17.5 months 

2-year disease-free survival = 72% 

Median overall survival = 23.5 months 

2-year overall survival = 75% 

Abbreviations: AJCC = American Joint Committee on Cancer; ART = adaptive radiotherapy. 



 42 

1.3.4 Patient selection and criteria for ART 

It is widely reported that not all HNC patients benefit from ART, with an estimated 

20 to 65% benefiting from ART (58,68). ART may have a greater benefit for 

LAHNC due to the greater anatomical change observed to the target volume, with a 

reported improvement in 3-year local disease-free survival in this group of patients 

(56).  

Although studies have investigated baseline and dosimetric factors as predictors for 

requiring ART, the criteria for selecting patients with the greatest benefit from ART 

remains unclear (65). In a review of 51 studies, Brouwer et al. identified tumour 

location, age, body mass index, planned parotid gland dose, pre-treatment parotid 

gland volume and volume overlap between the parotid glands and the target volume 

as potential predictors (50). The authors concluded from a multivariate analysis that 

advanced nodal disease (N2), an initial weight of greater than 100 kg, or patients 

weighing less than 100 kg with large nodes had a 60 to 80% chance of needing a 

repeat plan (50). Subsequently, Brouwer et al. developed and validated a method to 

select HNC patients at the pre-treatment stage for ART (69). Parotid gland dose 

deviations greater than 3 Gy from the planned dose was selected as the authors felt 

that this would be the minimum level of clinical relevance and predicted normal 

tissue complication probability (NTCP) differences of 3-10% for xerostomia. 

Multivariable analysis showed that the only significant parameter was the planned 

mean dose to the parotid gland. A mean parotid dose threshold of  22.2Gy resulted 

in a sensitivity of 91%, a specificity of 45%, a negative predictive value of 95% and 

a low positive predictive value of 29%. In the validation cohort, similar results with 

a sensitivity of 80%, NPV of 81% and PPV of 19%. This would translate to a 

sparing of 38% and 24% of patients from the ART procedure in the development and 
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validation cohorts, respectively. However, the high number of false positives would 

mean that a high proportion of patients would still undergo unnecessary ART.  

1.3.5 ART conclusion 

Despite positive and promising results from studies suggesting an improved quality 

of life and local control with ART in HNC, the results are limited by their non-

randomised, retrospective nature and the heterogeneous ART protocols and 

nomenclature. Furthermore, there is a lack of prospective clinical trials to inform the 

best ART strategies with the largest clinical gain. Implementing ART into routine 

practice is challenging due to the increased resources required and lack of consensus 

regarding the time point and threshold required to trigger an adaptive plan 

(35,36,38,60). Current literature suggests that possible candidates for ART are those 

who have bulky tumours, early tumour shrinkage or early parotid gland overdose 

(70–72).  

1.4 MR-guidance in HNC ART.  

Radiotherapy delivery is complex, with systematic and random set-up errors an 

inherent part of this process. With IGRT, imaging of the patient before treatment 

delivery enables the verification of the target and patient positions and corrections of 

these set-up errors to ensure that the planned treatment is delivered. IGRT allows the 

visualisation of the target and organs at risk and adjustment of the patient position to 

compensate for gross changes to avoid geographical miss. Thus, IGRT can optimise 

the accuracy and precision of radiotherapy dose delivery by preventing geographical 

miss and ensuring that treatment delivery is reproducible, respectively. 

This is particularly important with advanced radiotherapy techniques such as IMRT 

and VMAT where the risk of geographical miss is high. The sculpted dose 
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distributions created by IMRT plans increase the risk of unintentional increase in 

dose of spared structures or geographical target miss if organ motion and set-up 

errors are not taken into account. IGRT can be simple in the form of electronic portal 

imaging and digitally reconstructed radiographs (DRR) or more complex such as 

Cone-Beam CT (CBCT). However, these imaging modalities have poor soft tissue 

contrast and this leads to significant interobserver variability in target volume and 

OARs definition (73,74). Magnetic resonance-guided radiotherapy (MRgRT) is a 

form of IGRT that integrates MR imaging to provide direct tumour and OAR 

visualisation. The superior soft tissue resolution offered by MRI has been reported to 

reduce inter-observer variability (73,75–77).  

Whilst MRI has been increasingly used in the staging and management of HNC, it 

has not been routinely used for radiotherapy target definition. This is partly due to 

the difficulty in accurately registering the diagnostic MR and planning CT scans, 

which are acquired in different patient positions. However, the recent development 

and availability of MR flat table-tops and MR-compatible immobilisation devices 

have enabled MRI scans to be acquired in the radiotherapy treatment position. This 

has led to MRI scans playing a greater role in HNC treatment planning with reports 

of its use for GTV (78) and CTV (79) delineations.  

The non-ionising properties of MRI also make it an attractive prospect for ART 

workflow, allowing repetitive imaging without any additional radiation. The 

advantage of using MRI in this setting is the reported reduction in inter-observer 

delineation variability of the OARs and target volumes (73,75–77). The improved 

target volume visualisation provides a simple way to assess tumour response by 

measuring anatomical target volume changes to indicate tumour growth or 

shrinkage. Thus, enabling dose escalation to non-responding disease or dose de-
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escalation to responding disease with the aim of improving tumour control and 

reducing normal OAR toxicities, respectively. The caveat is that minimal or no 

measured volume change can occur, which could either represent non-responding 

tumour or a lag in the observed volume change. In this instance, functional imaging 

(FI) can provide complementary information to anatomical imaging on the 

underlying biology (80). In fact, FI can identify response early during treatment 

before morphological changes are observed (81–83). FI is non-invasive and can 

characterise spatiotemporal heterogeneity of tumours. MR-based FI can identify and 

quantify cellularity, vascularity and hypoxia using Diffusion Weighted MRI (DW-

MRI), Dynamic-Contrasting Enhanced MRI (DCE-MRI) and Intrinsic-susceptibility 

MRI (IS-MRI), respectively. Of these, DW-MRI has been increasingly used in the 

diagnosis and monitoring HNC, with early evidence that DW-MRI can differentiate 

tumour from radiotherapy changes (84,85). DW-MRI has been investigated as an 

early predictor to treatment response in HNC and has been reported as an imaging 

biomarker to differentiate between ultimate responders and non-responders at week 

2 of radiotherapy (83). Despite this potential, the use of FI remains an area of 

research due to limitations such as temporal differences and the lack of 

standardisation of FI parameters (86). As in-field tumour recurrence remains 

common in certain sub-groups of HNC (87–89), MRgRT using a combination of 

anatomical and FI can be used to identify these non-responding patients as 

candidates for treatment dose escalation.  

In contrast, responding patients could be candidates for treatment dose de-escalation 

by the continuous adaptation and shrinkage of the high-dose CTV to the MR-visible 

tumour (90,91). Target volume changes can be observed on serial MR scans for 

HNC undergoing definitive radiotherapy or chemoradiotherapy, but there are limited 
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published studies reporting this (92–94). A study of 6 HNC patients treated with an 

integrated MRI-tri-60Co teletherapy device by Raghavan et al. (92) quantified and 

reported similar changes observed by CT-based studies. The GTV and parotid glands 

demonstrated significant median volume loss of 38.7%  and 31.1% over the course 

of treatment, respectively (92). Kamran et al. reported a median volume reduction of 

33% for primary GTV (range of 17 to 75%), 22% and 45% for HPV-negative and 

HPV-associated nodal disease, respectively (93). In a study of 31 HPV-associated 

OPC by Thiagarajan et al., half of their patients demonstrated a complete 

radiological response on MRI mid-treatment (94).  In a prospective feasibility study 

by Mohamed et al., five HPV-associated LAHNC patients underwent 2-weekly MRI 

scans during chemoradiotherapy (91). The primary GTV decreased by 44%, 90% 

and 100% at weeks 2, 4 and 6 whilst the nodal GTV decreased more slowly with an 

average decrease of 25%, 60% and 80% at weeks 2, 4 and 6, respectively (91). By 

adapting to the changes in volume, mean parotid doses were reduced by 3.3 Gy 

which led to a predicted 1% xerostomia reduction at 6 months and an 11% reduction 

in dysphagia at 6 months using NTCP models. Overall, these studies suggest a 

higher target volume shrinkage than CT-based studies which may be explained by 

the improved soft tissue contrast.  

1.4.1 MR-Linac 

Delivery of personalised and real-time MRgRT has been made possible by the 

development of hybrid MRI scanner and linear accelerators. An example of this is 

the Elekta Unity magnetic resonance linear accelerator (MR-Linac) which integrates 

a 1.5 Tesla MR scanner (Philips Healthcare, Best, The Netherlands) with a 6 

megavoltage (MV) linear accelerator (linac) (Elekta, AB, Stockholm, Sweden). This 

revolutionary equipment was installed at the Royal Marsden Hospital (Sutton 
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Branch) and has been in clinical use since 2018. This is described in more detail in 

Chapter 6. 

1.4.2 Current challenges with MRgRT and the MR-Linac. 

As with any new technology developed in the era of evidence-based medicine, the 

routine clinical use of the MR-Linac is currently limited to clinical trials aimed at 

demonstrating the safety and improving the treatment workflow. This is further 

limited by a small number of centres world-wide that have access to this technology. 

Thus, an international research consortium was created to enable international 

collaboration between different institutions to facilitate the evidence-based 

introduction of the MR-linac into clinical practice (95).  

The treatment of HNC on the MR-Linac is challenging. The MR-linac treatment 

field is smaller than on a conventional linac which may have an impact on the sub-

type of HNC suitable for treatment on the MR-Linac. Another important challenge is 

the additional time required for online plan adaptation strategies whilst the patient is 

immobilised in the treatment position. This process is estimated to last around 45 

minutes (96). At the Royal Marsden Hospital, radical HNC treatment is delivered 

over 30 fractions.  Daily treatment in a claustrophobic and noisy environment may 

be difficult for a number of patients. Therefore, improved patient tolerance and 

careful patient selection are crucial to deliver a successful individualised treatment 

on the MR-Linac. These issues will be explored in this thesis. 
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1.5 The role of deformable image registration in ART. 

A major limitation in adopting ART routinely for HNC is the repeat manual 

delineation required to adjust the changes in OARs and target volumes which is both 

time-consuming and labour-intensive, taking an average of between 44 to 56 minutes 

for Base of Tongue (BOT) and Nasopharyngeal (NPH) cancers respectively (97).  

Automatic contour propagation using Deformable Image Registration (DIR) may be 

used to facilitate this delineation process (98). Another useful application of DIR is 

dose mapping, whereby dose accumulation can be calculated. 

DIR is based on the concept of image registration, which defines the spatial 

correspondence between two images. Image registration can be broadly divided into 

rigid and deformable (non-rigid) registrations with the key difference residing on the 

flexibility of the voxel-to-voxel relationships during spatial mapping. During rigid 

image registration, the voxels move and rotate uniformly whilst maintaining a 

constant voxel-to-voxel relationship before and after mapping. The key difference 

with DIR is that voxel-to-voxel relationship can change and thus, allows for a more 

elastic deformation compared to rigid registration. The DIR algorithm allows the 

spatial transformation from a ‘moving’ (target) image to a ‘fixed’ (reference) image 

(Figure 1-1A and B). This spatial transformation can be represented by a 

deformation vector field (DVF) (Figure 1-1C), which describes the displacement 

between each voxel in the ‘fixed’ image and each corresponding voxel in the 

‘moving’ image thus, creating a one-to-one mapping between corresponding voxels 

or spatial correspondence in the two images.  
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Figure 1-1. An example of a deformable image registration (DIR). A ‘fixed’ (reference) image and a ‘moving’ 
(target) image are shown in panels A and B, respectively. DIR can deform the four rounded corners of the 
‘moving’ image to the sharp corners of the ‘fixed’ image (C). DIR’s ability to change the voxel-to-voxel 
relationship is illustrated by the deformation vector field (DVF) in panel C, where the direction and size of the 
arrows represent the direction and magnitude of the deformation. Panel D shows the deformed image. Adapted 
from Oh et al. (99). 

 

The DIR algorithm is complex and detailed explanation is beyond the scope of this 

introduction. Briefly, the DIR algorithm is driven by similarity metrics between the 

two images, which can be based on image intensities (100,101), feature-based (102) 

or a combination of both metrics (103,104). The intensity-based DIR algorithm 

matches individual voxels or images patches using a mathematical or statistical 

criterion, whilst the feature-based approach uses known anatomical landmarks (such 

as surfaces, points or curves) in both image sets to define the DVF. However, each 

algorithm is inherently limited by restrictions of the similarity metrics. For example, 

a reasonable DVF cannot be guaranteed in areas of low contrast and image artefacts, 

and in areas with no selected landmarks in the intensity-based algorithm and feature-

based algorithm, respectively. The feature-based algorithm requires delineation of 

anatomic landmarks or contours in both images prior to defining a DVF. These can 

be manually delineated, which is time-consuming and not practical (105), but can be 
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facilitated by contour propagation or automatic contouring (54). Hybrid algorithms 

integrating both image-intensities and feature-based algorithms have been developed 

to overcome these limitations (103,104). 

1.5.1 DIR validation 

Contour propagation must be validated prior to clinical implementation and the 

simplest way is to measure the geometric agreement between the DIR-propagated 

contours and the manual contours which act as the ground truth. In this thesis, 

overlap-based and surface-based geometrics were used. The Dice similarity 

coefficient (DSC) quantifies the amount of volume overlap between the two 

structures (Figure 1-2A).  

DSC (A,B) =  2(A  B) / (A + B)    

where A and B represent the volumes of the 2 structures. 

The mean distance to agreement (MDA) between 2 structures is the mean distance 

that each point on one structure would have to move to overlap with the 

corresponding point on the other structure (Figure 1-2B). 

Figure 1-2. A) The dice similarity coefficient assesses the volume overlap between volumes A and B. B) The mean 
distance to agreement is the mean surface distance between the surfaces of volumes A and B. A single 
corresponding point is shown in this example. 

 

Independent of the type of DIR algorithm, the generated DVF can be applied to 

contour propagation and radiotherapy dose accumulation, which are of relevance to 
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the ART chapters explored in this thesis. To implement an efficient ART workflow, 

regular dosimetric assessment of the planned radiotherapy doses should be 

calculated on updated anatomy. If deviations are clinically relevant, a new plan is 

then generated using this updated anatomy. Manual delineation is not feasible and 

DIR contour propagation from planning CT to CBCTs has been used to assess dose 

deviations in HNC (105–107). 

1.5.2 Dose accumulation 

For dose accumulation, the generated DVF is used to deform the radiotherapy dose 

to each voxel and accumulated on a reference image (usually the planning scan) in a 

process termed as dose mapping (DM). Thus, the planned radiotherapy dose can be 

first applied to the repeated imaging (weekly or per fraction) to calculate a delivered 

dosimetry based on updated anatomy at different time-points. Subsequently, the dose 

cubes from each time-point can be deformed and accumulated to the planning CT 

and an estimate of the actual delivered dose can be calculated (108–111). This 

enables the assessment of deviations between planned and delivered doses and 

justify modification of the treatment plan using ART. It is important to note that 

accurate dose accumulation is dependent on the performance of the DIR on the 

spatial correspondence of each point at the geometric boundaries and within these. 

Therefore, geometric or volume-based assessments of surface boundaries and 

landmarks (such as DICE and MDA) may be used (105), but these do not provide 

any information regarding the anatomical point-to-point correspondence accuracy.  

Another challenge in dose accumulation is to account for the change in tissue mass 

observed during treatment such as tumour regression and progression. Although this 

may not be a significant problem for deformation itself, this can lead to difficulties in 

mapping voxel to voxel radiotherapy doses from different time-points. The deposited 
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energy on the reference image may not be consistent with the sum of the energy 

deposited on each calculated image set (112). This concept of dose accumulation and 

lack of energy conservation is illustrated in Figure 1-3A and is adapted from Zhong 

et al. (113). 

At time-point T1, an OAR receiving 2 Gy has an initial volume and mass of V1 and 

M1, respectively. This OAR undergoes a volume and mass loss so that at time-point 

T2, it has undergone a 50% volume and mass reduction, V2 and M2, respectively. 

Therefore, M1 = 2 * M2. 

Assuming that a DVF field (φ1) maps all voxels from V1 to V2 and a dose of 2 Gy is 

mapped from V1 to V2 by interpolation, the interpolated dose to V2 will be 2 Gy.  

A dose accumulation is calculated as below: 

Total dose accumulated by dose mapping (φ1) on V2: DDM = φ1 (2) +2 = 4 Gy 

The energy deposited is a product of dose multiplied by mass as shown in the 

following equation: 

Energy (E) = Dose (D) x Mass (M) (99).  

Total energy accumulated by dose mapping (φ1) on V2: EDM = 4M2 

This is in contrast with the total energy delivered which is calculated as below: 

Total energy delivered (assuming M2 = 0.5M1): E = 2*M1 + 2*M2 = 3M1 or 6M2 

Therefore, there is a discrepancy in the total energy delivered (6M2) versus the total 

energy accumulated using dose mapping (4M2) with an underestimation of the 

energy delivered using dose mapping. 

In contrast, dose back projection from V2 to V1 via deformation (φ 2) leads to an 

overestimation of the energy delivered using dose mapping compared to energy 

delivered (4M1 versus 3M1, respectively).  
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Total dose accumulated by dose mapping (φ2) on V1: DDM = φ2 (2) +2 = 4 Gy 

Total energy accumulated by dose mapping (φ2) on V1: EDM = 4M1 

Total energy delivered (assuming M2 = 0.5M1): E = 2*M1 + 2*M2 = 3M1 or 6M2 

Figure 1-3. Dose accumulation underestimation in dose forward projection (A) and overestimation in dose back 
projection (B). 

 

Abbreviations: DDM = Dose using dose mapping; EDM = Energy using dose mapping. 

Accurate estimations of the accumulated dose can be given if errors associated with 

dose mapping will be small and negligible if mass changes are small and the DVF is 

accurate. In cases where mass changes are large, dose accumulation will be less 

accurate. One solution is to use DIR models that are less influenced by image 

intensity changes in the tumour and preserve volume data by including prior 

knowledge of relational data (113–115). 
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To this day, there are no rigorous validation methods for dose deformation, but 

despite these limitations, dose accumulation has the potential to enable treatment 

plan adaptation (99). 

1.5.3 Clinical validation of DIR 

DIR algorithms should be validated in both the treatment planning system 

commissioning and routine quality assurance procedure. In HNC ART, few studies 

have validated DIR for HNC for contour propagation and dose accumulation (116–

118). DIR algorithms can achieve acceptable contour propagation results with 

commercial algorithms demonstrating a low average geometric registration error 

between 0.5 mm and 3 mm (119). Due to the complex nature of dose accumulation, 

variation can be profound between different DIR algorithms (119–121). Detailed 

pre-setting of the DIR algorithm can lead to fewer dosimetric variations, but this is at 

the expense of manual input in the workflow (121). 

1.5.4 DIR in this thesis 

RayStation (RaySearch Laboratories AB, Stockholm, Sweden) integrates a simple to 

use hybrid DIR algorithm that uses the ANAtomically CONstrained Deformation 

Algorithm (ANACONDA) allowing for intensity-based or hybrid registration 

(intensity plus controlling regions of interest (ROIs)) (103). This algorithm has been 

validated in thoracic 4DCT data and CT/cone beam CT data and shown to be 

accurate compared to other algorithms (103).   
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1.6 The MR-Linac 

The Elekta Unity magnetic resonance linear accelerator (MR-Linac) is a hybrid 

system that integrates the imaging capability of a 1.5 Tesla magnetic resonance 

(MR) scanner (Philips Healthcare, Best, The Netherlands) with a 6 megavoltage 

(MV) linear accelerator (linac) (Elekta, AB, Stockholm, Sweden) (Figure 1-4).  

Figure 1-4. Sketch of the MRI accelerator concept. The 1.5 T MRI is shown in blue (1), the 6 MV accelerator (2) is 
located in a ring around the MRI. The split gradient coil (3) is shown in yellow and in orange, the 
superconducting coils (4) are shown. The light blue ring around the MRI indicates the low magnetic field toroid 
(5) in the fringe field. Figure reproduced from Raaymakers et al. (122). 

 
 

This pioneering machine has the potential to revolutionise radiotherapy delivery. 

Repetitive MRI scans can be conveniently acquired at the time of radiotherapy 

treatment delivery without additional exposure to radiation dose, which is associated 

with other in-room imaging modalities such as cone-beam CT. The superior soft 

tissue contrast provided by MR imaging paves the way for soft tissue based position 

verification and real-time assessment of intra- and inter-fraction changes thus, 

unlocking the potential for daily plan optimisation and real-time adaptive 
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radiotherapy treatment (123). Serial anatomical and functional MRI scans may also 

be acquired for the assessment of intra-treatment response (124,125). 

1.6.1 Technical differences between the MR-linac and the conventional linac 

The integration of a linear accelerator within a strong magnetic field has been a 

major challenge of modern radiotherapy research. Certain components of the MRI 

system have been modified (122) to accommodate the linear accelerator and the 

effects of the magnetic field on the behaviour of charged particles (Lorentz force) 

need to be accounted for. Thus, the MR-linac bears some important differences to a 

conventional linac. 

• The treatment field size and couch movement of the MR-Linac.  

The MR gradient coil is a crucial component located within the MR bore and 

produces calibrated distortions of the main magnetic field in the x, y or z axes to 

enable localisation of the image slices (Figure 1-4). In the MR-linac, this coil is 

physically split to enable a radiation window which limits the maximum field size at 

the isocentre to 22 cm and 57 cm in the craniocaudal and lateral directions, 

respectively (96,126).  

Another important difference is that the MR-linac has a static couch and set-up 

errors are corrected by shifting beam apertures (127). A 1 cm margin in all directions 

has been suggested for plan adaptation to the daily anatomy and set-up errors (128). 

This restricts the maximum radiation field to 20 cm in the CC direction and may 

influence the selection and the absolute number of head and neck cancer (HNC) 

patients who can be treated on the MR-Linac using a single isocentre technique.  
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• The electron return effect (ERE) and electron streaming effect (ESE). 

As the magnetic field remains active during treatment delivery, scattered secondary 

electrons can bend back at the air-tissue interfaces (electron return effect) or spiral 

along the magnetic field (electron streaming effect) (Figure 1-5). Subsequently, these 

electrons can deposit unwanted radiation in the skin and lung (126), and on surfaces 

perpendicular to the magnetic field such as the jaw, armpits and arms (129). These 

must be accounted for at the planning and optimising stages to reduce unwanted 

radiation dose deposition outside of the treatment field (129,130). For example, the 

extra dose deposited from the ESE is comparable to the dose of a CBCT based 

position verification and can be safely reduced using a 1 cm sheet of wax bolus 

(131). 

Figure 1-5. The electron return effect (ERE) in blue and the electron streaming effect (ESE) in green. B0 field is the 
main static magnetic field. 

 

The MR-Linac has evolved from a proof of concept in 2009 (122) to clinical 

treatment of sites such as oligometastatic lymph nodes in 2018 (132) and prostate 

cancer (133).  Translating this new technology into clinical practice is challenging 
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and there has been much interest in laying the groundwork for treatment of body 

sites such as head and neck (128,134), liver (135,136) and pancreas (137).   

Chapter 7 first investigates the potential impact of a restricted craniocaudal treatment 

field on HNC patient selection for the MR-Linac. This is followed by the assessment 

of the dosimetric difference of delivering radiotherapy in a neutral and extended 

neck position (Chapter 8). The final section will describe the experience of 

delivering treatment on the MR-Linac for the first HNC patient (Chapter 9). 
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1.7 Hypotheses tested in this thesis 

• DIR-propagation with clinician amendment will be geometrically accurate 

and this process will be more time-efficient than manual delineation (Chapter 

2). 

• Sequential MR imaging can measure anatomical changes to the target 

volume and parotid glands during radical chemoradiotherapy (Chapter 3). 

• DIR will enable accurate ROI propagation from the MRI scans and produce 

contours that are comparable to clinician contours (Chapter 4). 

• Radiotherapy plans can be generated from serial MRI scans using an MR-

only workflow and dose-adapted radiotherapy will have a dosimetric 

advantage by reducing doses to the OARs due to a shrinking high-dose target 

volume (Chapter 5). 

• A restricted craniocaudal field length of <20 cm on the MR-Linac will reduce 

the number of head and neck cancer patients suitable for treatment on the 

MR-Linac (Chapter 6). 

• Radiotherapy treatment in a neutral neck position will lead to increased doses 

delivered to the oral cavity, parotid glands, posterior fossa and mandible 

compared to treatment in an extended neck position, irrespective of the nodal 

irradiation volumes. Optimising the radiotherapy treatment plans with an oral 
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cavity dose constraint will reduce radiotherapy doses to the ROIs (Chapter 

7). 

• An online adaptive radiotherapy plan will ensure that the target volume 

coverage and OARs doses are similar to the reference plan and improve 

dosimetry compared to a non-adapted plan (Chapter 8). 

1.8 Thesis Chapters 

The hypotheses for this thesis will be tested using a combination of retrospective 

database of HNC patients treated at the Royal Marsden Hospital (Sutton Branch) and 

prospective database of HNC patients recruited to the MR-Library (CCR 4477) and 

PERMIT trials (CCR 4841). 

The first data chapter (Chapter 2) investigates the utility of DIR for contour 

propagation in order to improve ART workflow in a CT-based workflow. This 

chapter analyses whether DIR-propagation improves delineation efficiency and 

assesses the geometric and dosimetric differences between DIR-propagated and 

manual contours. 

The subsequent data chapters revolve around the use of MR-guidance for ART. I 

investigate the intra-treatment anatomical and tumour changes using serial MRI 

scans (Chapter 3), the use of DIR for contour propagation on MRI scans (Chapter 4) 

and the feasibility of ART in MR-only workflow (Chapter 5). 

The final data chapters describe the Elekta Unity MR-Linac (Chapters 6 to 8). This 

hybrid system comprises of a 1.5T MRI scanner (Philips, Best, The Netherlands) and 

a 7 MV linear accelerator (Elekta, Stockholm, Sweden). Due to the modifications 

required to integrate an MRI scanner with a linear accelerator, the treatment field is 

restricted in the cranio-caudal direction. Chapter 6 investigates the impact of this 
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restricted treatment field on the HNC patient selection for treatment on the MR-

Linac. With MR-linac treatment time being longer than conventional linac, it is 

essential to maintain patient comfort whilst immobilised in the treatment position. 

Chapter 7 investigates the effect on the more comfortable neutral neck position on 

dosimetry compared to the extended neck position. This culminates in the 

description of the first HNC undergoing treatment on this machine in the UK in 

Chapter 8.  
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2 Chapter 2 - The evaluation of CT-based contour 

propagation using deformable image registration 

algorithm in head and neck cancers 

2.1 Introduction 

Radiotherapy is an organ-sparing treatment for locally advanced head and neck 

cancers (LAHNC). The majority of radiotherapy centres adopt a strategy of planning 

radiotherapy on a single pre-treatment computed tomography (CT) scan for 

treatment delivery. However, this single snapshot does not take into account 

positional and anatomical changes that arise from weight loss, tissue swelling and 

tumour and normal tissue shrinkage during treatment (1–3). A plan based on pre-

treatment parameters may have a significant impact on the planned dosimetry with 

higher and lower delivered doses to organs at risk (OARs) and target volumes, 

respectively (4). This is particularly important in the era of intensity-modulated 

radiotherapy treatment (IMRT), which enables a precisely sculpted radiotherapy 

dose with sharp dose gradients to the tumour, albeit at the expense of increased 

sensitivity to geometrical errors.  

Adaptive radiotherapy (ART) uses up-to-date imaging to modify the initially 

planned parameters, thus optimising the dose to the target volume and OARs. In 

LAHNC, there is non-randomised evidence that ART leads to improved quality-of-

life (QoL) and treatment outcomes (5–7). However, implementing ART poses 

logistic and resource challenges such as repeat imaging, clinician delineation and 

radiotherapy planning. From a clinician’s perspective, repeat delineation is time-

consuming and contour propagation using deformable image registration (DIR) has 

been investigated as a means to facilitate this process. DIR may be used to propagate 
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regions of interest (ROIs) by mapping corresponding locations between the two 

images (8–10).  

2.2 Aims 

This study investigates the utility of RayStation’s DIR algorithm for ROI 

propagation on CT during adaptive radiotherapy workflow in patients with LAHNC. 

2.3 Hypothesis 

DIR-based contour propagation will be geometrically accurate and more time-

efficient than manual delineation. 

2.4 Objectives 

• To assess the geometrical agreement between DIR-propagated and manually-

delineated ROIs on CT using comparison metrics. 

• To assess the time taken (in minutes) to propagate ROIs from the planning 

scan to the repeat scan using DIR versus manual delineation. 

• To assess the dosimetric impact on ROIs using DIR (unmodified versus 

modified delineations).   
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2.5 Materials and methods 

2.5.1 Patients and image acquisition 

Ten patients with LAHNC (7th edition American Joint Committee on Cancer Stage 

III to IVb), who underwent primary chemoradiotherapy, were retrospectively 

selected from the INSIGHT trial (CCR3926) (11) (five patients) or from non-trial 

patients (five patients). These patients received 6 weeks of radical radiotherapy with 

concurrent chemotherapy (Cisplatin (100 mg/m2) or Carboplatin (AUC 5) on days 1 

and 29). The fractionation regimen was 65 Gy in 30 fractions over 6 weeks to the 

high-dose planning target volume (PTV) and 54 Gy in 30 fractions over 6 weeks to 

the low-dose PTV. All patients consented for their images to be used for research 

purposes. The patients underwent pre-treatment contrast-enhanced CT in five-point 

thermoplastic shell immobilisation on a large-bore CT scanner (Philips Medical, 

Cleveland, OH, USA). A rescan planning CT with or without intravenous contrast 

was performed between weeks 2 to 4 of radiotherapy on the same CT scanner. 

Whilst the rescan planning CT was pre-planned for the patients in the INSIGHT 

study, these were done reactively for the other patients. Both planning and rescan 

CTs were acquired in 2 mm slices. As all patients had consented to have their 

imaging used for research purposes, institutional and ethical approval were not 

required. 

2.5.2 Manual delineation of ROIs 

ROI delineation was performed on the Research RayStation treatment planning 

system (version 7.0, RaySearch Laboratories, Stockholm, Sweden). I delineated the 

ROIs on the planning and rescan CTs using local and international guidelines (12–

14). The ROIs included the parotid glands, spinal cord, brainstem, lenses, orbits, 
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chiasm, optic nerves, primary gross tumour volume (GTV-p), nodal gross tumour 

volume (GTV-n), low-dose clinical target volume (CTV) and high-dose CTV. These 

ROIs were chosen to assess the performance of the DIR algorithm for a range of 

ROIs with different volumes. 

A 1 cm isotropic margin around the GTV was used to create the high-dose CTV as 

per local guidelines and edited off anatomical barriers to tumour spread (such as 

bone and air). The low-dose CTV included areas at risk of microscopic disease as 

per local and international guidelines (13). 

2.5.3 Deformable image registration and contour propagation 

ROI propagation using the DIR algorithm was processed in RayStation on a 

Workstation (Intel® Xeon® 3.4-GHz, 64 GB RAM, Windows 7.0, NVIDIA Quadro 

M6000). DIR was implemented using the ANAtomically CONstrained Deformation 

Algorithm (ANACONDA), allowing for intensity-based or hybrid registration 

(intensity plus controlling ROIs) (15). The image registration and structure mapping 

process involved multiple steps that were automated using a Python script. This 

involved an initial rigid registration of the planning CT and rescan CT followed by 

DIR between the two CTs. The delineated ROIs from the planning CT scan were 

then propagated to the rescan CT using RayStation’s default intensity-based DIR 

settings. 

I reviewed all propagated ROIs on the rescan CT and modified them if deemed 

necessary. To avoid recall bias, there was a minimum gap of 3 weeks between 

manual delineation and modification of DIR-propagated ROIs. Prior to geometric 

and dosimetric analysis, both manual and modified DIR-propagated ROIs were 

reviewed by two experienced radiation oncologists specialising in head and neck 

cancer (Dr Shreerang Bhide and Dr Imran Petkar) for acceptability. 
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2.5.4 Percentage weight change 

This is expressed as a percentage (%) change of the patient weight (kilograms) at 

rescan to the pre-treatment weight using the following equation: 

% weight change = ((pre-treatment weight - weight at rescan)/pre-treatment weight) 

* 100 

A negative integer represents weight loss whereas a positive integer represents 

weight gain. 

2.5.5 Time Analysis 

A stopwatch was used to record the elapsed time taken:  

a) to manually delineate the ROIs on the rescan CT. 

b) to propagate, review and amend ROIs from the planning CT to rescan CT. 

2.5.6 Geometric Analysis 

Modified and unmodified DIR-propagated ROIs were compared to the manually-

delineated ROIs, which were considered as the “gold standard”. Geometrical 

agreement was measured using the dice similarity coefficient (DSC) and mean 

distance to agreement (MDA) calculated volume- and surface-based metrics, 

respectively.  

DSC was defined as the volume of overlap between two structures (16): 

DSC (A,B) =  2(A  B) / (A + B)                     

where A and B represented two delineated volumes of the same structure. 

The MDA was defined as the mean surface distance between 2 contours on 

registered images and was reported in millimetres (mm).  
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As per the published recommendations by the American Association of Physicists in 

Medicine (AAPM) on the use of image registration in radiotherapy in their TG132 

report (17), the minimally acceptable values of  DSC and MDA were set at  0.8 and 

 3 mm, respectively in this study.  

2.5.7 Dosimetric comparisons of the propagated plans 

The dosimetric impact of the uncertainties associated with DIR structure propagation 

were assessed.  

Planning target volume (PTV) 

The high-dose and low-dose PTV were derived using a 3 mm isometric expansion 

margin of their respective CTVs. 

IMRT plans 

For this study, the IMRT plans were generated by a medical physicist (Dr Steven 

Court) using an identical procedure. The same objective function and number of 

optimisation iterations were used in each case as described below. For each patient, 

three plans were made, each optimised on one of the three structure sets: manually-

delineated, unmodified DIR-propagated and modified DIR-propagated sets. 

Plan design and objectives 

The plans were generated and optimised using the collapsed cone version 5.0 

algorithm in RayStation. Plans were generated using single arc, 6 MV (megavolts) 

volumetric-modulated arc therapy (VMAT) treatments generated in the RayStation 

treatment planning system.  

The following planning objectives for the PTVs (Table 2-1), planning organ at risk 

volumes (PRVs) and OARs (Table 2-2) were used for all patients.  
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Table 2-1. Planning target volume (PTV) constraints for VMAT planning. 

Volume (%) 
Dose (%) 

PTV65 PTV54 

99 > 90 >90 

98 > 95 (optimal) >95 (optimal) 

95 > 95 > 95 

50 = 100 = 100 

5 < 105 < 105 (optimal) 

2 < 107 (optimal) <110 (optimal) 

 

Table 2-2 Planning target volume (PTV) constraints for organs at risk (OARs). 

Structure Constraint 
Mandatory Dose 

constraint (Gy) 

Optimal Dose 

constraint (Gy) 

Spinal Cord 
Max 

1 cm3 

< 48 

< 46 
 

Spinal Cord PRV 1 cm3 < 48  

Brainstem 
Max 

1 cm3 

< 55 

< 54 
 

Brainstem PRV 1 cm3 < 56  

Contralateral 

Parotid 
Mean dose As low as possible < 24 Gy 

Ipsilateral Parotid Mean dose As low as possible < 24 Gy 

Abbreviation: PRV = planning organ at risk volume 

Beam optimisation 

Three rounds of optimisations were performed with 60 iterations each. This was 

followed by manual adjustments to the objectives to improve target volume coverage 

and reduce doses to OARs. A virtual bolus technique was used to prevent hot spots 

by reducing dose-boosting outside the build-up region. Once a satisfactory plan was 

generated, the virtual bolus was removed, and the dose recalculated to the high dose 

PTV. 
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Dosimetric Analysis 

For the dosimetric comparison, dose statistics were generated by importing the dose 

cubes from the plans optimised on the DIR structure sets (modified and unmodified) 

onto the manually-delineated "ground truth" structure set. The structure sets in this 

analysis included the GTV node, GTV primary, parotid glands, spinal cord, 

brainstem, chiasm, optic nerves, lenses, globes, high-dose and low-dose CTV. The 

“ground truth” structure sets were manually delineated by myself and reviewed by 

two experienced radiation oncologists specialising in head and neck cancer (Dr 

Shreerang Bhide and Dr Imran Petkar) for acceptability. 

2.5.8 Intra-observer and inter-observer Variability. 

Intra- and inter-observer variabilities were measured as a control for comparison. As 

a measure of intra-observer variability, I repeated the manual delineation on a set of 

3 cases (patients 2, 6 and 10) to assess the geometric differences. To avoid recall 

bias, there was a minimum gap of 3 weeks between the repeat delineations. To 

assess inter-observer variability, the ROIs delineated by another independent head 

and neck cancer radiation oncologist (Dr Kee Wong) were compared using the same 

metrics for the same 3 patients. 

2.6 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (Version 8.0.1; 

San Diego, CA). The data were tested for normality using the Shapiro-Wilk test. The 

paired t-test and the Wilcoxon matched-paired signed rank test were used to compare 

parametric and non-parametric data, respectively. The significance threshold was set 

at p  0.05. 
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2.7 Results 

2.7.1 Patient characteristics. 

Patient characteristics are summarised in Table 2-3. The majority of patients had 

oropharyngeal cancers and underwent a rescan CT scan between weeks 2 to 4.  The 

relative weight change between CT scans ranged between -14% to 0.3 %. 

Table 2-3. Patient characteristics. 

Patient 

Number 

Age Tumour 

Location 

p16 Stage* Timing of 

rescan 

Intravenous 

contrast in 

rescan CT 

(Y/N) 

Percentage 

weight 

change (%)# 

1 60 BOT positive T3 N2b M0 Week 2 N 0.3 

2 51 BOT positive T2 N2b M0 Week 2 N -5.4 

3 63 BOT positive T3 N2b M0 Week 2 N 1.8 

4 64 Tonsil negative T2 N2b M0 Week 2 N -6.1 

5 52 Tonsil and 

BOT 

positive T2N2a M0 Week 2 N -10.8 

6 37 BOT positive T4 N2c M0 Week 4 Y -1.3 

7 62 BOT positive T1 N1 M0 Week 4 Y -7.2 

8 53 Unknown 

Primary 

positive T0 N3 M0 Week 4 Y -7.3 

9 57 Tonsil and 

BOT 

positive T2 N2a M0 Week 4 Y -14.0 

10 55 Tonsil positive T3 N2c M0 Week 3 Y -11.8 

Abbreviation: BOT = Base of Tongue 

* 7th edition of the AJCC staging system. 

# A negative integer represents weight loss whereas a positive integer represents weight gain. 

2.7.2 Time analysis 

DIR followed by ROI propagation took a mean time of 1 minute and 42 seconds. 

ROI propagation followed by clinician modification was consistently faster than 

manual delineation for every patient (Figure 2-1). The mean time to manually 

delineate was 83.0 minutes (SD 19.4 minutes), whereas propagating and modifying 
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the ROIs significantly reduced the mean time to 40.4 minutes (SD 9.9 minutes 

(p=0.003)). This translated to a mean time gain of 42.6 minutes per patient. The 

mean time spent to manually delineate the OAR and target volumes were 23 and 60 

minutes, respectively. The corresponding mean times using DIR and modification 

were reduced to 18 and 24 minutes, respectively.  

Figure 2-1. Time analysis for each patient. The elapsed time for each patient is represented by 2 bars. The bar on 
the left represents manual delineation, whereas the bar on the right represents DIR-propagated contours. Each 
bar is further divided into different components. * = p<0.05. 

 

Geometric accuracy 

The DSC and MDA performance varied according to the ROI (Table 2-4). Although 

the mean DSC for certain unmodified DIR-propagated ROIs achieved a DSC of  

0.80, not all individual patient ROI scores achieved this threshold as illustrated by 

the SD error bars (Figure 2-2A). The unmodified DIR-propagated spinal cord, 
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brainstem, globes, right parotid gland, low-dose and high-dose CTV performed well 

with DSC of  0.80. Modification of each propagated ROI led to a higher degree of 

overlap with their respective manually-delineated contour. The overall mean DSCs 

for all patients were 0.76 (SD 0.04) and 0.82 (SD 0.03) for the unmodified and 

modified ROIs, respectively. However, DSC performance varied according to the 

ROI volume. ROIs with a median volume < 10 cm3 such as the chiasm, optic nerves, 

lenses, GTV primary and GTV node achieved a poorer mean DSC compared to 

relatively larger ROIs with median volume  10 cm3 such as the parotid glands, 

brainstem and CTVs (Table 2-4). 

The mean MDAs for all structures were 1.25 mm (SD 0.33 mm) and 0.88 mm (SD 

0.16 mm) for unmodified and modified DIR-propagated ROIs, respectively (Figure 

2-2B). Clinician modification of propagated ROI significantly improved the MDA 

and DSC values (p=0.0004; p=0.0001). 

Table 2-4. Comparisons of modified and unmodified DIR-propagated ROIs. 

ROI 

Volume 

ROI 

Modification 

DSC MDA (mm) 

Median 

(cm3) 

Minimum 

(cm3) 

Maximum 

(cm3) 
Mean SD Mean SD 

GTV 

node 
3.2 0.6 113.6 

Modified 0.80 0.09 1.07 0.95 

Unmodified 0.57 0.19 2.49 1.42 

GTV 

primary* 
2.9 0.8 24.2 

Modified 0.74 0.07 1.32 0.41 

Unmodified 0.56 0.20 3.35 2.14 

Right 

Parotid 
23.4 12.7 34.4 

Modified 0.86 0.04 1.10 0.36 

Unmodified 0.84 0.05 1.30 0.54 

Left 

Parotid 
20.8 11.6 38.2 

Modified 0.85 0.05 1.10 0.44 

Unmodified 0.79 0.16 1.40 0.71 

Spinal 

cord 
21.8 14.5 31.2 

Modified 0.85 0.03 0.83 0.69 

Unmodified 0.82 0.06 0.86 0.69 
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ROI 

Volume 

ROI 

Modification 

DSC MDA (mm) 

Median 

(cm3) 

Minimum 

(cm3) 

Maximum 

(cm3) 
Mean SD Mean SD 

Brainstem 21.6 13.5 38.8 

Modified 0.86 0.03 1.20 0.35 

Unmodified 0.83 0.05 1.30 0.24 

Chiasm 1.1 0.8 2.0 

Modified 0.63 0.19 0.94 0.56 

Unmodified 0.56 0.17 1.30 0.47 

Right 

optic 

nerve 

0.6 0.4 0.8 

Modified 0.77 0.06 0.52 0.18 

Unmodified 0.71 0.09 0.68 0.29 

Left Optic 

Nerve 
0.6 0.3 0.7 

Modified 0.78 0.04 0.61 0.34 

Unmodified 0.67 0.06 0.85 0.28 

Right 

Lens 
0.2 0.1 0.2 

Modified 0.77 0.07 0.36 0.21 

Unmodified 0.71 0.10 0.48 0.19 

Left Lens 0.2 0.1 0.2 

Modified 0.75 0.14 0.42 0.27 

Unmodified 0.67 0.14 0.54 0.27 

Right 

Globe 
9.4 7.5 11.2 

Modified 0.92 0.02 0.55 0.22 

Unmodified 0.91 0.03 0.64 0.24 

Left 

Globe 
8.7 8.0 11.5 

Modified 0.93 0.02 0.52 0.13 

Unmodified 0.91 0.03 0.62 0.22 

High-dose 

CTV 
139.5 45.5 357.2 

Modified 0.90 0.03 1.30 0.34 

Unmodified 0.88 0.05 1.50 0.52 

Low-dose 

CTV 
261.5 194.1 364.6 

Modified 0.84 0.02 1.30 0.19 

Unmodified 0.81 0.04 1.60 0.42 

Abbreviations: CTV: Clinical Target Volume; DSC: Dice Similarity Coefficient; GTV: Gross Tumour Volume; 

MDA: 

Mean Distance to Agreement; ROI: Region of Interest; SD: Standard Deviation 

* 9  GTVprimary were analysed as 1 patient had a carcinoma of unknown primary  
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Figure 2-2. Mean ROI DSC (A) and MDA(B) for 10 patients. The green-shaded area is the accepted tolerance 

range as per the AAPM recommendations TG132 report (17). DSC of  0.8 and mean MDA  3 mm were used as 
tolerances. Inter-observer, Intra-observer and Modified ROI DSC in a subset of 3 patients (C). Error bars 
represent the standard deviation. 
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An example of the difference between manually-delineated, unmodified and 

modified DIR-propagated ROIs is shown in Figure 2-3 A to C.  

Figure 2-3. Variability in delineation is shown for nodal GTV (A), high-dose CTV (B) and low-dose CTV (C) for 
patient 10. Manually-delineated ROIs (red), unmodified propagated ROIs (blue) and modified propagated ROIs 
(yellow) are shown. 

 

2.7.3 Correlation of weight loss with time and DSC score 

There was no correlation between weight loss and the time taken to amend DIR-

propagated ROIs (r = 0.24, p=0.50). There was a no significant correlation between 

weight loss and the geometric accuracy of the DIR-propagation (correlation between 

weight loss and the mean unmodified DSC score; r = 0.25, p=0.06). 

2.7.4 Intra-observer and inter-observer variability 

The mean inter-observer and intra-observer DSC were calculated in a subset of 3 

patients (Figure 2-2C). The mean intra-observer DSC scored 0.85 (SD = 0.02), 

whilst the mean inter-observer DSC was 0.75 (SD = 0.11). In comparison, the mean 

modified DIR-propagated ROIs DSC was 0.82 for the same subset of 3 patients (SD 

= 0.05). ROI volume overlap between the two clinicians demonstrated a greater 

variability and less volumetric overlap compared to intra-clinician ROIs and 

modified DIR-propagated ROIs.   
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2.7.5 Dosimetric comparison 

Table 2-5 shows the mean planned doses to the “ground truth” ROIs using plans 

generated from the modified and unmodified DIR-propagated ROIs. Although all 

OAR dose constraints were met for both plans, not all target volume coverage 

requirements were achieved. The mean high-dose PTV D95 (dose delivered to 95% 

of the volume) were 0.36 and 0.08 Gy short of achieving the clinical goal for the 

unmodified and modified plans, respectively. The mean low-dose PTV D95 and D99 

were 0.06 and 1.36 Gy short of achieving the clinical goal for the unmodified ROIs, 

whilst the modified ROIs achieved their goals. Mean and range of doses to the 

parotid glands were similar for the three plans. Overall, the plan generated from the 

modified DIR-propagated ROIs was closer to meeting the ground-truth clinical 

target goals than the plan generated from the unmodified ROIs. 
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Table 2-5. Dosimetry reflecting planned doses to the “ground truth” ROIs from plans created from manual, 
unmodified and modified DIR-propagated ROIs. Values not meeting the clinical goals are illustrated with an *. 

ROI Parameter 
Clinical 

Goal (Gy) 

Plan 

derived 

from 

Manual 

ROI ± SD 

(Gy) 

Plan derived from propagated 

ROI 

Unmodified ± 

SD (Gy) 

Modified ± SD 

(Gy) 

High-dose 

PTV 

D99% 58.5 62.0 ± 0.2 58.6 ± 2.9 59.0 ± 3.1 

D95% 61.8 63.0 ± 0.2 61.4 ± 1.7* 61.7 ± 1.3* 

Low-dose 

PTV 

D99% 48.6 51.1 ±0.3 47.2 ± 3.4* 49.0 ± 1.1 

D95% 51.3 52.1 ± 0.2 51.2 ± 0.5* 51.5 ± 26.9 

Spinal Cord 0.1 cc Max 46.0 42.0 ± 0.6 42.0 ± 1.0 41.9 ± 0.7 

Brainstem 0.1 cc Max 54.0 43.1 ± 3.4 44.6 ± 3.4 44.9 ± 2.8 

Ipsilateral 

Parotid 
Mean Max 24.0 39.2 ± 9.0 39.8 ± 9.2 39.4 ± 9.3 

Contralateral 

Parotid 
Mean Max 24.0 31.9 ± 2.0 30.9 ± 2.7 31.0 ± 2.2 

Abbreviations: cc = cubic centimetre; D95% = Dose to 95% of the volume; D99% = Dose to 99% of the volume; 

SD = Standard Deviation; ROI = region of interest. 

  



 99 

2.8 Discussion 

This chapter evaluates the performance of RayStation’s DIR algorithm for ROI 

propagation during adaptive radiotherapy workflow from several perspectives. In 

head and neck cancers (HNC), DIR-propagated ROIs have been shown to have good 

agreement with manually-delineated ROIs on repeat planning CTs and cone-beam 

CTs (18,19). Furthermore, clinician modification of DIR-propagated ROIs leads to 

an improved volume overlap (8,18,20). 

ROI propagation using DIR was fast and this compared favourably to the literature 

where the same process ranges between 2 to 15 minutes (18–20). Manual delineation 

was time-consuming with a mean time of 83 minutes, whilst propagating and 

modifying ROIs halved this time and spared the clinician 43 minutes on average. 

Similarly, significant time-sparing using DIR propagation tools has been reported in 

the literature: Ramadan et al. (8) reported an improvement in delineation time from 

67 minutes to 29 minutes with the use of a DIR propagation tool, whilst Chao et al. 

(21) reported time sparing of between 19.5 to 26.5 minutes (21). In both studies, 

manual delineation was faster compared to this study, taking between 44 to 67 

minutes (8,21). However, fewer ROIs were delineated in both studies and in one 

study, time was estimated in 5 of 8 patients (8,21). 

Although DIR propagation saved significant delineation time for the whole group, 

the individual patient data were rather variable. For example, patients 2 and 3 had a 

similar volume of disease, were scanned at the same time point of their treatment and 

demonstrated minimal weight change at the time of the rescan. Both patients were 

manually delineated in similar times but propagating and modifying the ROIs took 

44 minutes and 25 minutes for patients 2 and 3, respectively. Longer time was spent 
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modifying patient 2’s DIR-propagated ROIs due to a relatively poorer performance 

of the DIR propagation, as reflected by the lower unmodified ROI mean DSC score 

of 0.74 compared to patient 3’s corresponding mean DSC of 0.80. Following 

modification, the DSC scores improved to 0.81 and 0.83 for patients 2 and 3, 

respectively. Patient 2 demonstrated a greater change in the shape and position of the 

neck and position of the shoulders between the scans than patient 3 (Figure 2-4 A 

and B, respectively), which could explain the difference in the performance of the 

DIR propagation algorithm. In addition, a change in weight can alter the head and 

neck anatomy but this showed no significant correlation with the time taken to 

modify the DIR-propagated ROIs. This suggests that a change in neck position may 

play a greater role than weight change and that the default DIR settings of 

RayStation may find it more challenging to map significant positional changes 

accurately. 

Figure 2-4. Coronal views of the rescan CT of patients 2 (A) and 3 (B). The arrow heads indicate the displacement 
direction and the colour indicate the magnitude of displacement required to map from rescan CT to planning CT. 
Manual contours (red), unmodified propagated contours (blue) and modified propagated contours (yellow). 

 

ROI delineation accuracy has been described as the weakest link in radiotherapy 

treatment accuracy (22) and should not be compromised as a consequence of 

shortening delineation time. Similar studies have reported DSC of unmodified 

B) A) 
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propagated ROIs compared to clinician ROI range between 0.64 to 0.91 (8,10). This 

was in keeping with this study’s results that showed that unmodified ROIs had a 

mean DSC score of 0.76, which improved to 0.82 following clinician modification. 

A noteworthy finding was that DSC performance varied according to the ROI 

volume. ROIs with a small volume (< 10 cm3) achieved a poorer mean DSC 

compared to relatively larger ROIs. A similar DSC and volume relationship has been 

reported (10,19). Although volumetric overlap did not perform well for small OARs 

and the GTV, the MDA for each structure showed a high level of agreement for all 

structures apart from the unmodified GTV, suggesting that DSC overestimates the 

errors for small structures. The difference in metric performance for small ROIs 

shows the importance of including multiple metrics to evaluate the degree of 

conformality. 

Although geometric analysis indicates good agreement between two ROIs, it may be 

difficult to interpret and translate into clinical relevance (23). To provide clinical 

relevance, I investigated the dose distributions of radiotherapy plans generated from 

the propagated ROIs and quantified the doses received by the manually-delineated 

ROIs that were considered as the “gold standard”. Although the results demonstrate 

that plans generated from both propagated ROIs failed to meet certain mandatory 

and optimal clinical goals, the differences were small for both plans and may be 

clinically acceptable if inter-observer variability is considered. Furthermore, the 

unmet optimal clinical goal for mean parotid glands would not have led to a rejection 

of the plan. In the clinical setting, it is not uncommon for different clinicians to 

delineate the ROIs on the baseline and rescan planning CTs for the same patient. 

Despite the introduction of clinical guidelines, ROI delineation may show 

considerable inter-observer variability; for example, the low-dose CTV and primary 
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tumour CTV have been reported to show a median DSC between 0.62 to 0.82  and 

0.51 to 0.79, respectively (24). Interobserver variability can lead to significant 

dosimetric endpoint differences (25). In their study, treatment plans optimised on 

clinicians’ contours led to a range of D98% high-dose PTV of 61.3 Gy (SD 3.7 Gy) 

compared to 69.2 Gy using gold-standard contours (25). In this study, the mean 

inter-observer DSC was 0.75, whilst modified DIR-propagated ROIs showed a mean 

DSC of 0.83 for the same patients. In our subset of 3 patients, there was more 

variability in delineated ROIs amongst two clinicians compared to the contours 

delineated by the same clinician, illustrating the subjective nature of delineation. 

This highlights the importance of delineation peer review and it is possible that the 

dosimetric differences generated from the DIR-propagated ROIs observed in this 

study could be within the realms of inter-observer variability. However, further work 

is required to confirm this, although that is beyond the scope of this study. 

DIR propagation can play an important role in reducing the delineation workload in 

the era of ART. This is especially important in daily online ART workflows such as 

the MR-Linac where a daily plan is re-optimised. Unless dosimetric differences 

generated from unmodified DIR-propagated ROIs can be shown to lie within the 

realms of inter-observer variability, all DIR-propagated ROIs must be reviewed by 

the clinician to assess for acceptability and for modification.  

My results suggest that DIR-propagation would perform well for propagation of the 

high-dose and low-dose CTV and OARs such as the brainstem, spinal cord and 

parotid glands. Therefore, DIR-propagation would be useful in an anatomy-adapted 

ART workflow where the target volume remains unchanged. On the other hand, the 

DIR algorithm performed poorly for GTV propagation which in effect is matching to 

a change in volume (i.e. shrinking target volume), as evident by the poor DSC and 
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MDA scores. This makes it less useful in response-adapted ART where the target 

volume is adapted according to treatment response. It is likely that the poor soft 

tissue resolution on CT scan, the lack of intravenous contrast in certain patients, and 

the ill-defined edges of a shrinking GTV make it difficult for the DIR algorithm. The 

improved soft tissue contrast of MRI may be beneficial in adapting to a shrinking 

target volume and this will be investigated further in Chapter 3.  

This study has certain limitations. The patients were heterogenous with regards to 

the timing of the repeat scans and the use of intravenous contrast. The pre-setting 

parameters of RayStation’s DIR algorithms have been reported to influence ROI 

propagation and dose accumulation (10).  I used the default settings of the DIR 

algorithm to reduce the user’s input and my data showed that the default settings 

may not map certain ROIs accurately. Adjusting the DIR algorithm settings may 

improve the geometric scores (10), but this would have required individual 

adjustments which would have contributed to significant clinician workload for each 

patient. The challenge of assessing DIR is the lack of an objective “gold standard” 

and the presence of intra- and inter-observer variabilities as demonstrated in this 

study. I minimised this by assessing the DIR performance with the agreed 

delineations amongst two other clinical oncologists. An alternative gold standard 

ROI could have been created by combining a multi-observer ROI set using methods 

such as the Simultaneous Truth and Performance Level Estimation (STAPLE) (26).  

2.9 Conclusion 

This study demonstrated the clinical utility of using RayStation’s DIR algorithm in 

head and neck adaptive radiotherapy workflow to generate ROIs with acceptable 

geometric and dosimetric accuracy in significantly shorter time. However, the DIR-

contour propagation performed less well in ROI with volume of < 10 cm3 and in 
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patients with significantly altered neck position between scans. Hence, clinician 

modification remains an essential aspect in these circumstances. 
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3 Chapter 3 - Assessment of intra-treatment MRI changes 

in patients undergoing chemoradiotherapy for head and 

neck cancers 

3.1 Introduction 

Spatial shifts and regression of target volume and organs at risk (OARs) occurring 

during radiotherapy of head and neck cancers (HNC) have been reported in mostly 

computed tomography (CT)-based studies (1–5). CT imaging is limited by the lack 

of contrast resolution between the tumour extent and soft tissue, and in a number of 

these studies the analysed imaging consisted of non-contrast CT (1), cone beam CT 

(CBCT) and megavoltage CT (MVCT) (3), which were acquired during image-

guided radiation therapy (IGRT) and were of poorer image quality. 

Magnetic resonance imaging (MRI) scans provide significantly better soft tissue 

contrast than CT scans, particularly in defining the primary tumour but there exists 

few such MRI-based studies to date (6–8). Adaptive radiotherapy (ART) may be 

beneficial in reducing deviations from the planned radiotherapy doses by accounting 

for these anatomical changes (2,4,9). Prior to implementation of ART in an MRI-

only workflow, it is important to assess longitudinal tumour and anatomical changes 

during radiotherapy on serial MRI scans. Given that ART is resource intensive, this 

may in turn help to inform the timepoints and frequency of plan adaptation with the 

most dosimetric and clinical benefit.  

3.2 Aims 

This study investigates the weekly MRI tumour and anatomical changes in patients 

with HNC undergoing radiotherapy.  
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3.3 Hypothesis 

Sequential MRI can measure anatomical changes to the target volume and parotid 

glands during radical radiotherapy. 

3.4 Objectives 

• To evaluate the longitudinal volumetric changes of the target volumes of 

HNC patients undergoing radiotherapy. 

• To evaluate the volumetric and positional changes of parotid glands 

throughout radiotherapy. 

3.5 Methods and Materials 

3.5.1 Patients 

This was a prospective observational study of eleven patients with locally advanced 

head and neck cancer (LAHNC) who were recruited to the MR (Magnetic 

Resonance)-Library study at the Royal Marsden Hospital. This study received 

approvals from research review (CCR 4477) and ethical committees (16/LO/0591). 

Within the MR-Library study, patients were scheduled to undergo pre-treatment 

MRI followed by weekly MRI during the course of radiotherapy as tolerated by the 

patients. This sample size was considered to be representative of this tumour type 

based on previous studies reporting intra-treatment in HNC (3,6). 

The inclusion criteria for the study were as follows: 

• Patients with histologically proven squamous cell carcinoma of the head and 

neck or carcinoma of the skull base (American Joint Committee on Cancer 
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7th edition stage III-IVb) planned for primary radical chemoradiotherapy or 

radiotherapy. 

• Age ≥18 years and able to provide consent. 

The exclusion criterion for the study was as follows: 

• Contra-indications to MR scans such as pacemakers and MR-incompatible 

metallic implants. 

3.5.2 Treatment 

All patients were treated according to the head and neck clinical protocol at the 

Royal Marsden Hospital. As this was a non-interventional study, radiotherapy 

delivery was not adapted during treatment. 

3.5.2.1 Radiotherapy treatment 

A single-arc volumetric-modulated arc therapy (VMAT) plan was used to deliver 65 

Gy (2.17 Gy/fraction) and 54 Gy (1.8 Gy/fraction) to high-dose and low-dose 

planning target volume (PTV), respectively. All patients in this study received 

bilateral neck radiation. 

3.5.2.2 Chemotherapy 

For patients receiving concomitant chemotherapy, the regimen was either Cisplatin 

(100mg/m2) or Carboplatin (AUC5) on days 1 and 29. Patients with nasopharyngeal 

cancer also received two cycles of induction chemotherapy (3 weekly Cisplatin (75 

mg/m2) or Carboplatin (AUC 5) and 5-Fluorouracil (FU) (1000 mg/m2/day for 4 

days)) prior to chemoradiotherapy. 
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3.5.3 MRI acquisition protocols 

Patients were scanned weekly during treatment on the same 1.5T MRI scanner 

(MAGNETOM Aera, Siemens Healthcare, Erlangen, Germany). A personalised 5-

point thermoplastic shell covering the head, neck and shoulders was made for each 

patient. The same shell for radiotherapy delivery was used for immobilisation during 

MRI scan acquisition. Patients were immobilised in the supine position on a flat-top 

couch, using a foam headrest, knee and ankle supports. Foam ear plugs were used for 

hearing protection. Large and small flexible radiofrequency coils were used. A 

minimum of 2 MRI scans was needed to be eligible for assessment in this study.  

The MRI sequences acquired in this study were similar to the MRI sequences on the 

MR-Linac to enable development of radiotherapy planning on this platform. 

Although the imaging quality was inferior to diagnostic MRI, all imaging were 

reviewed by a consultant radiologist with expertise in HNC (Dr Derfel ap Dafydd) 

and felt to be appropriate for the purpose of this study.  

The following MRI sequences were acquired: 

• T2-weighted (T2W): TE (echo time)/TR (repetition time): 184/2000 ms, 300 

x 240 x 204 mm FOV, 0.8 mm isotropic voxel size.  

• T1-weighted (T1W): TE/TR/TE2: 6.8/2.4/4.8 ms, 500 x 312 x307 mm FOV, 

1.6 mm isotropic voxel size.  

3.5.4 Image data analysis 

The MR images were anonymised and analysed using Research RayStation (version 

8.0, RaySearch Laboratories, Stockholm, Sweden). This radiotherapy treatment 

planning system enables rigid and non-rigid image co-registration and volume 

analysis. 
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3.5.5 Delineation of regions of interest. 

I defined the regions of interest (ROIs) on the T2W images with reference to the co-

registered T1W images. The MRI scans at each time-point were rigidly registered to 

the pre-treatment MRI. All ROIs were subsequently reviewed and verified by a 

consultant radiologist with expertise in HNC (Dr Derfel ap Dafydd).  

Gross tumour volume (GTV): 

The GTV was defined using clinical information, staging radiological images (CT 

and 18F-FDG-PET/CT, if available) and the macroscopic disease identified on the 

MR images. The primary tumour and the involved lymph nodes were delineated 

separately as the GTV-p and GTV-n, respectively. Multiple lymph nodes were 

delineated and labelled individually.  

Parotid glands 

The parotid glands were delineated on the T2W images with reference to the T1W 

images according to the international consensus contouring guidelines based on CT 

imaging (10). CT-based guidelines were used because no published consensus 

contouring guidelines based on MR scans have been published to date. The terms 

‘ipsilateral’ and ‘contralateral’ were used to define the parotid glands that were on 

the same side and other side of the primary tumour, respectively.  

3.5.6 Data Analysis 

ROI volume measurements 

The ROI volumes were measured by the treatment planning system and reported in 

cubic centimetre (cm3).  

The percentage reduction in volume was calculated using the following equation: 
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((Volume pre-treatment – Volume week x)/ Volume pre-treatment) x 100 

Where x represents the week of the scan.  

Comparisons were made between the volumes on the scan at a particular time-point 

and the scan performed at pre-treatment. 

The mean dose to the parotid glands 

The mean dose to the ipsilateral and contralateral parotid glands was obtained for 

each patient from the delivered treatment plan on RayStation. 

The positional shift of the parotid glands 

The positional shifts of the parotid glands were quantified by measuring the distance 

between the medial or lateral surfaces of the parotid glands and the midline of the 

body. The latter was defined as the mid-point of the odontoid process. This 

measurement was made at the most cranial aspect of the odontoid process visualised 

on the axial T2W images (Figure 3-1). This method has previously been described 

by Wang et al. (11).  
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Figure 3-1. Measurement of the parotid gland shift on an axial slice of a T2W MRI scan. All measurements were 
made in relation to the midline at the most cranial aspect of the odontoid process. The distance between the 
midline and the most medial surface (vertical broken blue line) and lateral surface (vertical broken green line) of 
the parotid gland and the midline is indicated by the blue and green arrows, respectively. The left parotid gland 
(yellow), the right parotid gland (orange) and the midline (red dot) are illustrated. 
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3.6 Statistical analysis 

The data were analysed using GraphPad Prism software (Version 8.2.0; San Diego, 

CA). The data were first assessed for normal distribution using the Shapiro-Wilk 

test. The differences between each cohort were compared using descriptive methods 

such as the mean and median values for parametric and non-parametric data, 

respectively. The paired t-test and Wilcoxon matched-paired signed rank test were 

used to compare differences between data for parametric and non-parametric tests, 

respectively. Differences were defined as statistically significant at two-tailed p-

values of ≤ 0.05.  
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3.7 Results 

3.7.1 Patient characteristics 

Patient characteristics are shown in Table 3-1. A total of 50 MR scans were 

performed. The median number of scans per patient was 5 (range, 2 to 7). The 

majority of patients had oropharyngeal cancer (91%) and were HPV-positive (82%). 

Eight patients received concurrent chemoradiotherapy only, one nasopharyngeal 

cancer underwent two cycles of induction chemotherapy prior to chemoradiotherapy 

and one patient underwent radiotherapy only. 
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Table 3-1. Patient characteristics. Staging according to the 7th edition of the AJCC staging system. 

Characteristics Results 

Mean age in years (SD) 58 (8) 

Sex 

Male 

Female 

 

10 

1 

Primary site 

Oropharynx 

Nasopharynx 

 

10 

1 

Tumour stage 

T1 

T2 

T3 

T4 

 

1 

3 

2 

5 

Nodal Stage 

N0 

N1 

N2a 

N2b 

N2c 

 

2 

1 

1 

4 

3 

p16 status 

Positive 

Negative 

Unknown 

Not applicable 

 

9 

1 

0 

1 

Number of MR scans per patient 

Median (range) 

 

5 (2 to 7) 
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3.7.2 Target volume changes 

GTV-p 

Eleven GTV-p ROIs were available for analysis (Figure 3-2). During treatment, the 

GTV-p volume reduced in size compared to the pre-treatment volume. Compared to 

the pre-treatment volume, this volume reduction was statistically significant at weeks 

1 (p=0.0312), 2 (p=0.0469), 3 (p=0.0039), 4 (p=0.0078) and 6 (p=0.00312). The 

GTV-p volume reduced by a median of 1 % (range, 0 to 13 %) by week 1, by a 

median of 20 % (range, 0 to 49 %) by week 2, by a median of 47% (range, 21 to 

89%) by week 3, by a median of 66 % (range, 52 to 91 %) by week 4, by a median 

of 81 % (range, 60 to 91 %) by week 5, and by a median of 89% by week 6 of 

treatment (range, 69 to 99%). 

Figure 3-2. Longitudinal GTV-p volume changes for individual patients (A) and whole cohort(B). In panel B, the 
circle and the error bars represent the median and range, respectively. 
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GTV-n 

A total of thirteen GTV-n were analysed. During treatment, the GTV-n volume 

reduced in size compared to the pre-treatment volume. Compared to the pre-

treatment volume, this volume reduction was statistically significant at weeks 1 

(p=0.0039), 2 (p=0.0078), 3 (p=0.0039) and 4 (p=0.0078).  

The GTV-n volume reduced by a median of 6 % (range, 0 to 28 %) by week 1, by a 

median of 44 % (range, 12 to 71 %) by week 2, by a median of 26 % (range, 0 to 79 

%) by week 3, by a median of 64 % (range, 15 to 87 %) by week 4, by a median of 

70 % (range, 28 to 90 %) by week 5, and by a median of 84 % by week 6 of 

treatment (range, 56 to 94 %). 

Figure 3-3. Longitudinal GTV-n volume change for individual patients (A) and as an overall group(B). In panel B, 
the circle and the error bars represent the median and range, respectively. 
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3.7.3 Parotid glands 

There was a continuous reduction in the volume of the ipsilateral parotid gland 

throughout radiotherapy (Figure 3-4). Compared to the pre-treatment volume, there 

was a significant change in the ipsilateral parotid gland volume at week 1 

(p=0.0156), week 2 (p=0.0312), week 3 (p=0.0039), week 4 (p=0.0312). 

Figure 3-4. Longitudinal ipsilateral parotid volume change for individual patients (A) and as an overall group(B). 
In panel B, the circle and the error bars represent the median and range, respectively. 
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Figure 3-5. Longitudinal contralateral parotid volume change for individual patients (A) and as an overall 
group(B). In panel B, the circle and the error bars represent the median and range, respectively. 

 

The mean parotid dose to the parotid glands were calculated to provide context for 

the data on parotid gland shrinkage. Analysis of radiotherapy dosimetry to the 

parotid glands showed no significant difference between the mean dose to the 
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Figure 3-6. Mean dose to the ipsilateral and contralateral parotid gland 
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An example of longitudinal changes in parotid glands during treatment is shown in  

Figure 3-7. 

Figure 3-7. Illustration of weekly parotid glands delineation on T2W image. Right parotid (orange) and left 
parotid (yellow) glands were delineated on the pre-treatment MRI (A), week 1 to 6 of treatment (B to G). The 
longitudinal parotid volume changes are shown in panel H for this patient. 
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Positional change of the parotid glands 

The longitudinal displacements of the borders of the parotid glands are shown in 

Figure 3-8. The lateral surface of both contralateral and ipsilateral parotid glands 

moved medially during treatment. The maximum medial movement of the lateral 

parotid surface was observed at week 6 of radiotherapy treatment, with a median 

displacement of 4.1 mm (range, -1.8 to 11 mm) and 4.3 mm (range, 0.5 to 11 mm) 

for the ipsilateral and contralateral parotid glands, respectively. The medial surface 

of the parotid gland showed smaller and less consistent movement changes during 

treatment.  The medial surface of the contralateral parotid moved laterally between 

weeks 2 to 5 but ended up with a median medial shift of 1.9 mm (range, -3.3 to 4.8 

mm) at week 6. The medial surface of the ipsilateral parotid gland showed minimal 

changes during weeks 2 to 4 and ended up with a median medial shift of -1.1 mm 

(range, -3.3 to 2.6 mm). 

Figure 3-8. Parotid gland movement. A negative value indicates a lateral shift relative to the midline. The error 
bars represent the range. 

 
Abbreviation: PG = parotid gland 
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3.8 Discussion 

This MRI-based study in HNC showed that anatomical changes are progressively 

evident during radiation therapy, even early on. The results presented are consistent 

with CT-based studies (1,2,4,12,13) and the few MRI-based reported studies (6–8).  

In this study, the median GTV-p volumes were significantly reduced in all weeks of 

treatment compared to the baseline volume, except at week 5. There were only 4 

data points at week 5 which would have contributed to the non-significant result that 

week. This reduction in GTV-p volume is consistent with two MRI-based studies 

(6,7). However, they reported smaller GTV-p median volume reductions of 33% 

(range, 17 to 75%) (6) and 38.7% (range, 29.5 to 72%) (7) by the end of treatment. 

This can be explained by the differences in the proportion of HPV-associated OPC 

as they are more radio-sensitive (14). In this study, the majority of patients had 

HPV-associated disease, which is in contrast to the study by Raghavan et al. where 

only 2 of 6 patients were HPV-positive. By analysing these 2 HPV-positive patients 

in isolation, the mean percentage reduction increased to 50.1% (7). The number of 

patients with HPV-associated HNC in the study by Kamran et al. is unclear and the 

authors did not report the impact of HPV status on the primary volume reduction (6). 

However, the authors reported that nodal change was greater for HPV-associated 

HNC compared to HPV-negative HNC (45% versus 22%) if cystic nodes were 

excluded (6). Similarly, in a CT-based study by Chen et al., the HPV-associated 

HNSCC showed a greater reduction in GTV volume with mean percentage volume 

reduction of 57.5% (12). Another contributing factor to the larger reported GTV-p 

volume reduction in this study is the review of the target volume by a HNC 

radiologist. It is possible that larger reductions in volumes were more confidently 

identified compared to the other studies. Although GTV-p volume reduction was 
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reported throughout treatment, the best time-point to integrate ART to a shrinking 

target volume remains unclear. Bearing in mind the increased workload of ART, a 

pragmatic approach would be to adapt to a shrinking GTV-p once or twice during 

radiotherapy. With a single ART approach, GTV-p adaptation at weeks 3 or 4 would 

be suitable with median GTV-p volume reductions of 47 (range, 21 to 89) and 66 

(range, 52 to 91), respectively. Similarly, adapting to the GTV-p volume at weeks 2 

(median reduction, 20%; range, 0 to 49%) and 4 may be suitable time-points for a 

two ART schedule. ART at week 1 may not be beneficial as there was a very small 

median reduction in GTV-p volume of 1% (range, 0 to 13%). Although the GTV-p 

volume reduced the most at weeks 5 and 6, with median reductions of 81% (range, 

60 to 91) and 89% (range, 69 to 99), respectively, ART at these time-points would 

not be practical due to the time required to create and adopt a new treatment plan. 

Similarly, the GTV-n demonstrated a measurable decrease in volume throughout 

treatment. This reduction was at a slower rate than the GTV-p, which is consistent 

with published data by Ding et al. (8). The authors reported that primary tumour 

resolution was much faster with approximately 50% of patients showing complete 

response in one study compared to only 13% of lymph nodes mid-treatment (8). In 

this study, the percentage volume reduction was variable as indicated by the wide 

error bars for each treatment week. Some patients had cystic lymph nodes, which led 

to ‘pseudo’ enlargement mid-treatment and a slower regression of these lymph nodes 

(Figure 3-9 A-C). Cystic lymph nodes are a typical feature of HPV-associated 

disease (15,16) and may undergo a slow and prolonged resolution with complete 

response at up to 12 weeks after radiotherapy (17). 
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Figure 3-9. Nodal GTV change at baseline (A), week 3 (B) and week 6 (C) shown on axial slices of T2W MRI. 
Lymph nodes can show a difference in volume reduction. GTV-n1 (purple) and GTV-n2 (orange) both show 
reduction in size by week 6. At week 3, GTV-n2 becomes more cystic before reducing in size at the end of 
treatment. 

 

Although MR scans offer a superior soft tissue resolution, many clinical oncologists 

lack experience in using this modality for delineation. Furthermore, it can be 

difficult accurately to delineate the GTV in the context of treatment-related changes 

and tumour infiltration. To mitigate this, all delineations were reviewed by a 

consultant radiologist specialised in head and neck cancer malignancies. Although 

this was not used in this study, functional imaging such as diffusion-weighted (DW)-

MRI can further improve tumour delineation with emerging evidence that it can be 

used to differentiate tumour response at an early stage in treatment (18) and can 

differentiate tumour from radiotherapy changes (19,20).  

Both ipsilateral and contralateral parotid glands reduced in volume throughout 

treatment, and by the end of treatment, they had reduced in volume by a mean of 

34% and 37%, respectively. Significant reduction in parotid volumes were observed 

as early as week 1 and week 2 for the ipsilateral and contralateral parotid glands, 

respectively. Compared to baseline, parotid volume reduction was not statistically 

significant at weeks 5 and 6 which may be explained by the smaller number data sets 

analysed at these time-points.  
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This study showed no significant difference in volume change between the ipsilateral 

and contralateral parotid glands which is in contrast to other studies, where the 

ipsilateral parotid gland shrank more than the contralateral parotid gland. For 

example, Loo et al. reported a median volume reduction of 30.2% (17.1 -55.8%) and 

17.5% (16.6 – 48.5%) for the ipsilateral and contralateral parotid glands, respectively 

in their CT-based study (21). Similarly, the MR-based study by Raghavan et al. 

showed a median reduction of 31.1% and 21.8% for the ipsilateral and contralateral 

parotid glands, respectively, by end of treatment (7). In both studies, the ipsilateral 

parotid gland received a higher radiotherapy dose than the contralateral parotid gland 

due to its proximity to the high-dose PTV.  In this study, there was no significant 

difference in mean dose to the ipsilateral and contralateral parotid glands which 

would explain the similar degree in parotid gland shrinkage seen. Bilateral nodal 

levels II were included in the low-dose PTV in all patients. This meant that the 

contralateral parotid gland would be within the dose fall-off of the low-dose PTV as 

shown in Figure 3-10. As the contralateral parotid gland dose is influenced by dose 

fall-off of the nodal level II contour within the low-dose PTV, it is possible that the 

other studies did not include the nodal level II near the contralateral parotid glands. 
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Figure 3-10. Coronal slice of a planning CT with the right(orange) and left (yellow) parotid glands delineated. 
The colour wash represents isodoses. 

 

In the literature, both ipsilateral and contralateral parotid glands have been 

consistently shown to shift medially (1–5,7). In this study, both lateral surfaces of 

the contralateral and ipsilateral parotid glands shifted medially, whilst the medial 

surface of the parotid glands remained relatively unchanged. This is consistent with 

other published studies (5,22). Osorio et al. reported that the lateral surface of the 

parotid gland shifted medially by 3mm, whilst the medial surface remained in the 

same position (5). Robar et al. reported a medial shift of 0.85mm per week of the 

lateral aspect of the parotid gland (22). 

This study has certain limitations. This study consisted of a small sample size and 

the MRI scans were not acquired weekly for all patients for a number of reasons. 

The median number of MRI scans acquired was five and weekly scans were acquired 

in three patients. Two patients manged two MRI scans only and declined further 

imaging due to worsening toxicities which led to difficulties in remaining in the 

treatment position for the duration of the MRI scan. With worsening radiotherapy 

side-effects, the patients found it more difficult to tolerate the long image acquisition 
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time on the MR scanner and declined to do the voluntary scans. Practical reasons 

also led to difficulty acquiring MRI scans. Scheduling the MRI scan to coincide with 

the radiotherapy treatment slot was challenging due to the capacity of the diagnostic 

MRI scanner. Therefore, it was not always possible to time the radiotherapy 

treatment and the MRI scan at similar times, so the patients declined the scans. There 

were also occasions of machine breakdown and servicing. Although weekly scans 

would have given us more accurate results, the results reported here are broadly 

consistent with the current literature.  

3.9 Conclusion 

This study reported anatomical changes on MRI scans to the target volume and 

parotid glands that were consistent with previously reported CT-based studies. As 

these changes can be demonstrated on serial MRI scans, it would be feasible to use 

MRI scans for future adaptive radiotherapy work as part of MRI-guidance or in an 

MR-only workflow.  

Whilst daily adaptation would be desirable in an ART workflow, it is not feasible for 

daily or weekly clinician delineation of the target volume even in the context of 

DIR-propagation of the other structures. A pragmatic approach is to rationalise the 

timing for ART to a shrinking target volume when most changes are seen. 

Integrating two ARTs at weeks 2 and 4 may strike the balance between target 

volume changes and the ability to integrate a new treatment plan.  
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4 Chapter 4 - The use of contour propagation using 

deformable image registration on magnetic resonance 

imaging 

4.1 Introduction 

In chapter 3, I reported that intra-treatment changes to the target volume and parotid 

glands can be measured on serial magnetic resonance imaging (MRI). Contour 

propagation using deformable image registration (DIR) facilitates repeat delineation 

when replanning is necessary. In Chapter 2, I have demonstrated that this method 

improves clinician delineation efficiency on computed tomography (CT). Few 

studies have investigated the application of DIR on MRI for head and neck cancers 

(1,2). With the intention of using adaptive radiotherapy with MRI-guidance, it is 

important to investigate the feasibility of using DIR algorithms to propagate contours 

on MRI scans. 

4.2 Aim 

This study assesses the feasibility and performance of the in-built RayStation DIR 

tool to propagate regions of interest (ROIs) between MR images acquired at different 

time-points. 

4.3 Hypothesis 

DIR will enable accurate ROI propagation from the MRI scans and produce contours 

that are comparable to clinician-generated contours. 

4.4 Objectives 

To assess the geometric accuracy of DIR-propagated ROIs compared to manually-

delineated ROIs on MRI. 
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4.5 Materials and methods 

4.5.1 Patient selection and MR acquisition. 

Ten patients recruited to the MR-Library study (CCR4477) were included in this 

analysis. Patient selection and MR acquisition protocols were detailed in Chapter 3 

Section 3.5.1. This sample size was considered to be representative of this tumour 

type based on previous studies reporting intra-treatment in HNC (3,4). 

4.5.2 ROI delineation 

The primary gross tumour volume (GTV-p), nodal gross tumour volume (GTV-n), 

parotid glands, optic nerves and chiasm were delineated on the T2-weighted (T2W) 

MR images. A limited number of ROIs was chosen in this study as the utility of DIR 

propagation has been demonstrated in Chapter 2 and the aim of this study was to 

investigate its performance for MRI. These ROIs were chosen as they represent 

ROIs with a range of volumes. Furthermore, as the benefit of modification of DIR-

propagated ROIs has been demonstrated in Chapter 2, this was not investigated in 

this study. 

4.5.3 Deformable Image registration and contour propagation 

The DIR process has been previously explained in Chapter 2. The default setting of 

RayStation was used to propagate ROI contours from the pre-treatment MRI to the 

week 4 MRI.  

4.5.4 Geometric analysis 

DSC (dice similarity coefficient) and MDA (mean distance to agreement) scores 

were used to compare DIR-generated ROIs to clinician-generated contours. This 

process has been described in detail in Chapter 2. In contrast to Chapter 2, only the 

unmodified DIR-propagated contours were compared to the manually-delineated 
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contours. Values of  DSC of  0.8 and mean MDA of  3 mm were deemed as 

acceptable (5).  

4.6 Statistical analysis 

The data were analysed using GraphPad Prism software (Version 8.2.0; San Diego, 

CA). The data were first assessed for normal distribution using the Shapiro-Wilk 

test. The differences between each cohort were compared using descriptive methods 

such as the mean and median values for parametric and non-parametric data, 

respectively. 
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4.7 Results 

4.7.1 Patient characteristics 

Patient characteristics are summarised in Table 4-1. The median age was 58 years 

(range, 47 to 70 years). The majority of patients were males (90%) and had a base of 

tongue tumour (60%). Eight patients underwent chemoradiotherapy and two patients 

underwent radical radiotherapy only. 

Table 4-1. Patient characteristics. Staging according to the 7th edition of the AJCC staging system. 

Characteristics Results 

Age, years 

Mean (SD) 

 

58 (8) 

Sex 

Male 

Female 

 

9 (90%) 

1 (10%) 

Tumour 

BOT 

Tonsil 

Nasopharynx 

 

6 (60%) 

3 (30%) 

1 (10%) 

Stage$ 

I-II 

III-IV 

 

 

2 (20%) 

8 (80%) 

Abbreviations: BOT = base of tongue 
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4.7.2 ROIs 

The quantitative results comparing DIR-propagated and manually-delineated ROIs 

are shown in Figure 4-1 and Table 4-2.  

Figure 4-1. DSC (A) and MDA (B) indices calculated for the parotid glands(n=20), chiasm (n=10), brainstem 
(n=10), spinal cord (n=10), GTV-n (n=9) and GTV-p (n=10). The green-shaded area is the accepted tolerance 

range as per the AAPM recommendations TG132 report (5). DSC of  0.8 and mean MDA  3 mm were used as 

tolerances.   

  

Table 4-2. DICE and MDA scores for each ROI. 

ROI  DSC MDA (mm) 

Parotid 
Median 0.82 1.30 

Range 0.74 to 0.91 0.61 to 2.57 

Brainstem 
Median 0.89 0.73 

Range 0.60 to 0.95 0.34 to 3.00 

Chiasm 
Median 0.71 0.28 

Range 0.58 to 0.82 0.09 to 0.86 

Spinal Cord 
Median 0.89 0.39 

Range 0.73 to 0.90 0.06 to 2.44 

GTV-n 
Median 0.66 1.76 

Range 0.43 to 0.87 1.09 to 4.99 

GTV-p 
Median 0.51 4.72 

Range 0.19 to 0.73 1.53 to 5.96 

Abbreviations: GTV= gross tumour volume; ROI = region of interest; DSC = dice similarity coefficient; MDA 

= mean distance to agreement. 
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The performance of DIR-propagation tool was variable with particularly good 

overlap for the parotid gland, brainstem and spinal cord with median DSC scores of 

0.82 (range, 0.74 to 0.91), 0.89 (range, 0.60 to 0.95) and 0.89 (range, 0.73 to 0.90), 

respectively. DIR-propagation performed less well for chiasm, GTV-n and GTV-p 

with median DSC scores of 0.71 (range, 0.58 to 0.82), 0.66 (range, 0.43 to 0.87) and 

0.51 (range, 0.19 to 0.73), respectively. An example of this is shown in Figure 4-2A 

and B, where there was good overlap between the manually-delineated parotid 

glands, brainstem and chiasm and their respective DIR-propagated contours. Figure 

4-2C shows a smaller volumetric overlap between the manual and DIR-propagated 

GTV-n and GTV-p.  

Figure 4-2. Manual(red) and DIR-propagated ROIs(yellow) on coronal (A), sagittal (B) and axial (C) T2W MR 
images. 

 

The DIR-propagated structures performed well with median MDA scores of 1.30 

(range, 0.61 to 2.57) for the parotid glands, 0.73 (range 0.34 to 3.00) for the 

brainstem, 0.39 (range, 0.06 to 2.44) for the spinal cord, 0.28 (range, 0.09 to 0.86) 

for the chiasm and 1.76 (range, 1.09 to 4.99) for the GTV-n. The propagated GTV-p 

performed poorly with a median score of 4.72 (range, 1.53 to 5.96). 
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4.8 Discussion 

This study has shown that it was feasible to use DIR to propagate contours between 

serial MRI scans. Overall, the DIR propagation tool performed well with a good 

agreement between the manually-delineated and the DIR-propagated OARs. Similar 

to the CT-based study in Chapter 2, the DIR-propagation tool performed well for the 

relatively large organs such as the parotid glands, spinal cord and brainstem. As 

discussed in Chapter 2, DSC can overestimate errors for small structures. This was 

the case for the chiasm where the DSC score was poor, but the MDA score was 

within tolerance. The DIR-propagated GTV-p and GTV-n showed poorer overlap 

with manually-delineated counterparts. This was due to the DIR tool struggling to 

adapt the volumes to large changes. Although the benefits of clinician modification 

of DIR-propagated ROIs was not investigated in this study, clinician modification of 

the DIR-propagated contours is still be required especially for ROIs such as the 

GTV. Few studies have evaluated the use of DIR in MRI for HNC (1,2). In keeping 

with the results in this study, Broggi et al. reported a mean parotid DSC that ranged 

between 0.76 to 0.81 (1).  

The geometric assessments compared the unamended DIR-propagated ROIs to the 

manual ROIs using the default DIR settings. The DIR algorithm can be optimised 

and this has been shown to achieve a better contour propagation accuracy in 

situations where there were large deformations secondary to large changes between 

images (1). However, this would require significant user input for each patient. With 

the intention of using DIR as an adjunct rather than replacement for manual 

delineation, I did not investigate optimising the DIR tool. 



 141 

The main limitation of this study is the small number of patients analysed. However, 

the sample size was comparable to the MRI-based study by Broggi et al. (1). As the 

aim of this study was to test the feasibility of using DIR propagation in MRI scans, I 

did not assess the effects of inter- and intra-observer variability and only assessed a 

limited number of ROIs.  

4.9 Conclusion 

DIR can be used to propagate ROIs between MRI scans, with the majority of ROIs 

showing a good overlap with manually-delineated ROIs. Clinician modification is 

still required, especially for the GTVs. However, it is feasible to use DIR for ROI 

propagation in MRI based workflows. 
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5 Chapter 5 – Feasibility and dosimetric advantage of dose 

adaptation for oropharyngeal cancers in an MR-only 

workflow 

5.1 Introduction 

HPV-associated oropharyngeal cancers (OPC) are intrinsically more radiosensitive 

and this cohort demonstrates a good long-term survival (1,2). However, the long-

term radiation-related morbidities from current curative treatment regimens remain 

substantial in this relatively younger patient group (3). Therefore, there has been 

considerable interest in radiotherapy de-intensification strategies to reduce doses to 

the organs at risk (OAR) whilst maintaining tumoricidal doses to the tumour. 

Radiotherapy dose adaptation in response to a responding tumour may be used to 

optimise the therapeutic ratio in this cohort of patients (4). Measurable intra-

treatment geometric and biological tumour changes using functional imaging such as 

positron emission tomography with computed tomography (PET-CT) and diffusion-

weighted magnetic resonance imaging (DW-MRI) (4,5) have been reported. The 

superior soft tissue contrast of MRI scans (6) enables accurate measurements of 

tumour changes with serial scans without safety concerns associated with repeated 

use of exogenous contrast and exposure to ionising radiation. With the development 

of hybrid MRI-linear accelerators, serial MR images can be readily acquired during 

radiotherapy. This opens the door to MR adaptive radiation therapy (ART).  
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5.2 Aims of the study 

This study investigates the feasibility of MR-only workflow to generate adaptive 

radiotherapy plans and assess the potential dosimetric advantage of ART in response 

to tumour volume changes during treatment. 

5.3 Hypothesis 

It is feasible to generate adaptive radiotherapy plans using MR-only workflow and a 

response-adapted ART significantly reduces doses to the OARs in comparison to 

non-adaptive approach. 

5.4 Objectives 

• To assess the feasibility of generating radiotherapy plans at serial time-points 

using bulk-density dose assignment for an MR-only workflow. 

• To assess the dosimetric impact of delivering a pre-treatment radiotherapy 

plan without accounting for anatomical changes. 

• To evaluate the dosimetric advantage of using dose adaptation to a shrinking 

tumour volume. 
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5.5 Materials and methods 

5.5.1 Patient selection 

Five patients with HPV-associated OPC recruited to the MR-Library study 

(CCR4477) were chosen for this planning study. Only patients who had undergone 

repeat MRI scans at the time-points described in section 5.5.2. were selected to have 

a homogeneous group of patients for analysis. Therefore, this limited the sample size 

to five eligible patients. Patient recruitment has been defined in Chapter 3 Section 

3.5.1. 

5.5.2 MRI scan acquisition and radiotherapy Planning 

The MRI scans were acquired in the treatment position, as described in Chapter 3 

Section 3.5.3. Three radiotherapy plans were generated from MRI scans acquired at 

the following time-points: pre-treatment, weeks 2 and 4 (Figure 5-1). 

Figure 5-1. Schema of the adaptive planning protocol. 

 

The MRI scans have a reduced craniocaudal and lateral field of view (FOV). This 

resulted in missing tissue at the shoulders and the cranial aspect of the brain (Figure 

5-2). The planning CT and MRI scans were rigidly registered and aligned, and the 

external contour around the shoulders was propagated to the MRI scan. The areas 

Pre-treatment Week 2 Week 4

Pre-
treatment 

plan

Adaptive 
plan

Adaptive 
plan

MRI MRIMRI
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outside the MRI FOV were filled-in with water equivalent density for the synthetic 

CT generation as described below. 

Figure 5-2. Coronal slices of the CT (A) and MRI (B) which illustrate the reduced FOV of the T2-weighted MRI 
scan. The planning CT scan is used to create the outline for the missing tissue around the shoulders on the MRI 
scan. 

 

5.5.3 Target volume delineation 

The MRI scans were anonymised and exported to Research RayStation (version 8.0, 

RaySearch Laboratories, Stockholm, Sweden) treatment planning system. I used a 

volumetric two dose levels approach to define the target volumes as described 

below.  

5.5.3.1 Gross tumour volume (GTV) 

The GTV was defined as the macroscopic primary tumour (GTV-p) and involved 

lymph nodes (GTV-n). The GTVs were delineated on the T2-weighted (T2W) MR 

images with reference to the T1-weighted (T1W) MR images. Information from the 

clinical notes and other imaging modalities, if available, such as the PET-CT were 

used to aid delineation. The GTVs were all reviewed and verified for agreement by a 

consultant radiologist specialising in head and neck cancers (Dr Derfel Ap-Dafydd). 
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5.5.3.2 Clinical Target Volume (CTV) 

CTV65: 

The GTV was expanded with a 5 mm isotropic margin to create the high-dose 

CTV65, which received a dose of 65.1 Gy.  

CTV54: 

The low-dose CTV54 received a dose of 54 Gy and included the lymph node levels 

at risk of microscopic involvement and a 5 mm isotropic expansion around the 

CTV65. Bilateral neck nodal levels II, III, IV and VIIa were included in the CTV54 

in a lymph node-negative neck. Ipsilateral nodal levels Ib, V and VIIb neck nodes 

were also included in a lymph node-positive neck.  

Both CTV54 and CTV65 were edited to exclude natural barriers to disease spread 

such as bone, muscle and air, unless there was radiological evidence of tumour 

infiltration. 

Planning Target Volume (PTV) 

The CTV65 and CTV54 were isometrically expanded by 3 mm to generate an 

uncropped PlanPTV65 and PlanPTV54, respectively. For the final dose reporting, 

PlanPTV65 was edited off external body contour by 5 mm to generate PTV65. 

Similarly, PlanPTV54 was cropped from external body contour and PTV65 to create 

PTV54. 

5.5.3.3 Delineation of organs at risk and regions of interest. 

The parotid glands, pharyngeal constrictor muscles (PCM), spinal cord and 

brainstem were delineated on the planning MRI to for radiotherapy planning 

optimisation and to assess the dosimetric effect of ART to these OARs. Excessive 
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doses to these OARs have been associated with xerostomia (7), dysphagia (8), 

Lhermitte’s syndrome (9) and acute fatigue(10), respectively.  

PCM were delineated according to the published contouring guidelines by 

Christianen et al. (11) (Table 5-1). A thickness of 3 mm was used to contour the 

constrictor muscles. The superior and middle pharyngeal constrictor muscle 

(SMPCM) were combined and the inferior pharyngeal constrictor muscle (IPCM) 

was defined as a separate structure.  

Table 5-1. Delineation guidelines for the pharyngeal constrictor muscles (adapted from Christianen et al.(11)) 

Organ 

at risk 

Anatomic Borders 

Cranial Caudal Anterior Posterior Lateral Medial 

Superior 

PCM 

Caudal tip 

of 

pterygoid 

plates 

(hamulus) 

Lower 

edge of 

C2 

Hamulus of 

pterygoid plate, 

base of tongue, 

pharyngeal lumen 

Prevertebral 

muscle 

Medial 

pterygoid 

muscle 

Pharyngeal 

lumen 

Middle 

PCM 

Upper 

edge of 

C3 

Lower 

edge of 

hyoid 

bone 

Base of tongue, 

hyoid bone 

Prevertebral 

muscle 

Greater 

horn of 

hyoid 

bone 

Pharyngeal 

lumen 

Inferior 

PCM 

First slice 

caudal to 

lower 

edge of 

hyoid 

bone 

Lower 

edge of 

arytenoid 

cartilages 

Soft tissue of 

supraglottis/glottis 

Prevertebral 

muscle 

Superior 

horn of 

thyroid 

cartilage 

 

Abbreviations: C= cervical vertebrae; PCM = pharyngeal constrictor muscle 

Bone, air and external body 

To generate a synthetic CT for each patient using bulk density assignment, different 

tissue classes are delineated on the MRI and assigned specific physical density 

values. Bone and air were delineated on the MRI scans using information from the 

planning CT to help delineation. The external body contours were automatically 

contoured on the MR scans on the planning system. The rest of the body was defined 

to be of water equivalent density. 
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5.5.3.4 Delineation on repeat MRI scans 

Deformable image registration was used to propagate the OAR and CTV contours 

(apart from the GTV) from the pre-treatment MRI to weeks 2 and 4 MRI for each 

patient as described in Chapter 4. I visually inspected the contours and amended 

them as necessary. For the adapted plans, the baseline CTV65 was also rigidly 

propagated to the repeat MRI at weeks 2 and 4. Both rigidly- and DIR-propagated 

CTV65 were used to ensure that any areas previously covered within the pre-

treatment CTV65 were now included in the CTV54. 

Adapted target volume 

For the adaptive plans, a GTVadapted was manually delineated on the planning MRI 

scans at weeks 2 and 4. A CTV65adapted was generated using a 5 mm isotropic 

expansion of GTVadapted. Any excluded volume in the baseline CTV65 was included 

in the CTV54adapted, to ensure that the ‘initial tumour bed’ received a minimum of 

dose of 54 Gy over 6 weeks. 

5.5.4 Planning procedure 

I generated radiotherapy plans for each patient using the same process. The same 

objective function and number of optimisation iterations were used in each case. 

Dual arc, 6-MV volumetric-modulated arc therapy (VMAT) plans were generated in 

a research version of RayStation treatment planning system (TPS) version 8.0 

(RaySearch Laboratories, Stockholm, Sweden). Each plan was reviewed and 

approved by an experienced radiotherapy physicist (Alex Dunlop or Dualta 

McQuaid). 
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5.5.4.1 IMRT plans 

Plan design 

The plans were generated and optimised using the collapsed cone version 5.0 

algorithm in RayStation. 

Beam design 

Radiotherapy plans were generated using a dual-arc VMAT technique to replicate 

treatment delivered in the clinical setting. All the RT plans consisted of two 6 

megavoltage (MV) 360o arcs with collimator angles of 3o. Each arc consisted of 180 

control points with 2o control point spacing, leaf motion constraint of 0.8 cm/degree, 

and maximum delivery time of 90 seconds. 

Beam optimisation 

Non-anatomical volumes were added to guide the treatment planning system to 

provide an optimal plan. These included ring structures around the PTVs to increase 

dose conformality and homogeneity, together with the application of the dose fall-off 

optimising function to reduce dose to non-target tissue. This function penalises dose 

that exceeds the specified dose fall-off away from the target and is defined by 3 

parameters: the high-dose parameter representing the high-dose within the target; the 

low-dose parameter representing the acceptable dose within the surrounding healthy 

tissue; and the distance parameter representing the distance at which the high dose 

will have fallen to the low-dose.   

To avoid the treatment planning system boosting target tissue within the build-up 

region of the patient, a virtual bolus (density = 1.0 g/cm3) was generated exterior to 

the body contour such that PlanPTV65 and PlanPTV54 were always at least 1 cm 

from either the external body contour or the virtual bolus surface (12). Once a 
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satisfactory plan was generated, virtual bolus was removed, the dose re-prescribed to 

PTV65, and the final dose was computed. The RT plan was re-evaluated to ensure 

optimal coverage was maintained. 

 

Bulk density assignment 

Synthetic CTs were generated from the MRI scans by using the bulk density 

assignment approach. In this method, different tissues were assigned specific 

physical density values which enables radiotherapy treatment planning (Table 5-2). 

These physical densities were defined according to our guidelines (13). 

Table 5-2. Bulk density assignment of the different structures. 

Structure Mass density (g/cm3) 

Air 0.01 

Bone 1.35 

Couch 0.63 

External 1.00 

Lung 0.26 

PTV bolus 1.00 

Abbreviations: PTV = planning target volume 

 

Planning objectives 

The baseline dose-based and dose-volume based objectives were designed for the 

inverse planning optimisation process to satisfy the clinical planning goals (Table 

2-1 and Table 5-4). Each optimisation sequence consisted of 40 automated iterations. 

All plans were created using an identical method, 3 optimisations of 40 iterations 

with a virtual bolus in place, with repeat scaling of the dose to the prescription, 

defined as 65.1 Gy on the full PTV between each optimisation. Finally, the bolus 

was removed, and the prescription applied to the reduced PTV (contracted by 5 mm 
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from the patient’s surface) before a final dose calculation and dose rescale to match 

the prescription.  

Table 5-3. Planning target volume (PTV) constraints for dual-arc VMAT planning. 

Volume (%) 
Dose (%) 

PTV65 PTV54 

99 > 90 >90 

98 > 95 (optimal) >95 (optimal) 

95 > 95 > 95 

50 = 100 = 100 

5 < 105 < 105 (optimal) 

2 < 107 (optimal) < 107 (optimal) 

Abbreviations: PTV= planning target volume. 

Table 5-4. Dose constraints for organs at risk. 

Structure Constraint 
Mandatory Dose 

constraint (Gy) 

Optimal Dose 

constraint (Gy) 

Spinal Cord 
Max 

1 cm3 

< 48 

< 46 
 

Spinal Cord PRV 1 cm3 < 48  

Brainstem 
Max 

1 cm3 

< 55 

< 54 
 

Brainstem PRV 1 cm3 < 56  

Contralateral 

Parotid 

Mean dose 

Max EUD 

1000cGy 

As low as possible < 24 Gy 

Ipsilateral Parotid 

Mean dose 

Max EUD 

1000cGy 

As low as possible < 24 Gy 

Abbreviations: EUD = equivalent uniform dose; Max = maximum; PRV = planning organ at 

risk volume 

Dose prescription 

As per the ICRU 83 (international commission on radiation units and measurements 

report 83), the prescription was to the median dose point on the DVH such that the 

prescription dose of 65.1 Gy was received by 50% of the PTV65. 
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5.5.5 Definitions of IMRT plans. 

The following radiotherapy plans were generated for each patient: 

Pre-treatment radiotherapy plan. 

This plan was generated on the pre-treatment MRI scan with radiotherapy doses 

derived from the pre-treatment MRI ROIs. 

Delivered non-ART radiotherapy plan 

This non-adaptive plan was defined as the cumulative doses of delivering the pre-

treatment radiotherapy plan without accounting for the anatomical changes at week 2 

and 4. First, the pre-treatment MRI scan was rigidly aligned to week 2 and week 4 

MRI scans using the bony anatomy. The pre-treatment plan beam configurations 

were applied and re-calculated on the week 2 and week 4 MRI scans. A cumulative 

non-ART plan was generated by deforming the dose cubes from each time-point to 

the pre-treatment MRI scan. Thus, the cumulative non-ART plan was the sum of the 

pre-treatment plan on the pre-treatment MRI for the first ten fractions, the week 2 

MRI for fractions eleven to twenty and the week 4 MRI for fractions twenty-one to 

thirty. 

Cumulative ART plan 

New VMAT plans were generated using the week 2 and week 4 planning MRI scans. 

The dose cubes from each plan were deformed to the pre-treatment MRI scan. The 

cumulative ART plan was the sum of the pre-treatment, week 2 and week 4 ART 

plans, which accounted for ten fractions each.  
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5.6 Analysis 

5.6.1 Target volume analysis 

Dose accumulation for the delivered non-ART plan and cumulative ART plan were 

calculated using the deformation vector field from the DIR.  

5.6.2 PCM dose analysis 

This was calculated by measuring the mean dose delivered to the delineated IPCM 

and SMPCM that lay outside the CTV. 

5.6.3 Statistical analysis 

The data were analysed using Graphpad Prism software (Version 8.2.0; San Diego, 

CA). The Shapiro-Wilk test was used to test for normality of the data. Mean and 

median values were reported for parametric and non-parametric data, respectively. 

The paired t-test and Wilcoxon test were used for parametric and non-parametric 

data, respectively. Differences were statistically significant at two-tailed p-values of 

≤ 0.05. 
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5.7 Results 

5.7.1 Patient characteristics 

The patient characteristics are summarised in Table 5-5.  The median age was 62 

years (range 48 to 65). Three tumours originated from the base of tongue and two in 

the tonsils. All patients demonstrated weight loss with a mean of 9.6% (standard 

deviation (SD) = 5.7%). 

Table 5-5. Patient characteristics. *TNM staging as 7th edition of the AJCC staging system. § Weight loss = the 
maximum weight loss as a percentage of the pre-treatment weight. 

Patient number Age Site 
Stage* Weight loss§ (%) 

T N M 

1 48 Left Tonsil 3 2b 0 17 

2 51 Left BOT, tonsil and soft palate 4 2b 0 13 

3 64 Left BOT 3 0 0 5 

4 62 Left BOT, tonsil and soft palate 4 2b 0 10 

5 65 Left tonsil 2 0 0 3 

 

5.7.2 Dosimetric Analysis 

A total of 15 radiotherapy plans were successfully generated and analysed. 

Target volume 

The results for the mandatory PTV dose constraints are shown in Figure 5-3 and 

Figure 5-4 for the pre-treatment, the delivered non-ART and cumulative ART plans. 

For comparison, the two ART plans at weeks 2 and 4 are also shown in Figure 5-3.  
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Figure 5-3. Dose constraints for the PTV65 and PTV54. The horizontal red line represents the minimum dose 
required for the dose constraint. Abbreviations: D95% = minimum dose delivered to 95% of the volume; D99% = 
minimum dose delivered to 99% of the volume; PTV = planning target volume. 

 

Figure 5-4. Mandatory PTV dose constraints for the pre-treatment plan, delivered non-ART plan and cumulative 
ART plans. * represents statistical significance . Circle and error bars represent the mean value and standard 
deviation, respectively. 
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The PTV65 D99% was achieved in all patients for all plans (Figure 5-3A). However, 

the cumulative ART plan had a significantly smaller mean PTV65 D99% dose 

(mean = 59.7 Gy, SD = 1.17 Gy) compared to the pre-treatment plan (mean =  62.8 

Gy, SD =  0.56 Gy, p=0.002) and the delivered non-ART plan (mean =  62.3 Gy, SD 

= 1.01 Gy, p=0.004) (Figure 5-4A). There was no significant difference PTV65 

D99% between the pre-treatment and non-ART plans (p=0.319).  

The minimum dose constraint for the PTV65 D95% was achieved for all plans, 

except for the cumulative ART plan in 3 of the 5 patients (Figure 5-3B). The mean 

PTV65 D95% dose for the cumulative ART plan (mean = 61.2 Gy, SD = 0.92 Gy ) 

was significantly smaller compared to the pre-treatment plan (mean = 63.7 Gy, SD = 

0.29 Gy, p=0.005) and the delivered non-ART plan (mean =  63.6 Gy, SD = 0.50 

Gy, p=0.002) (Figure 5-4B). There was no significant difference in the PTV65 

D95% between the pre-treatment and non-ART plans (p=0.658).  

It is important to note that the cumulative ART doses represent the adaptation to a 

shrinking high-dose target volume and that the reported PTV65 dose constraints are 

assessed on the pre-treatment PTV65 volume. Thus, it is not surprising by adapting 

to a shrinking target volume in the ART plans, the cumulative dose to the pre-

treatment PTV dose is significantly reduced compared to the pre-treatment and non-

ART plans. An example of the smaller PTV65 D99% and D95% mean doses for the 

cumulative ART plans is illustrated in Figure 5-5. As both PTV65 D99% and D95% 

were achieved for the replans at weeks 2 and 4, this suggests that these mandatory 

goals were not compromised in these patients during target volume adaptation. 
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Figure 5-5. Effect of treatment adaptation to a shrinking volume. The pre-treatment plan (A), non-ART plan (B) 
and cumulative ART plan (C) are shown on the planning MRI. Pre-treatment PTV65 shown in cyan. Arrowhead 
(white) in Panel C show the areas of the pre-treatment PTV that receive less than the 95% isodose of the high-
dose target volume in the ART plan.  

 

Overall, the mean PTV54 D99% and D95% were achieved for the pre-treatment, 

delivered non-ART and the cumulative ART plans (Figure 5-3C and D). The 

mandatory PTV54 D99% was not achieved in patient 1 for the non-adapted plan 

only (Figure 5-3C). Compared to the pre-treatment plan, the PTV54 D99% and 

D95% of the non-ART and cumulative ART plans were significantly smaller. The 

mean PTV54 D99% and PTV54 D95% for cumulative ART plan were significantly 

smaller than for the pre-treatment plans (50.4 Gy (SD = 0.82 Gy) vs. 51.6 Gy (SD = 

0.29), p=0.012; 52.2 Gy (SD = 0.47 Gy) vs. 52.5 Gy (SD = 0.49 Gy), p=0.020, 

respectively). Similarly, the mean PTV54 D99% and PTV54 D95% for the non-ART 

plans were significantly smaller than for the pre-treatment plans (50.1 Gy (SD = 1.06 

Gy) vs. 51.6 Gy (SD = 0.29), p=0.021;  52.1 Gy (SD = 0.58 Gy) vs. 52.5 Gy (SD = 

0.49 Gy), p=0.013, respectively). There was no significant difference between the 

non-ART and ART for both PTV54 D99% and PTV54 D95% (p=0.162, p=0.488). 

Although the dose constraints were met for the delivered non-ART plan, the target 

coverage was compromised to a varying extent on visual inspection of the 

radiotherapy plans in all 5 patients. Parts of the high-dose and low-dose PTV were 

not covered within the minimally accepted 95% isodose of their prescribed dose of 
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65.1 Gy and 54.0 Gy, respectively. An example of this compromise is shown in 

Error! Reference source not found.B where part of the high-dose PTVs for the 

primary tumour and involved node were by the 89% isodose. Similarly, the low-dose 

PTV was compromised at the lower aspect of the neck with coverage reduced to 

89% to a proportion of the PTV as shown in Error! Reference source not found.D. 

 

Delivering the pre-treatment plan without accounting for anatomical changes also 

led to radiotherapy dose hotspots due to soft tissue loss. An example is shown in 

Figure 5-6, where at week 4 an area of 61.75 Gy has appeared in the PTV54. 

However, there were no hotspots in the cumulative non-ART plan, which suggests 

that this hotspot may not be significant if the overall treatment is taken into account. 

Figure 5-6. The pre-treatment plan on the planning MRI (A), the pre-treatment plan calculated on the week 2 
MRI (B) and week 4 MRI (C), and cumulative non-ART plan (D) are shown. The PTV54 is represented by the 
purple contour. The green arrowhead shows the hotspot and white arrowhead show the compromise in target 
coverage. 

 

5.7.3 ROIs 

Parotid gland volume 

All parotid glands (n=10) decreased in volume compared to baseline (Figure 5-7 A 

and B), with an overall mean percentage volume loss at weeks 2 and 4 were 17.7% 

(SD = 5.7%) and 24.7% (SD = 10.0%), respectively. The ipsilateral mean percentage 

volume loss at weeks 2 and 4 were 19.3% (SD=5.5%) and 25.9% (SD=11.0%), 
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respectively. The contralateral parotid gland showed a smaller loss with a mean 

percentage volume loss at weeks 2 and 4 were 16.1% (SD=6.2%) and 23.4% 

(SD=10.0%), respectively.  

Figure 5-7. Parotid gland volume change as percentage volume of the pre-treatment parotid volume.  

 

Abbreviations: Pt = patient 

5.7.3.1 Dosimetry 

The mandatory Dmax (1 cm3) dose constraints for the spinal cord, brainstem and 

their respective PRVs were met for the pre-treatment, delivered non-ART and the 

ART plans (Figure 5-8 C-F). There was no significant difference in the mean doses 

to these OARs for the three plans (Figure 5-9 C-F). 

There was no significant difference in mean dose to the ipsilateral and contralateral 

parotid glands between all plans (Figure 5-9A and B).  
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Figure 5-8. Dose constraints for the organs at risk. The horizontal red line represents the dose constraint. 
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Figure 5-9. OAR dose constraints for the pre-treatment plan, delivered non-ART plan and cumulative ART plans. 
* represents statistical significance. Circle and error bars represent the mean and standard deviations, 
respectively. 

     

 

5.7.3.2 Parotid dose without ART. 

Compared with the pre-treatment plan, delivering a delivered non-ART plan led to 

greater than planned parotid dose in 3 of the 5 patients (Figure 5-10), with the 

parotid gland increase in dose ranging between 0.1 and 1.4 Gy. This dose difference 

is small, and the clinical significance is uncertain. 

Figure 5-10. Greater than planned parotid dose without ART. A positive value indicates that the parotid glands 
in the delivered non-ART plan receive a higher mean dose compared with the pre-treatment plan. 
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Conversely, the parotid glands of patients 4 and 5 received a lower mean dose 

(range, 0.5 to 2.7 Gy) than initially planned on the pre-treatment plan.  

5.7.3.3 Parotid dose with ART 

On the other hand, the cumulative ART plan led to a reduction in parotid gland dose 

in 2 of the 5 patients (range, 1.7 to 2.7) (Figure 5-11) compared with a delivered 

non-ART plan. However, ART led to an increase in radiotherapy dose to the parotid 

glands (range, 1.1 to 2.1 Gy) in 2 patients. Patient 3 showed minimal changes to the 

parotid glands, with ART leading to an increase of 0.1 and 0.2 Gy to the ipsilateral 

and contralateral parotid glands, respectively.  

Figure 5-11. Parotid gland dose reduction using ART compared with no ART. A positive value indicates a 
reduction in the mean parotid gland dose using ART compared with the non-ART plan. 
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5.7.3.4 Dose to the pharyngeal constrictor muscles 

The cumulative ART plan showed a significantly smaller mean dose to the SMPCM 

than the delivered non-ART plan (mean, 54.3 Gy vs. 55.6 Gy, respectively; p<0.001) 

and the pre-treatment plan (mean, 54.3 Gy vs. 55.2 Gy; p=0.0222) (Figure 5-12A). 

However, these dose differences to the SMPCM are small and clinical significance is 

uncertain. 

There were no significant differences in the mean dose to the IPCM between the 

cumulative ART plan and the delivered non-ART plan (mean, 45.2 Gy vs. 47.3 Gy, 

respectively; p=0.221) and between the cumulative ART plan and the pre-treatment 

plan (mean, 45.2 Gy vs. 45.6 Gy, p=0.518) (Figure 5-12B). 

Figure 5-12. The mean dose received by the SMPCM and the IPCM. Circle symbol and the error bars represent 
the mean and standard deviation, respectively. * represent statistical significance with an adjusted p-value.    

  

An example of the effect of ART and no ART on the volume of SMPCM within the 
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Figure 5-13. Axial slices of the pre-treatment plan (A), non-ART plan (B) and cumulative ART plan(C) on the pre-
treatment MRI. PCM is delineated in yellow outside high-dose CTV and in green inside the high-dose CTV. The 
high-dose CTV is delineated in blue. 

 

  



 166 

5.8 Discussion 

In this small study, I have demonstrated that radiotherapy adaptation based on 

tumour response using an MR-only workflow is possible and that response-adapted 

ART maintains target volume coverage and reduces dose to the SMPCM. However, 

it is important to note the small sample size and that the magnitude of dose reduction 

was small to the SMPCM with ART with uncertain clinical significance.  

Despite delivering a non-adapted plan, all PTV and OAR mandatory dose constraints 

were met in all but one patient. The latter’s non-adapted plan did not meet the 

PTV54 D99% dose constraint. This patient lost 17% of his pre-treatment weight loss 

and thus, had a greater change in body contour around the neck and shoulders. This 

translated to a poorer coverage of the PTV54 in these areas. Nonetheless, a review of 

the non-adapted radiotherapy plans showed that the target volume coverage (PTV54 

and/or PTV65) was compromised in all patients. This is in keeping with the 

literature, which suggests that unaccounted intra-treatment changes may have a 

significant impact on the planned dosimetry with a lower delivered dose to target 

volumes (14). 

In this study, ART to a shrinking target volume led to a reduction in the mean dose 

to 95% of the initial PTV volume from 63.7 Gy (SD, 0.3 Gy) to 61.2 Gy (SD, 0.9 

Gy). There are limited published data on the use of MRI-guided dose adaptation. A 

CT-planned MRI-guided ART study by Mohamed et al. investigated the dosimetric 

advantage of shrinking the target volume according to tumour response with the use 

of MRI-guidance. They reported that by shrinking the visible target volume, ART 

led to a reduction in mean dose to 95% of the initial PTV volume from 70.7 Gy (SD, 
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0.3) to 58.5 Gy (SD, 2.0) for the adaptive plans for five patients (4). Target volume 

coverage and dosimetric parameter assessments were not reported. 

Although dose adaptation according to tumour response inherently selects 

responders, this is not standard practice outside of a clinical trial. One particular 

concern of dose adaptation is the possibility of undertreating potential microscopic 

disease left in the original high dose volume. A study by Hamming-Vrieze et al. 

reported that tumours may shrink asymmetrically in relation to their surrounding 

tissues (15). The authors reported that the GTV surface showed a larger 

displacement than fiducial markers placed at the tumour surface, suggesting that part 

of the GTV was dissolving rather than shrinking. This concern was addressed in this 

study by ensuring that any areas previously encompassed by the high-dose CTV in 

the pre-treatment plan remained within a low-dose CTV following a tumour 

response. This would ensure that any areas previously in the high-dose CTV would 

receive a minimum dose of 57.7 Gy. This concept of dose adaptation is being 

investigated in two prospective studies; the INSIGHT II (Optimising Radiation 

Therapy in Head and Neck Cancers Using Functional Image-Guided Radiotherapy 

and novel biomarkers) (CCR4934) (16) and MR-ADAPTOR trials (Magnetic 

Resonance-based Response Assessment and Dose Adaptation in Human Papilloma 

Virus Positive Tumours of the Oropharynx treated with Radiotherapy: An R-IDEAL 

stage 2a-2b/Bayesian phase II trial) (17). Current evidence suggests that reducing the 

radiotherapy dose to under 70 Gy for HPV-associated OPC is safe with excellent 

locoregional control (18,19). Chera et al. reported two such de-escalation studies. In 

their first study, treatment was de-escalated in 44 favourable risk HPV-associated 

OPC patients using a reduced cisplatin dose (30mg/m2 weekly) and 60 Gy in 30 

fractions to the high-dose target volume and 54 Gy to the low-dose target volume.  
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The 3-year local control, regional control and distant metastasis-free survival were 

100% and overall survival was 95% (18). In a second similar study of 114 patients,  

the 2-year progression-free survival was 86%, loco-regional control 95% and overall 

survival of 95% (19). 

Radiotherapy dose to the PCM influences the risk of persistent dysphagia following 

chemoradiotherapy for head and neck cancers (8). Dysphagia remains a distressing 

symptom with nearly 50% reporting this one year after treatment completion (20). 

Persistent dysphagia leads to aspiration risks, prolonged feeding tube dependence 

and poor quality of life (21). Therefore, I investigated the impact of ART on the dose 

received by the PCM and found that ART led to a non-significant reduction in mean 

dose to the SMPCM and IPCM compared to the pre-treatment plan. This study 

shows that there was a significant reduction in dose to the SMPCM, even with only 

fortnightly replan compared to the non-ART plan. This dose reduction was small and 

is of uncertain clinical significance. In contrast, there was no change in dose to the 

IPCM. This is similar to the findings of Mohamed et al. who reported that ART led 

to dose reductions to the pharyngeal constrictor muscles compared to standard 

IMRT. In their study, ART reduced the mean dose to superior PCM to 58.1 Gy (SD 

5.0 Gy) compared to 62.8 Gy (SD 6.7 Gy) for a non-ART plan. Doses to the middle 

and inferior PCM with ART were 48.4 Gy (SD 12.5 Gy) and 32.0 Gy (SD 18.6 Gy), 

respectively, compared to 51.6 Gy (SD 16.4 Gy) and 34.7 Gy (SD 23.3 Gy), 

respectively. This study showed a smaller reduction in dose reduction to the PCM 

which may be related to the more advanced nature of the primary tumours in this 

study. All five patients in Mohamed et al.’s study had T2 tumours compared to the 

four patients having at least T3 in this study. Reducing dose to the PCM using 

dysphagia-optimised IMRT (Do-IMRT) with mandatory mean dose constraints to 
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PCM outside the high-dose CTV has been reported to improve patient-reported 

swallowing function compared to standard IMRT (22) and this may become standard 

of care. 

The parotid glands received a higher dose than initially planned in three of the five 

patients whilst the remaining two patients received a lower dose than planned. ART 

led to an increase in mean dose to the parotid glands in three patients, whilst 

improving doses in two patients only. In these two patients, the parotid glands 

migrated away from the midline and the low-dose PTV (Figure 5-14A and B, and 

Figure 5-15). In comparison, the study by Mohamed et al. reported that ART 

reduced doses to both contralateral and ipsilateral parotid glands compared to no 

ART (4). The doses to the contralateral and ipsilateral parotid glands were 16.5 Gy 

(SD 8.4 Gy) and 26.9 Gy (SD 8.3 Gy) with ART, respectively. In comparison, the 

non-ART plan led to mean doses of 17.4 Gy (SD 8.6 Gy) and 30.2 Gy (SD 11.3 Gy), 

respectively. This could be explained by differences in patient characteristics (all 

their patients had T2 tonsil or BOT primary). This study suggests that although 

parotid gland dosimetry may not be improved with ART, the actual benefits of ART 

comes with the fact that the target volume coverage is improved. Another potential 

benefit of ART is the potential dose reduction to the oral cavity and mandible dose, 

which are associated with the risk of mucositis (23) and osteoradionecrosis (24–26), 

respectively. 
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Figure 5-14. Deformation vector illustrated on coronal T2W images of the planning MR of patient 4(A), patient 
5(B) and patient 2(C). The arrowheads indicate the direction of deformation of the planning MR to week 4 
imaging. Colourwash represents the distance moved and the size of the arrow represents the amount of 
movement and direction Orange and yellow contours represent the right and left parotid glands, respectively. 

 

Figure 5-15. Axial slices of the radiotherapy plan on the pre-treatment MRI (A), Week 2 MRI (B) and Week 4 MRI 
(C). Parotid glands delineated in orange and pink. (Patient 4) 

 

An MRI-only radiotherapy treatment planning workflow requires the creation of a 

synthetic CT for dose calculation. In this study, I used a bulk density assignment 

approach to assign electron density values to the tissues (air, bone and soft tissue). 

Although the dosimetry was not compared to the current gold standard CT-based 

plans, synthetic CTs derived from bulk density assignment have been shown to be 

accurate with mean dose differences less than 1% for the PTV and OARs compared 

to a CT-based plan (27). Therefore, the results reported in this study would represent 

accurate clinical dose calculations.  

Although the results of this study were limited by the small sample size, the sample 

size was the same as the MRI-guided ART study reported by Mohamed et al. (4). 
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Dose accumulation for the delivered non-ART plan was recalculated on the two 

intra-treatment MRI scans. Dose accumulation could have been recalculated on 

weekly scans, but this would have limited the number of patients that could be 

analysed. Patients with MRI scans at weeks 2 and 4 were analysed as these time-

points have been reported to demonstrate the most anatomical changes (28). Another 

limitation is the small FOV of the MRI scans which did not include the patient 

shoulders. However, this was accounted for by extrapolating the shoulder contours 

from the patient’s CT scan. Nonetheless, the shoulder positions were estimated and 

may not represent their true position.  

5.9 Conclusion 

This planning study has shown that a response-adapted ART is possible using an 

MR-only workflow and advantageous in reducing doses to certain OARs such as the 

superior and middle pharyngeal constrictor muscles whilst maintaining target 

volume dose. However, the magnitude of dose reduction to these OARs were small 

and of uncertain clinical significance. Confirmation of these findings should be done 

with a bigger sample size. 
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6 Chapter 6 -The impact of restricted length of treatment 

field and anthropometric factors on selection of head 

and neck cancer patients for treatment on the MR-Linac 

6.1 Introduction 

As described in Chapter 6, the MR-Linac bears important differences to a 

conventional linac. The MR-linac has a shorter radiation window in the craniocaudal 

(CC) direction, which is of relevance to head and neck cancer (HNC) treatment. A 1 

cm margin in all directions to correct patient set-up errors and daily plan adaptation 

restricts the maximum CC radiation field length to 20 cm in this direction. This may 

influence the selection and the absolute number of HNC patients who can be treated 

on the MR-Linac using a single isocentre technique.  

6.2 Aims 

This study first assesses the effect of a restricted CC field length on the suitability 

and selection of HNC patients who can be treated on the MR-Linac using a single 

isocentre technique.  

This study then assesses the association between CC field length and anthropometric 

factors such as patient height, hyo-sternal neck length and neck treatment position.  

6.3 Hypotheses 

A restricted CC field length of <20 cm on the MR-Linac will reduce the number of 

HNC cancer patients suitable for treatment on the MR-Linac. 

In most oropharyngeal cancer cases, the CC field length is determined by the length 

of the neck nodal chain. Therefore, the CC field length will be longer in cases that 
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increase the length of the neck nodal chain such as an extended neck position and a 

taller stature.  

6.4 Objectives 

• To determine the proportion of HNC patients undergoing radiotherapy 

treatment at the Royal Marsden Hospital (Sutton Branch) with a CC field 

length of <20 cm.  

• To investigate the relationship between patient anthropometric factors and 

neck position with the CC field length.  
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6.5 Materials and methods 

6.5.1 Patient selection 

This retrospective study analysed patients with HNC who underwent either radical 

primary or adjuvant (chemo)radiotherapy at the Royal Marsden Hospital (Sutton 

branch) between January 2018 and June 2019. All patients consented to have their 

imaging used for research purposes. 

To investigate the two aims set out in Section 6.2, two HNC populations were 

defined as below: 

• Assessment of the proportion of HNC patients with a CC field length <20 

cm. 

A total of 110 HNC patients were analysed. The HNC subsites included oropharynx, 

nasopharynx, hypopharynx, larynx, paranasal sinus, parotid, oral cavity and 

unknown primary.  

• Relationship between the anthropometric factors and neck treatment position 

with the CC field length. 

To investigate the influence of the neck position on CC field length, 23 patients with 

oral cavity cancer and 51 patients with oropharyngeal cancer were selected to 

represent the neutral and extended neck cohorts, respectively. To investigate the 

“worst-case” scenario, only patients with a radiation field encompassing both 

primary site and neck nodal levels were included.   

6.5.2 Radiotherapy planning image acquisition 

Patients were immobilised with a custom-made five-point thermoplastic mask and 

scanned in the supine position on a large-bore CT scanner (Philips Medical, 
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Cleveland, OH, USA). Scans were acquired in 2 mm slices.  At the Royal Marsden 

hospital, patients with pharyngeal and laryngeal HNC were scanned and treated in an 

extended neck position. This originates from the PARSPORT trial where the neck 

was comfortably extended to help reduce the radiotherapy dose to the oral cavity 

whilst also sparing the parotid glands (1,2). Other HNC sites, such as the oral cavity 

and paranasal sinuses, were scanned and treated in a neutral neck position. The 

difference in neck positions is illustrated in Figure 6-1. 

Figure 6-1. Patient set-up illustrated for extended neck (A) and neutral neck (B) positions on a sagittal CT scan 
slice. Neck position is altered using a combination of a headrest (green), shoulder wedge (yellow) and wedge 
(grey). 

 

6.5.3 Target volume delineation  

Target volume delineation for each aim (Section 6.2) is described below: 

• Assessment of the proportion of HNC patients with a CC field length <20 

cm. 

For this cohort, each CC field length was derived from the target volumes that had 

been used to plan and deliver the patient’s radiotherapy treatment. The target volume 

had been delineated using local and international guidelines (3,4) for their respective 

A) B)
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tumour sites by clinical oncology consultants specialised in HNC. There were three 

dose levels for clinical target volume (CTV): high, intermediate low dose CTVs 

corresponded to 65.1 Gy, 60 Gy and 54 Gy in 30 fractions delivered over 42 days. 

The planning target volume (PTV) was generated using 3 mm isometric expansion 

of clinical target volume (CTV) as per our institution’s protocol. I reviewed these 

target volumes on a clinical version of RayStation (Version 8.0, RaySearch 

Laboratories, Stockholm, Sweden) and derived the CC field length by measuring the 

absolute distance between the most cranial and caudal aspects of the PTV for each 

patient.  

• Relationship between the anthropometric factors and neck treatment position 

with the CC field length. 

For this cohort, I simulated the longest treatment field for a lymph node-positive 

HNC by delineating standardised CTVs that extended cranially to the skull base to 

include level VIIb nodes and caudally to level IVa. I delineated the CTV which was 

independently checked by a consultant clinical oncologist specialised in HNC (Dr 

Kee Wong) for agreement. As per our institution’s protocol, the CTV was expanded 

by 3mm isometrically to form the PTV. 

For this study, the hyo-sternal neck length was defined as the absolute distance (cm) 

between the superior surface of hyoid to sternal notch measured in the midline on the 

coronal reconstruction of the radiotherapy planning CT scan (Figure 6-2). 
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Figure 6-2. An example of neck length measurement on a coronal CT slice. The neck length is illustrated by the 
double ended arrow in red. 

 

6.6 Statistical Analysis 

I analysed the data using Graphpad Prism software (Version 8.2.0; San Diego, CA). 

The Shapiro-Wilk test was used to test for normality of the data. Mean and median 

values were reported for parametric and non-parametric data, respectively. The 

independent t-tests and Mann-Whitney were used as parametric and non-parametric 

tests, respectively. Pearson correlation was used to measure statistical relationships. 

The strength of the correlation was defined using the following absolute values of r: 

0 to 0.19 as very weak, 0.20 to 0.39 as weak, 0.40 to 0.59 as moderate, 0.6 to 0.79 as 

strong and 0.8 to 1 as very strong correlation (5). Simple linear regression was used 

to analyse the correlation between CC field length and factors such as patient neck 

length and height. For this test, logarithmic transformation was used to convert non-

parametric data. Differences were statistically significant at two-tailed p-values of 

≤0.05. 
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6.7 Results 

6.7.1 Patient characteristics 

Patient and tumour characteristics are summarised in Table 6-1. 

Table 6-1. Patient and tumour characteristics of patients undergoing radical or adjuvant (chemo)radiotherapy. 
Staging according to American Joint Committee on Cancer (AJCC) 7th edition. 

Mean age (years) 63 (Range 31 - 85) 

Tumour Site (n = 110) 
Number of 

patients 

Craniocaudal field length (cm) 

Median Minimum Maximum 

Oropharynx 51 17.6 11.2 20.0 

Nasopharynx 3 20.6 18.8 23.0 

Hypopharynx 7 15.2 11.8 18.0 

Paranasal sinus 3 20.3 20.0 24.6 

Unknown Primary 9 17.0 15.2 19.0 

Oral Cavity 23 16.8 13.4 19.0 

Larynx 13 13.6 11.2 17.8 

Parotid 1 18.4 18.4 18.4 

Tumour Stage 

T0 9 

T1 18 

T2 37 

T3 25 

T4 21 

Nodal Stage 

N0 37 

N1 18 

N2 53 

N3 2 

 

6.7.2 CC treatment field length distribution in the overall HNC population. 

Overall, 95% of the HNC patients demonstrated a CC field length <20 cm, with the 

majority (75%) ranging between 15 to 19.9 cm (Figure 6-3 A and B). Patients with 

nasopharyngeal and paranasal HNC had the longest maximum CC field lengths at 

23.0 cm and 24.6 cm, respectively (Table 6-1).  
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Figure 6-3. A) Histogram and B) Cumulative distribution plot illustrating the frequencies of craniocaudal field 
length in head and neck cancers. n = 110. 

 

Six patients had a CC field length of 20 cm (Table 6-2). Their primary sites were 

nasopharynx (two patients), oropharynx (one patient) and paranasal sinus (three 

patients). The majority of the patients were male and were taller on average than the 

overall population (mean height, 177 cm (SD=5.9 cm) versus 173 cm (SD=8.6 cm)). 

The median neck length was 13.3 cm (range 10.6 to 14.6 cm). 
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Table 6-2. Patient characteristics with a craniocaudal length of  20.0 cm. Staging according to American Joint 
Committee on Cancer (AJCC) 7th edition. 

Patient 
TNM 

staging 
Primary site 

Craniocaudal 

length (cm) 
Gender 

Height 

(cm) 

Neck 

Length 

(cm) 

Neck 

position 

1 
T1 N2b 

M0 
Oropharynx 20.0 M 185 14.6 Extended 

2 
T4b N1 

M0 
Paranasal 24.6 M 178 12.6 Neutral 

3 
T3 N0 

M0 
Paranasal 20.3 F 173 13.0 Neutral 

4 
T4a N0 

M0 
Paranasal 20.0 F 168 10.6 Neutral 

5 
T2 N0 

M0 

Nasopharyngeal 

cancer 
20.6 M 180 13.6 Extended 

6 
T1 N1 

M0 

Nasopharyngeal 

cancer 
23.0 M 179 14.4 Extended 

Abbreviations: M = Male, F= Female 

 

6.7.3 Effect of gender on the CC field length in the extended neck position 

Female patients had a significantly shorter mean height of 165.0 cm (SD = 7.9 cm) 

compared with a mean height of 177.0 cm (SD = 5.5cm) for male patients 

(p=0.0001). Female patients also showed a significantly shorter median CC field 

length of 17.0 cm (range, 11.0 to 19.0 cm) compared to 18.0 cm (range, 16.0 to 20.0 

cm) for the male patients (p=0.0003). 

6.7.4 Effect of neck position on the CC field length. 

The comparison between neutral and extended neck cohorts is shown in Table 6-3. 

Patients scanned in a neutral neck position had a significantly shorter median CC 

field length of 15.8 cm (range, 14.8 to 19.2 cm) compared to 17.6 cm (range, 13.6 to 

20.0 cm) in the extended neck (p=0.0119). There was no statistical difference in 

height between the two cohorts (p=0.051), indicating that neck position 

independently influences the CC field length.  



 185 

Table 6-3. Comparison of the craniocaudal field length, neck length and patient height for patients scanned in a 
neutral and extended neck positions. 

 

Craniocaudal field length (cm) Neck length (cm) 
Patient 

height (cm) 

Media

n (cm) 

Minimu

m (cm) 

Maximu

m (cm) 

Media

n (cm) 

Minimu

m (cm) 

Maximu

m (cm) 

Mea

n 

(cm) 

SD 

(cm

) 

Neutral 

neck 

(n=23) 

15.8 14.8 19.2 10.6 9.2 13.6 171 8.9 

Extende

d neck 

(n=51) 

17.6 11.0 20.0 12.0 8.4 15 175 1.6 

Abbreviation: SD = standard deviation. 

Patient height showed moderate correlation with CC field length in both neutral and 

extended neck positions (r = 0.55, p=0.0070 and r = 0.65, p<0.0001, respectively) 

(Figure 6-4A and Figure 6-5A, respectively).  
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Figure 6-4. Patients scanned in the neutral neck position, n = 23. A) Correlation between patient height and 
craniocaudal field length. B) Correlation between patient neck length and craniocaudal field length 
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Figure 6-5. Patients scanned in the extended neck position, n = 51. A) Correlation between patient height and 
craniocaudal field length. B) Correlation between patient neck length and craniocaudal field length 

 

Similarly, neck length also showed a statistically significant strongly positive 

correlation with CC field length in both neutral neck position (r = 0.80, p<0.0001, 

Figure 6-4B ) and extended neck position (r = 0.63, p<0.0001, Figure 6-5B). As 

expected, this suggested that the CC length increased with an increase in patient’s 

height and neck length.  

Amongst all anthropometric factors, the hyo-sternal neck length showed the 

strongest positive correlation with CC field length in the neutral neck position, 

making it the most clinically relevant predictive factor for patient selection suitable 

for MR-Linac treatment.  
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6.7.5 Proposed height and neck length cut-off values in the neutral neck 

position. 

Using simple linear regression, the relationship between neck length (x) and log(10) 

CC field length (y) was predicted with the following equation: 

y = 0.02305 *x + 0.9651 

This equates to a patient neck length of 14.6 cm predicting a CC field length of 20 

cm in the neutral neck position. 

Similarly, the relationship between patient height (x) and log(10) CC field length (y) 

was predicted with the following equation: 

y = 0.002298*x + 0.8271 

This equates to a patient height of 206 cm predicting a craniocaudal field length of 

20 cm in the neutral neck position. 
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6.8 Discussion 

The MR-Linac has the potential to deliver truly a personalised adaptive radiotherapy 

for HNC. However, the CC field restriction imposed by a modified MR coil means 

that not all HNC patients will be suitable for treatment using a single isocentre. First, 

this analysis shows that the majority of the HNC patients treated at the Royal 

Marsden Hospital would have a treatment field deliverable by the MR-Linac using a 

single isocentre, irrespective of the treatment neck position. However, cancers 

originating from certain subsites such as the nasopharynx and paranasal sinus may 

not be suitable due to the additional cranial extension of target volumes. For 

example, the inferior half of the sphenoid sinus needs to be included in the low dose 

CTV for T1-2 nasopharyngeal cancer and the whole sphenoid sinus if T3-4 (4). In 

this study, no paranasal cancer patients and only one of three nasopharyngeal cancer 

patients had a treatment field length of <20 cm. Recent international delineation 

guidelines for nasopharyngeal cancer suggest that the lymph nodal levels IV and Vb 

can be omitted from the low-dose CTV in patients with lymph node-negative neck. 

Using these guidelines, the lymph node-negative nasopharyngeal cancer patient 

(patient 5 from Table 6-2) would have a craniocaudal field length of 16.4 cm and 

have a treatment field size suitable for treatment in the MR-Linac. However, this 

differs from our local institution delineation guideline as the level IVa lymph nodes 

are included in this group of patients. Therefore, the use of these consensus 

guidelines may make it is possible to treat early-stage nasopharyngeal cancers (T1-2 

N0 M0) on the MR-L using a single isocentre. A single oropharyngeal cancer patient 

had a treatment field length of 20 cm. Review of the treatment field showed no 

delineation deviations. A likely explanation is that this patient’s extended neck 

position contributed to a longer treatment field, as indicated by my results. 
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In this study, the lower neck levels IVb (medial supraclavicular) and Vc (lateral 

supraclavicular lymph nodes) were not included.  Nodal level IVb would extend the 

CC field length caudally to the cranial edge of the sternal manubrium. Including 

nodal level Vc would not change the CC field length the caudal border of level Vc 

corresponds to the caudal border of IVa. These nodal levels would be included if 

involved or at high-risk of harbouring metastatic disease in cases such as 

nasopharyngeal, hypopharyngeal, sub-glottic laryngeal and thyroid cancers. Thus, 

any lower neck treatment requiring level IVb treatment would increase the treatment 

field size and be difficult to treat on the MR-Linac using a single-isocentre. 

The result of this study is based on a maximum CC size of 20 cm due to an isotropic 

margin of 1 cm. This is a conservative margin which may be reduced further with 

more clinical experience on the MR-Linac. Reducing the margin would increase the 

treatable CC field size and increase the number of eligible patients. In fact, a margin 

reduction to 5mm has been reported to increase the number of eligible patients by 

10% (6). However, this remains a topic for further research.  

Second, I investigated the impact of anthropometric factors such as height, neck 

length and position on CC field length that simulated the treatment field of node-

positive HNC. I demonstrated that the neck length showed a very strong correlation 

with CC field length in the neutral neck position and was the best predictor of field 

length in this group. Patient’s height showed a weaker correlation with craniocaudal 

field length and this could be explained by a change in patient height not being in 

proportion to a change in the patient’s neck length. Other clinically measurable 

anthropometric factors such as the percutaneous lengths of the ulna (7) and tibia (8) 

have been reported to be predictors of a patient’s stature. However, these 
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measurements were not readily available for correlation with the CC field length and 

this analysis was beyond the scope of this study. 

I showed that female patients had a significantly shorter CC treatment field length 

compared to male patients, irrespective of neck position and this may be explained 

by their overall shorter stature. In keeping with this, Vasavada et al. demonstrated 

that females necks are 9 to 16% smaller than their male counterparts (9). Although 

gender may influence treatment field length, this may not be as influential in 

tumours that extend cranially. This is illustrated by the two female patients with 

paranasal cancers had CC treatment field lengths that exceeded the MR-Linac 

treatment length.  

Third, this study suggests that the neck position influences the CC field length. 

Patients scanned in the neutral neck position demonstrated a smaller median CC 

field length compared to patients scanned in the extended neck position. Each 

treatment session on the MR-Linac will last up to 40 to 50 minutes, in line with 

treatment of other sites such as prostate cancer (10). Therefore, a neutral neck 

position may be preferable to maximise the number of patients eligible for treatment 

on the MR-Linac and, from experience, help with comfort and tolerance of 

treatment. With increased IMRT planning experience, an extended neck position is 

no longer crucial in reducing doses to the oral cavity. Techniques such as using 

specific dose constraints to the oral cavity may be used (11) in the neutral neck 

position and this will be investigated in Chapter 8.  

As we intend to treat patients in the neutral neck position, I derived cut-offs for neck 

length and patient height to act as surrogate markers for patient selection. These cut-

offs were not tested in the overall HNC cohort as these patients consisted of a 

combination of patients scanned in the extended and neutral neck positions. The 
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upper limits of a neck length of 14.6 cm and a height of 206 cm should be validated 

in larger studies.  

This study has a few limitations. Some sub-types of HNC in this study were under-

represented with only a small number of patients which prevents concrete 

conclusions to be made on their suitability. However, patients with nasopharyngeal 

and paranasal cancers will usually need a longer treatment field that encompasses a 

target beyond the nodal levels cranially. This means that it is likely that these 

subtypes will have a treatment field that is not currently treatable on the MR-Linac. 

This is likely to change with the development of dual isocentre treatment techniques. 

The lack of matched-controls and a relatively small number of female patients in our 

analysis means that there may be unaccounted confounding factors that may have 

affected some of our results. For the neck position analysis, I considered using the 

diagnostic CT of the patients treated in the extended neck position as this are 

acquired in a “neutral neck” position. However, I felt that the radiotherapy CT scans 

of oral cavity patients would be more representative of a “neutral neck” treatment 

position because of the immobilisation equipment used. 

Despite these limitations, the results of this study reflect those of a study by Chuter 

et al., who reported that the majority (86%) of their HNC patients would be treatable 

with a 1 cm adaptive CC margin (6). The authors concluded that 75% of their 

oropharyngeal cancers and 30% of their nasopharyngeal cancer patients would be 

treatable (6). I have reported a larger proportion of patients eligible for treatment on 

the MR-Linac and the differences may be related to differences in delineation 

protocols. My results reflect target delineation according to international guidelines 

and are, therefore, likely to apply to other institutions. To my knowledge, this is the 

first study to demonstrate a very strong correlation between patient neck length with 
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the CC field length. Currently, a patient is assessed for MR-Linac treatment 

suitability, including likely field length, following review of the radiotherapy 

planning CT and MR scans. These planning scans must be acquired on a special 

table overlay to enable reproducible positioning of the RF coil and patient set-up 

using specific couch index points on the MR-Linac. These are not required for 

treatment on a conventional linac and therefore, patient selection using neck length 

at an earlier stage of the planning process would prevent these unnecessary steps for 

MR-linac ineligible patients.  

6.9 Conclusion 

This study shows that the majority of head and neck cancers at the Royal Marsden 

Hospital have a treatment field that is achievable on the MR-Linac using a single 

isocentre technique. Primary tumour sites such as nasopharyngeal cancers with 

significant intracranial extension or paranasal cancers requiring nodal irradiation 

may not be suitable for treatment on MR-Linac. This study proposes that a hyo-

sternal neck length cut-off of 14.6 cm in the neutral neck position could be used as a 

surrogate marker for suitability of treatment on MR-Linac and patients at the Royal 

Marsden Hospital will be treated in a neutral neck position unless there is significant 

dose distribution benefit from neck extension.  
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7 Chapter 7 - The dosimetric effect of neck positioning 

during head and neck radiotherapy treatment 

7.1 Introduction 

Since the implementation of intensity-modulated radiation therapy (IMRT) at the 

Royal Marsden Hospital, all patients with laryngeal and pharyngeal head and neck 

cancers (HNC) requiring nodal irradiation have been immobilized and treated in an 

extended neck position. This treatment position stems from the PARSPORT trial 

where a comfortably extended neck was used to reduce the delivered radiotherapy 

dose to the oral cavity and parotid glands (1,2). Following the transition to 

volumetric-modulated arc therapy (VMAT), the same extended neck treatment 

position has been kept. However, a neutral neck position is a more natural and 

comfortable position for most patients and many centres treat HNC patients in this 

immobilisation position. Furthermore, published international HNC contouring 

guidelines of neck nodal levels (3) and primary tumours (4) are based on patients 

scanned in a neutral neck position. Immobilisation and treatment of HNC in this 

position may be better tolerated, particularly on the MR-Linac where each fraction 

time is expected to be lengthier than conventional treatment. Each HNC radiotherapy 

treatment session is estimated to last between 40 to 50 minutes, similar to the 

reported time for prostate cancer treatment on the MR-Linac (5). This is in contrast 

to a conventional linac where HNC IMRT and VMAT can be delivered in under 7 

minutes (6). Therefore, patients must remain as comfortable as possible to tolerate 

and complete the 30 treatment fractions on the MR-Linac. This may be more 

achievable in the neutral neck position. However, there are no formal reports that 
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compare the dosimetric differences of treatment delivery in an extended versus 

neutral neck position to surrounding head and neck structures.  

7.2 Aims 

This study first investigates the impact of the neck treatment position on the 

radiotherapy doses delivered to the oral cavity, posterior cranial fossa, parotid glands 

and mandible. These regions of interest (ROIs) are chosen as excessive doses have 

been associated with acute mucositis (7), acute fatigue(8), xerostomia (1) and 

osteoradionecrosis (9), respectively.  

The impact of the neck treatment position on dosimetry is investigated in both node-

negative and node-positive oropharyngeal cancers (OPC). A node-positive OPC 

cohort is included as this group of patients required a larger nodal irradiation volume 

(including level Ib and often level VIIb). Therefore, this will evaluate the effect of 

radiotherapy volume on the dosimetry to the ROIs in both neck positions. 

If a difference in ROI dosimetry between the two neck positions is identified, the 

effectiveness of re-optimising the radiotherapy plans to reduce ROI doses will be 

investigated. 

7.3 Hypotheses 

Radiotherapy treatment in a neutral neck position will lead to increased radiation 

dose delivered to the oral cavity, parotid glands, posterior fossa and mandible 

compared to extended neck position, irrespective of the nodal irradiation volumes. 

Optimising the radiotherapy treatment plans with an oral cavity dose constraint will 

reduce radiotherapy doses to the ROIs. 
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7.4 Objectives 

• To assess the dosimetric differences (mean dose and/or dose-volume 

assessments) to the oral cavity, mandible, parotid glands and posterior cranial 

fossa in the node-positive and node-negative neck in both neck positions. 

• To optimise the radiotherapy plans using a dose constraint to the oral cavity 

and to assess the dosimetric differences (mean dose and/or dose-volume 

assessments) to the oral cavity, mandible, parotid glands and posterior cranial 

fossa in the node-positive and node-negative neck in both neck positions. 
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7.5 Materials and methods 

7.5.1 Study design 

This was a retrospective radiotherapy planning study that used the radiotherapy CT 

data of patients treated at the Sutton branch of Royal Marsden Hospital. All patients 

had consented to their CT imaging being analysed for research purposes. A total of 

twenty patients with HNC were retrospectively identified with 1:1 ratio in the neutral 

and extended neck positions. The CT scans in these positions were obtained from 

patients with oral or nasal cavity cancers, and oropharyngeal cancers, respectively.  

As OPC HNC patients were treated in an extended neck position at the Royal 

Marsden Hospital, there were no comparable OPC patients treated in a neutral neck 

position. To enable comparison between both groups of patients, I simulated a base 

of tongue primary cancer, irrespective of the patient’s treated primary tumour site. A 

base of tongue cancer was chosen as this tumour requires bilateral neck irradiation 

and commonly has level II nodal involvement. For each patient, I generated two 

radiotherapy plans: one for a node-negative neck and a second simulating a node-

positive neck. 
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7.5.2 Radiotherapy treatment 

7.5.2.1 Planning CT Image acquisition 

The patients were immobilised in a custom-made five-point thermoplastic 

immobilisation shell and underwent a contrast-enhanced planning CT on a large-

bore CT scanner (Philips Medical, Cleveland, OH, USA). The images were acquired 

in 2 mm slice thickness. 

7.5.2.2 Target volume delineation 

Primary Gross tumour volume (GTV-p) 

A GTV-p representing a central base of tongue was simulated in both cohorts, 

irrespective of the patient’s primary tumour site. I used an identical method to 

generate this GTV-p in all patients. The GTV-p was simulated by creating a 1 cm 

radius sphere centred in the midline. The GTV-p was translated so that the caudal 

border was situated at the level of the vallecula as shown in Figure 7-1. 

Figure 7-1. Delineation of the GTV-p (orange) using a sphere with a 1 cm radius. Sagittal CT slices of a patient in 
a neutral neck position (A) and extended neck position (B) are shown. 

 

7.5.2.3 Clinical Target Volume (CTV) 

A volumetric 2-dose level approach to define the target volumes.  

A) B) 
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CTV65: 

The GTV was expanded with a 5 mm isotropic margin to create the high-dose 

CTV65 as per international guidelines (4). In the neck node-positive cases, level II 

lymph node chains were included in the CTV65. I edited the CTV to exclude natural 

barriers to disease spread such as bone, muscle and air unless there was radiological 

evidence of tumour infiltration. 

CTV54: 

The low-dose CTV54 included a 5 mm isotropic expansion around the CTV65 and 

the lymph node chains at risk of microscopic metastases. In the node-negative neck, 

bilateral levels II, III, IV and VIIa were included. In the node-positive neck, bilateral 

levels Ib, III, IV, V, VIIa and VIIb neck lymph nodes were included.  

Planning Target Volume (PTV) 

The CTV65 and CTV54 were grown isotropically by 3 mm to generate uncropped 

PlanPTV65 and PlanPTV54 respectively. For the final dose reporting, PlanPTV65 

was edited off external body contour by 5 mm to generate PTV65, which received a 

dose of 65.1 Gy. Similarly, PlanPTV54 was cropped from eternal body contour, and 

PTV65 to create PTV54, which received a dose of 54 Gy. 

7.5.2.4 OARs (organs at risk) and ROIs delineation 

OARs 

I delineated the parotid glands, spinal cord and brainstem on the planning CT using 

local and international guidelines (10). The mandible was delineated automatically 

by the treatment planning system, which I edited if needed. 
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Oral Cavity 

For this study, the oral cavity volume included the extrinsic tongue muscles 

(hyoglossus, genioglossus, geniohyoid) but edited off any overlapping high-dose and 

low-dose PTVs. By excluding the PTVs, the doses received by the untreated oral 

cavity can be reported. The borders of the oral cavity were defined as per Table 7-1.  

Table 7-1. Anatomical borders of the oral cavity. 

Border Anatomical site 

Anterior Mandible 

Posterior Hard Palate 

Lateral Mandible 

Superior Air or hard palate 

Inferior Mylohyoid muscle 

  

7.5.3 Planning procedure 

I generated radiotherapy plans on a research version of RayStation treatment 

planning system (version 8.0, RaySearch Laboratories, Stockholm, Sweden) for each 

patient using an identical procedure. The same objective function and number of 

optimisation iterations were used in each case. Plans were dual-arc, 6-MV 

(megavolts) VMAT treatments. Each generated plan was reviewed and approved by 

an experienced radiotherapy physicist (Dualta McQuaid). 

7.5.3.1 IMRT plans 

Plan design 

The plans were generated and optimised using the collapsed cone version 5.0 

algorithm in RayStation. 
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Beam design 

A dual-arc VMAT was selected to generate the RT plans to replicate treatment 

delivered in the clinical setting. All the RT plans consisted of two 6-MV 360o arcs 

with collimator angles of 3o. Each arc consisted of 180 control points with 2o control 

point spacing, leaf motion constraint of 0.8 cm/degree, and a maximum delivery time 

of 90 seconds. 

Beam optimisation 

Non-anatomical volumes were added to guide the treatment planning system to 

provide an optimal plan. These included ring structures around the PTVs to increase 

dose conformality and homogeneity, together with the application of the dose fall-off 

optimising function to reduce dose to non-target tissue. This function penalises dose 

that exceeds the specified dose fall-off away from the target and is defined by 3 

parameters: the high-dose parameter representing the high-dose within the target; the 

low-dose parameter representing the acceptable dose within the surrounding healthy 

tissue; and the distance parameter representing the distance at which the high dose 

will have fallen to the low dose.   

To avoid the treatment planning system from boosting target tissue within the build-

up region of the patient, a virtual bolus (density = 1.0 g/cm3) was generated exterior 

to the body contour such that PlanPTV65 and PlanPTV54 were always at least 1 cm 

from either the external body contour or the virtual bolus surface (11). Once a 

satisfactory plan was generated, virtual bolus was removed, the dose re-prescribed to 

PTV65, and the final dose was computed. The radiotherapy plan was re-evaluated to 

ensure optimal coverage was maintained. 
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Planning objectives 

The baseline dose-based and dose-volume-based objectives were designed for the 

inverse planning optimisation process, in order to satisfy the clinical planning goals 

(Table 7-2 and Table 7-3). Each optimisation sequence consisted of 40 automated 

iterations. All plans were created using an identical method, 3 optimisations of 40 

iterations with a virtual bolus in place, with repeat scaling the dose to the 

prescription, defined as 65.1 Gy on the full PTV between each optimisation. Finally, 

the bolus was removed, and the prescription applied to the reduced PTV (contracted 

by 5 mm from the patient’s surface) before a final dose calculation and dose rescale 

to match the prescription.  

Table 7-2. Planning target volume (PTV) constraints for VMAT planning. 

Volume (%) 
Dose (%) 

PTV65 PTV54 

99 > 90 >90 

98 > 95 (optimal) >95 (optimal) 

95 > 95 > 95 

50 = 100 = 100 

5 < 105 < 105 (optimal) 

2 < 107 (optimal) <110 (optimal) 

Abbreviation: PTV = planning target volume 
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Table 7-3. Dose constraints for organs at risk (OARs). 

Structure Constraint 
Mandatory Dose 

constraint (Gy) 

Optimal Dose 

constraint (Gy) 

Spinal Cord 
Max 

1 cm3 

< 48 

< 46 
 

Spinal Cord PRV 1 cm3 < 48  

Brainstem 
Max 

1 cm3 

< 55 

< 54 
 

Brainstem PRV 1 cm3 < 56  

Contralateral 

Parotid 
Mean dose As low as possible < 24 Gy 

Ipsilateral Parotid Mean dose As low as possible < 24 Gy 

Abbreviation: PRV = planning organ at risk volume 

Dose prescription 

In accordance with ICRU 83, the prescription was to the median dose point on the 

DVH such that the prescription dose of 65.1 Gy was received by 50% of the PTV65. 

Dose delivered to OARs 

The mean dose delivered to the oral cavity, mandible, parotid glands were tabulated 

and analysed. The dose-volume histograms (DVH) parameters were also analysed 

and were defined as below:  

Vx (%) which was defined as the percentage volume of the ROI receiving a dose of x 

Gy. 

The clinical goals were also reviewed and analysed for each plan to assess for 

suitability of treatment delivery. 

Optimised dose constraint to the oral cavity 

The plans were optimised using a constraint of equivalent uniform dose (EUD) 10 

Gy to the untreated oral cavity with a weighting of 0.02. EUD is a generalised 

biologically equivalent dose that, if given uniformly, will lead to the same cell kill as 
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the non-uniform dose distribution. Objective functions using EUD have been used to 

optimise IMRT and VMAT plans (12).  

No planning objectives were made for the posterior cranial fossa in this study. 

7.6 Statistical Analysis 

The data were analysed using GraphPad Prism software (Version 8.2.0; San Diego, 

CA). Data were collected from the DVHs and were tabulated for each patient for 

each cohort. The data of interests were first assessed for normal distribution using 

the Shapiro-Wilk test. The differences between each cohort were compared using 

descriptive methods such as the mean and median values for parametric and non-

parametric data, respectively. The independent t-tests and Mann-Whitney were used 

to compare the differences between data for parametric and non-parametric tests for 

unpaired data, respectively. The paired t-test and Wilcoxon test were used to 

compare the differences between data for parametric and non-parametric tests for 

paired data, respectively. Differences were defined as statistically significant at two-

tailed p-values of ≤0.05.
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7.7 Results 

7.7.1 Lymph node-negative neck 

Table 7-4. Doses delivered to the oral cavity, mandible, parotid glands and posterior cranial fossa in node-negative patient cohorts. * indicates statistically significant, p<0.05. 

 Oral Cavity Mandible Parotid Glands 
Posterior Cranial 

Fossa 

 Mean dose (Gy) Volume (cm3) Mean dose (Gy) Volume (cm3) Mean dose (Gy) Volume (cm3) Mean dose (Gy) 

 Neutral Extended Neutral Extended Neutral Extended Neutral Extended Neutral Extended Neutral Extended Neutral Extended 

Mean 32.3 28.2 45.2 58.7 27.4 23.4 56.5 59.7 21.7 21.0   6.9 10.2 

Standard 

deviation 
3.0 3.6 7.4 12.0 3.0 4.5 12 7.1 1.3 1.7   3.2 3.8 

Median           24.1 25.5   

Range           
18.7 – 

34.7 

19.8 – 

47.4 
  

p-value 0.0131* 0.0058* 0.0328* 0.4713 0.1909 0.3372 0.0480* 

 



 208 

Doses to the oral cavity 

The oral cavity volumes and mean radiotherapy doses are summarised in Table 7-4. 

The mean oral cavity volume was significantly smaller in the neutral neck position at 

45.2 cm3 (standard deviation (SD)=7.4 cm3) compared to 58.7 cm3 (SD=12.0 cm3) in 

the extended neck position (p=0.0058). The mean dose to the oral cavity in the 

neutral neck position (32.3 Gy, SD=3.0 Gy) was significantly larger than in the 

extended neck position (28.2 Gy, SD=3.6 Gy; p=0.0131). On average, a patient 

treated in the neutral neck position would receive 4.1 Gy (Standard error of mean 1.5 

Gy) more than in the extended neck position. 

Statistically significant differences were noted for the radiotherapy dose-volume 

assessments (Figure 7-2); the neutral neck position showed a significantly larger 

percentage oral cavity volume in the low-dose radiotherapy areas (V10 

median=100%, range 87 to 100%; V20 median=87.5%, range 71 to 100%) compared 

to patients in the extended neck position (V10 median=91.5%, range 68 to 100%; 

V20 median=71%, range 50 to 97%; p=0.0105 and p=0.0241, respectively).  There 

was no significant difference for the intermediate and high dose radiotherapy areas 

of V30, V40 and V50 (p=0.1095, p=0.4017 and p=0.1119, respectively). 
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Figure 7-2. Dose-Volume assessment to the oral cavity in node-negative patient cohorts. Symbols represent the 
median values and the error bars represent the range.  * indicates statistically significant, p≤0.05. 

 

An example of the difference in dose distribution is illustrated in Figure 7-3, where a 

larger proportion of the oral cavity lies within the 20 Gy isodoses in the neutral neck 

position (A) compared to the extended neck position (B).  

Figure 7-3. Sagittal view of radiotherapy planning CT and dosimetry plan for a node-negative patient with a 
neutral(A) and extended (B) neck position, respectively. The colourwash represents the isodoses. The green, 
green and yellow contours represent the oral cavity, posterior cranial fossa and the mandible, respectively. 
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Doses to the mandible 

The mandible volume and mean mandible dose are summarised in Table 7-4. There was no 

significant mandible volume difference between the two groups (p=0.4713).  The mean dose 

to the mandible was significantly higher in the neutral neck at 27.4 Gy (SD=3.0 Gy) 

compared to an extended neck at 23.4 Gy (SD=4.5 Gy) (p=0.0328). 

A statistically significant difference was noted for the radiotherapy dose-volume assessments 

(Figure 7-4); the neutral neck position showed a significantly larger percentage mandible 

volume in the low to intermediate dose radiotherapy areas (V10 median=88%, range 85 to 

95%; V30 median=52%, range 24 to 77%) compared to patients in the extended neck 

position (V10, median=85%, range 52 to 90%; V30, median=36%, range 6 to 52%; p=0.0107 

and p=0.0175, respectively). There was no significant difference for the V20 and V40 

between the two groups (p=0.1092 and p=0.2666, respectively). An example of this 

difference is shown in Figure 7-3. In this example, a smaller volume of the mandible is 

located in the 30 Gy isodose in the extended neck position compared to the neutral neck 

position. 

Figure 7-4. Dose-Volume assessment to the mandible in node-negative patient cohorts. Symbols represent the median 
values and the error bars represent the range. * indicates statistically significant, p≤0.05. 
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Doses to the parotid glands 

There was no significant difference between the parotid volumes (p=0.3372) and mean 

parotid gland doses (p=0.1909) in the extended and neutral neck positions (Table 7-4). 

Doses to the posterior cranial fossa 

As summarised in Table 7-4, the mean posterior cranial fossa dose was significantly smaller 

in the neutral neck position 6.9 Gy (SD=3.2 Gy) compared to 10.2 Gy (SD=3.8 Gy) in the 

extended neck position (p=0.0480) 
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7.7.2 Lymph node-positive neck 

Table 7-5. Doses delivered to the oral cavity, mandible, parotid glands and posterior cranial fossa in node-positive patient 
cohorts. * indicates statistically significant, p≤0.05. The volumes are the same as in Table 8-4 and are not shown in this 
table. 

 Oral Cavity Mandible Parotid Glands 
Posterior Cranial 

Fossa 

 Mean dose (Gy) Mean dose (Gy) Mean dose (Gy) Mean dose (Gy) 

 Neutral Extended Neutral Extended Neutral Extended Neutral Extended 

Mean 36.3 31.3 36.2 31.4 22.8 22.8 14.2 18.6 

Standard 

deviation 
2.7 3.4 2.7 4.0 1.4 1.2 3.05 3.18 

p-value 0.0018*  0.0054* 0.9610 0.0057* 

 

Doses to the oral cavity 

The mean dose to the oral cavity was significantly larger in the neutral neck position with a 

mean dose of 36.3 Gy (SD=2.7 Gy) compared to 31.3 Gy (SD=3.4 Gy) in the extended neck 

position (p=0.0018) (Table 7-5).  On average, a patient treated in the neutral neck position 

would receive 5.4 Gy (standard error of mean 1.4 Gy) more than a patient scanned in the 

extended neck position.  

A statistically significant difference was noted for the radiotherapy dose-volume assessments 

(Figure 7-5); the neutral neck position showed a significantly larger percentage oral cavity 

volume in the low to intermediate radiotherapy dose areas (V20 median=99.5 % , range 89.0 

to 100%; V30 median=74.5%, range=46.0 to 91.0%) compared to patients in the extended 

neck position (V20 median=78.0%, range 64.0 to 98.0 %; V30 median=45.5%, range=30.0 to 

64.0%; p=0.0009 and p=0.0002, respectively). There was no significant difference for the 

percentage oral cavity volume receiving the higher doses of 40 Gy and 50 Gy (p=0.1933 and 

p=0.8669, respectively) or the low dose of 10 Gy (p=0.4737).  
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Figure 7-5. Dose-Volume assessment to the oral cavity in node-positive patient cohorts. Symbols represent the median 
values and the error bars represent the range. * indicates statistically significant, p≤0.05. 

 

An example is illustrated in Figure 7-6 where the oral cavity receives a greater  proportion of 

the 20 Gy and 30 Gy isodoses in the neutral neck position compared to the extended neck 

position. 

Figure 7-6. Sagittal view of radiotherapy planning CT and dosimetry plan for a node-positive patient with a neutral(A) and 
extended (B) neck position, respectively. The colourwash represents the isodoses. The green, red and yellow contours 
represent the oral cavity, combined PTV65 and PTV54, and the mandible, respectively. 
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Doses to the mandible 

The mean mandible dose was significantly higher in the neutral neck position compared to 

the extended neck position (36.2 Gy (SD=2.7 Gy) vs. 31.4 Gy (SD=4.0 Gy), p=0.0054) 

(Table 7-5). A statistically significant difference was noted for the radiotherapy dose-volume 

assessments (  

Figure 7-7); the neutral neck position showed a significantly larger percentage mandible 

volume in the intermediate to high dose radiotherapy areas (V30 median=89.0%, range 84.0 

to 95.0%; V40 median=75.5%, range 58.0 to 87.0%) compared to patients in the extended 

neck position (V30 median=79.5%, range 62.0 to 92.0%; V40 median=52.0%, range %; 

p=0.0026 and p=0.0014, respectively). There was no significant difference between the two 

groups for V10 (p=0.4086), V20 (p=0.1614) and V50 (p=0.059).  

Figure 7-7. Dose-Volume assessment to the mandible in node-positive patient cohorts. Symbols represent the median values 
and the error bars represent the range. * indicates statistically significant, p≤0.05. 

 

 

Doses to the parotid gland 

Patient neck position did not lead to any significant differences to the doses delivered to the 

parotid glands (p=0.9610) (Table 7-5). 
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Doses to the posterior cranial fossa 

A neutral neck position led to a significantly smaller mean dose to the posterior cranial fossa 

(14.2 Gy (SD=3.05 Gy)) compared to the extended neck position (18.6 Gy (SD=3.18 Gy); 

p=0.0057) (Table 7-5). 

7.7.3 Dosimetry using an oral cavity dose constraint 

Doses to the oral cavity 

As expected, optimising the treatment plan with an oral cavity dose constraint led to a 

reduction of the mean oral cavity dose, irrespective of the neck position and neck node status 

(Figure 7-8). In the node-negative neck, the mean oral cavity dose was significantly smaller 

with an oral cavity dose constraint compared to standard treatment in the neutral (22.9 Gy 

(SD=1.6 Gy) vs. 32.3 Gy (SD=3.0 Gy ), p<0.0001) and extended neck positions (21.0 Gy 

(SD=2.0 Gy) vs. 28.2 Gy (SD=3.6 Gy), p<0.0001). Similarly, in the node-positive neck, the 

mean oral cavity dose was significantly smaller with an oral cavity dose constraint compared 

to standard treatment in the neutral (26.4 Gy (SD=1.6 Gy) vs. 35.3 Gy (SD=2.7 Gy), 

p<0.0001) and extended neck positions (25.0 Gy (SD=2.9 Gy) vs. 31.3 (SD=3.4 Gy), 

p<0.0001). 
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Figure 7-8. Mean oral cavity dose with and without the use of an oral cavity dose constraint. Symbols represent the mean 
values and the error bars represent the standard deviation. * indicates statistically significant, p≤0.05. 

 

Abbreviations: EN = Extended neck; NN = neutral neck. 

 

Doses to the mandible 

By introducing a dose constraint to the oral cavity, the mean mandible dose was reduced, 

irrespective of the neck position and neck node status (Figure 7-9). In the node-negative 

neck, the mean mandible dose was significantly smaller with an oral cavity dose constraint 

compared to standard planning in the neutral (26.5 Gy (SD=3.0 Gy) versus 27.4 Gy (SD=3.0 

Gy ), p<0.0024) and extended neck positions (21.9 Gy (SD=4.5 Gy) versus 23.4 (SD=4.5 

Gy), p=0.0002). Similarly, in the node-positive neck, the mean mandible dose was 

significantly smaller with an oral cavity dose constraint compared to standard planning in the 

neutral (35.5 Gy (SD=3.0 Gy) versus 36.2 Gy (SD=2.7 Gy), p=0.0495) and extended neck 

positions (30.1 Gy (SD=4.2 Gy) versus 31.4 (SD=4.0 Gy), p<0.0001). 



 217 

Figure 7-9. Mean mandible dose with or without the use of an oral cavity dose constraint. Symbols represent the mean 
values and the error bars represent the standard deviation. * indicates statistically significant, p≤0.05. 

 

Abbreviations: EN = Extended neck; NN = neutral neck. 

 

Doses to the parotid glands 

There was no significant difference in mean parotid gland dose between the oral cavity 

optimised radiotherapy plans and the standard plan, irrespective of the neck position and neck 

nodal status (Figure 7-10). In the node-negative extended neck, the mean parotid gland dose 

was 21.0 Gy (SD=1.8 Gy) and 21.0 Gy (SD=1.7 Gy) for the oral cavity optimised and 

standard plans, respectively, (p=0.9905). In the node-negative neutral neck, the mean parotid 

gland dose was 22.4 Gy (SD=1.1 Gy) and 21.7 Gy (SD=1.3Gy) for the oral cavity optimised 

and standard plans, respectively (p=0.1076). In the node-positive extended neck, the mean 

parotid gland dose was 22.4 Gy (SD=1.0 Gy) and 22.9 Gy (SD=1.3 Gy) for the oral cavity 

optimised and standard plans, respectively (p=0.1866). In the node-positive neutral neck, the 
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mean parotid gland dose was 22.9 Gy (SD=1.3 Gy) and 22.8 Gy (SD=1.4Gy) for the oral 

cavity optimised and standard plans, respectively (p=0.7306). 

Figure 7-10. Mean parotid gland dose with or without the use of an oral cavity dose constraint. Symbols represent the mean 
values and the error bars represent the standard deviation. * indicates statistically significant, p≤0.05. 

 

Abbreviation: EN = Extended neck; NN = neutral neck. 

 

Doses to the posterior cranial fossa 

In the node-negative neck, optimising the treatment plan with an oral cavity dose constraint 

led to a significant reduction in the mean posterior cranial fossa radiotherapy doses compared 

to standard treatment for both extended (9.5 Gy (SD=3.6 Gy) vs. 10.2 Gy (SD=3.8 Gy), 

p<0.0001) and neutral (6.4 Gy (SD=3.1 Gy) vs. 6.9 Gy (SD=3.2 Gy ), p<0.0009) neck 

positions (Figure 7-11). In the node-positive neck, an oral cavity dose constraint did not lead 

to any significant difference in the extended (18.6 Gy (SD=3.2 Gy) vs. 18.5 Gy (SD=2.7 Gy), 

p=0.7934) and neutral neck positions ( 14.0 Gy (SD=3.2 Gy) vs. 14.2 Gy (SD=3.1 Gy), 

p=0.2266). 
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Figure 7-11. Mean posterior cranial fossa dose with and without the use of an oral cavity dose constraint. Symbols 
represent the mean values and the error bars represent the standard deviation. * indicates statistically significant, p≤0.05. 

 

Abbreviation: EN = Extended neck; NN = neutral neck. 
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7.8 Discussion 

In this study, I demonstrated that radiotherapy treatment neck position influenced the mean 

doses delivered to the oral cavity, mandible and posterior cranial fossa but not to the parotid 

glands.  

A neutral neck position significantly increased the mean radiotherapy doses to the oral cavity 

and mandible compared to an extended neck position, irrespective of the extent of the lymph 

node target volumes. In the neutral neck position, a significantly larger percentage volume of 

the oral cavity received a low dose (10 to 20 Gy) and low to intermediate dose (20 to 30 Gy) 

in the node-negative neck and node-positive neck, respectively, compared to the extended 

neck position. Neck extension led to the stretching of the oral cavity which was reflected by a 

significantly larger volume compared to the neutral neck position. This larger volume may 

have contributed to the smaller mean dose to the oral cavity in the extended neck position. 

Compared to an extended neck position, a neutral neck position led to a significantly larger 

percentage volume of the mandible receiving a low to intermediate dose (10 and 30 Gy) and 

intermediate to high dose (30 to 40 Gy) in the node-negative neck and node-positive neck, 

respectively. Conversely, the mean posterior cranial fossa dose was significantly reduced in 

the neutral neck position compared to an extended neck position, irrespective of the extent of 

the lymph node target volumes.  

As the deposited doses are a combination of dose build-up and scattered dose, these 

dosimetric differences can be explained by the position of these structures relative to the 

treatment fields; neck extension led to a proportion of the mandible and oral cavity to move 

out of the radiotherapy treatment field, whilst moving a greater proportion of the posterior 

fossa into the treatment field (Figure 7-12). The higher ROI doses observed in a node-

positive neck may be explained by the addition of levels Ib and VIIb in the low dose CTV 
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and the inclusion of level II nodes in the high dose CTV, which led to a higher ‘dose bath’ to 

these structures. 

Figure 7-12. Sagittal views of the radiotherapy CT plan of patients with node-negative and extended neck (A), node-
negative and neutral neck(B), node-positive and extended neck (C) and node-positive and neutral neck (D). Yellow line 
illustrates the beam edge of one of the anterior VMAT beams. The oral cavity, mandible and posterior fossa are delineated 
in green, yellow and orange, respectively. The colourwash represent the isodoses. 

 

To put these dosimetric differences into clinical context, excessive dose to the oral cavity, 

mandible and posterior fossa have been associated with acute oral mucositis (7), 

osteoradionecrosis (13) and acute fatigue (8), respectively.  

Oral mucositis is a common and self-limiting side-effect of HNC radiotherapy, but it is 

associated with pain, impaired nutrition, decreased quality of life and may hinder treatment 

completion in severe cases (14). Although radiotherapy dose constraint for acute oral 

mucositis has not been defined, the risk and grade of acute mucositis may be related to a 

cumulative dose threshold (15) and dose-volume relationship (7,16), respectively. A mean 

dose smaller than 32 Gy has been associated with minimal acute mucositis (15) and this was 

exceeded in the neutral neck position in both node-positive and node-negative patients. 

Shogan et al. reported that a V15 of 69%, V30 of 61%, V40 of 30% and V45 of 10% 

significantly correlated with the grade of acute mucositis (7). In this study, the V30 and V40 

exceeded this threshold in the node-positive neutral neck only, suggesting that these patients 

may be at higher risk of high-grade mucositis.  Overall, the results in this study suggested 

that a neutral neck position would increase the risk of acute oral mucositis, irrespective of 
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neck nodal status. However, it is important to note that these studies had important 

differences to this study. First, the oral mucosa was defined as the upper aerodigestive tract 

mucosa (oral cavity, oropharynx and hypopharynx) (7,17) and second, it was unclear from 

their study what extent of lymph nodes and neck position that the patients were treated in 

(7,15).   

Osteoradionecrosis of the mandible is a debilitating radiotherapy treatment sequelae (9) that 

can negatively impact on a patient’s quality of life (18). However, osteoradionecrosis is 

uncommon in the modern era of IMRT, with an incidence of less than 5% (13,19,20). The 

mean radiotherapy dose threshold associated with a significant risk of osteoradionecrosis is 

based on several retrospective and single-centre studies and is estimated to range between 40 

to 60 Gy (13,21,22). Although a neutral neck position was associated with a higher mean 

mandible dose, the mean doses were smaller than this threshold of 40 to 60 Gy and would not 

place the patient at higher risk of osteoradionecrosis. Other studies have suggested that the 

risk of osteoradionecrosis may instead be related to the mandible volume within the high 

‘dose bath’ of 40 to 60 Gy (22,23). In a retrospective case-control study by Mohamed et al., 

the mandible V44 ≥ 42% and V58 ≥ 25% were associated with osteoradionecrosis (22). In 

this study, this dose was exceeded in the node-positive neck only, with mean V40 of 73.5 % 

(SD 9.3 %) and 50.5 % (SD 17.0 %) in the neutral and extended neck positions, respectively. 

Reducing these doses may be difficult without compromising target coverage as this 

increased dose resulted from the inclusion of the nodal levels Ib and VIIb, and II in the low- 

and high-dose PTVs, respectively.  

In this study, a neutral neck position led to a smaller mean dose to the posterior fossa in both 

neck node-negative and positive groups. The mean dose observed in the node-positive group 

was higher due to the inclusion of the level VIIb lymph nodes. In the phase III parotid 

sparing study (PARSPORT study) (1), patients in the IMRT treatment arm suffered from 
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increased rates of acute fatigue compared to the conventional radiotherapy arm. This was due 

to an increased dose to brain structures such as the posterior fossa (8). In their study, the 

mean posterior fossa doses in the IMRT arm was 25 Gy (8). This was higher than the mean 

doses observed in this study, which could be secondary to differences in defining the low-

dose and high-dose target volumes. There was no significant difference to the mean parotid 

gland dose. This was not surprising as both parotids were given dose constraints to which the 

radiotherapy planning system adhered to. 

Optimising the treatment plan with an oral cavity dose constraint led to a significant 

reduction in mean dose to the oral cavity in both neutral and extended neck positions, 

irrespective of neck node status. This led to a reduction below the 32 Gy threshold in the 

previously exceeded neutral neck, and a further reduction in dose in the extended neck 

position. This optimisation method also led to a significant reduction in the mean doses to the 

mandible in both extended and neutral neck positions, irrespective of neck node status. For 

the posterior cranial fossa, there was only significant reduction in mean dose for the node-

negative cohort only. In the node-positive cohorts, treatment of the level VIIb lymph nodes 

led to increased dose to the posterior cranial fossa. Optimising the plan using posterior cranial 

fossa dose constraint in addition to an oral cavity dose constraint was no investigated in this 

study. Although it may be tempting to spare the oral cavity as much as possible, stringent 

dose objectives can lead to an increase in radiotherapy doses deposited the other important 

surrounding OARs (17). An example of this is shown in Figure 7-13. A smaller proportion of 

the oral cavity is covered by the 15 Gy isodose (panels A, D, G, J) compared to a normal plan 

(panels B, E, H, K). The differences in isodoses in those particular axial CT slices are shown 

in panels C, F, I and L. The addition of an oral cavity dose constraint led to extra doses being 

deposited (green arrows) and posteriorly (red arrows). This is more pronounced in the neutral 

neck position compared to the extended neck position where up to an extra mean dose of 3.3 
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Gy is deposited anteriorly in the masseter muscles (Figure 7-13I and L). Increased dose to the 

masseter muscles could lead to long-term side effects such as trismus. 

Figure 7-13. Oral cavity optimised plans (A, D, G, J) and normal plans (B, E, H, K). Difference between optimised and normal 
plans (C, F, I and L). The additional dosse deposited anteriorly and posteriorly using the oral cavity dose constraint are 
indicated by the green and red arrows, respectively. The oral cavity (cyan), left parotid (yellow), right parotid (orange), PTV 
54 (purple) are the delineated ROIs. The different isodoses are indicated by the respective colourwash. 

 

This study has certain limitations. The patients in both groups were not paired. Therefore, the 

dosimetric differences reported in this study may be due to unaccounted confounding factors. 

Without clinical guidelines to define the neutral or extended neck position during the 

immobilisation process, the degree of head and neck extension or flexion was driven by a 

combination of patient comfort and experience by the mould room technicians. Thus, the 

head and neck positions were variable in both cohorts. An OPC tumour was stimulated in 

both cohorts as there were no OPC patients scanned in the neutral neck position. A BOT 

tumour was simulated as it was centrally located and not immediately posterior to the oral 
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cavity. Therefore, it offered the ‘best case scenario’ to assess the oral cavity sparing achieved 

for OPC using different neck positions. 

In summary, irrespective of the neck nodal status, oropharyngeal cancer treatment in a neutral 

neck position led to an increase in mean dose to the oral cavity and mandible, and a 

decreased mean dose to the posterior fossa compared to treatment in an extended neck 

position. An oral cavity dose constraint can be used to optimise the treatment plan to reduce 

doses to the organs. This benefit was seen in all but the node-positive neck for the posterior 

fossa. 

7.9 Conclusion 

Head and neck cancer treatment in a neutral neck position can be delivered without 

significant increased toxicities if an oral cavity dose constraint is used. This is particularly 

relevant for treatment on the MR-Linac where this treatment position will reduce the 

craniocaudal field length, increase the number of eligible patients and improve patient 

comfort and tolerance. 
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8 Chapter 8 – Feasibility of daily MR-guided adaptive 

radiotherapy head and neck cancer treatment delivered on the 

MR-Linac 

8.1 Introduction 

Whilst treatment of oligometastatic, pelvic and breast cancers have been reported on the MR-

Linac (1–4), head and neck cancer (HNC) treatment remains under evaluation. 

At the Royal Marsden Hospital, HNC treatment will be delivered on the MR-Linac within the 

Prospective Evaluation of Radiotherapy using Magnetic Resonance Image-Guided 

Treatment (PERMIT) trial (CCR 4841) (5). This prospective trial enables delivery of 

standard-of-care radiotherapy on the MR-Linac and ongoing data collection to accelerate the 

technical and clinical development of MR-guided radiotherapy (MRgRT).  

An adaptive MRgRT treatment can be delivered at each radiotherapy session on the MR-

Linac. A summary of this workflow is shown in Figure 8-1. Before each fraction delivery, a 

MRI (session MRI) is first acquired. Following image co-registration with the baseline 

planning CT or MRI scan, the pre-treatment contours are propagated, manually inspected and 

amended (if needed). The treatment plan is adapted, evaluated and checked on a verification 

MRI scan before treatment delivery (Figure 8-1).  
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Figure 8-1. Summary of online treatment workflow on MR-Linac. 

 

8.2 Aim 

This chapter describes the treatment of the first HNC patient on the 1.5T unity Elekta Unity 

MR-Linac at the Royal Marsden Hospital. This chapter reports the feasibility, performance 

and dosimetric results of a daily online adaptive radiotherapy (ART) workflow.  

8.3 Objective 

• To assess the dosimetric differences to the target volume and organs at risk (OARs) 

between the adapted, non-adapted and the reference plans.  

8.4 Hypothesis 

ART will ensure that the target volume coverage and OARs doses do not deviate 

significantly from the planned doses and improve dosimetry compared to a non-adapted plan. 

8.5 Methodology 

8.5.1 Study design and patient selection 

This is a single centre case report of the first HNC patient undergoing radiotherapy treatment 

on the MR-Linac at the Royal Marsden Hospital (Sutton Branch) within the PERMIT trial. 

To be eligible for HNC treatment on the MR-linac, the following inclusion criteria were 

required: 

Session MRI
Registration 
+ contouring

Plan 
adaptation

Plan 
evaluation

Treatment 
delivery

Verification 
MRI



 231 

• A craniocaudal PTV length of <20 cm due to field size constraint (6). 

• A visible tumour on the MR scan 

Exclusion criteria: 

• Claustrophobia 

• Contra-indications to MRI such as a non-MRI compatible pacemaker. 

8.5.2 Patient set-up 

Acoustic noise protection 

Double ear protection was used on the MR-Linac for acoustic noise reduction as per the 

imaging department’s safety guidance. This consisted of foam earplugs and a pair of MR-

compatible over-ear headphone. The earplugs were placed at the entrance of the ear canal 

(Figure 8-2A) whilst the headphone was placed over the thermoplastic shell (Figure 8-2F). 

Radiotherapy thermoplastic shell 

A five-point thermoplastic immobilisation shell was custom made in the mould room as per 

the standard procedure. This shell was used for the planning CT scan, planning MR scan and 

for treatment delivery.  

Planning scans 

Both CT and MR planning scans were acquired on the same day with the same 

immobilisation devices to enable accurate rigid registration. 

A contrast-enhanced planning CT was acquired on a large-bore CT scanner (Philips Medical, 

Cleveland, OH, USA) in 2 mm slices. The patient was immobilised with the thermoplastic 

shell in the supine position on a head and neck board, with a foam headrest, black mattress, 

knee rest and the acoustic ear protection. A special table overlay was used to facilitate 
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reproducible positioning of the radiofrequency coil and approximate patient set-up using 

specific couch index points (Figure 8-2 B and C). 

The planning MRI was acquired on the MR-Linac in the same position as the planning CT. In 

addition, an anterior flex coil and a posterior non-flex coil were used (Figure 8-2 E and F). A 

non-conducting foam material was placed between any radiofrequency coil component to 

reduce the risk of MRI-related radiofrequency burns (Figure 8-2 E) in areas that were in 

direct contact with the patient’s skin. During the treatment delivery, a 1 cm sheet of wax 

bolus was placed over the chest to reduce the electron streaming effect (shown on a volunteer 

in Figure 8-2 D). 

A T2-weighted sequence (Echo time/Repetition time, 90/2100 ms; 1.2 mm isotropic voxel 

size; field size 520 by 297 by 249 mm; 6 minutes)  and a T2-weighted sequence (Echo 

time/Repetition time, 90/1535 ms; 1.5 mm isotropic voxel size; field size 400 by 400 by 300 

mm; 2 minutes), and a 2D balanced fast field echo in three orthogonal directions for motion 

estimation were acquired. The MR imaging acquired on the MR-Linac was reviewed by a 

consultant radiologist with expertise in HNC (Dr Derfel ap Dafydd) and felt to be appropriate 

for the purpose of this study. 
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Figure 8-2. Patient set-up for the MR-Linac. Foam earplugs inserted in the ear canal(A); patient positioning on a table 
overlay (B and C); 1 cm bolus placed over areas at-risk of dose deposition from the electron stream effect (D); non-
conducting foam material between the anterior radiofrequency coil and patient’s skin (E); MRI-compatible headphones 
placed over the thermoplastic shell (F).  

 

 

8.5.3 Radiotherapy treatment planning 

The planning CT was used to generate both the ‘back-up’ plan and the MR-Linac reference 

plan. The CT and T2-weighted MR scans were rigidly co-registered to aid target volumes and 

OARs delineation. 

8.5.3.1 Target volume delineation 

Gross tumour volume (GTV) 

I delineated the primary GTV (GTV-p) and nodal GTV (GTV-n) on the planning CT scan 

with reference to a registered T2-weighted planning MRI scan. 

Clinical Target Volume (CTV) 

A volumetric 2-dose level approach to define the target volumes which has been described in 

Chapter 8 Section 8.5.2.  
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Planning Target Volume (PTV) 

The low-dose PTV (PTV54) and high-dose PTV (PTV65) were isometrically grown from 

their respective CTVs using an isotropic 3mm margin. 

Organs at risk (OAR) delineation 

I delineated the parotid glands, spinal cord and brainstem on the planning CT using local and 

international guidelines (7).  

Before treatment planning, the target volumes and OARs were reviewed and approved by 

two consultants specialised in HNC (Dr Shreerang Bhide and Dr Kee Howe Wong). 

8.5.4 Treatment plans 

A ‘backup’ plan and a reference plan were created and optimised by medical physicists (Dr 

Dualta McQuaid and Dr Ian Hanson) to be delivered on the conventional linac and the MR-

Linac, respectively. 

Conventional linac radiotherapy ‘backup’ treatment plan 

The ‘backup’ plan was created using the clinical version of RayStation version 9.0 

(RaySearch Laboratories, Stockholm, Sweden). The purpose of this dual-arc volumetric-

modulated arc therapy (VMAT) plan was to deliver treatment on a conventional linac if 

treatment could not be delivered on MR-Linac for a particular fraction e.g. linac breakdown, 

planned gap days and patient intolerance. Since this plan was created as per standard clinical 

practice, it also served to derive a priori information that can be used to optimise the 

reference MR-Linac plan. 

Reference MR-Linac plan 

The MR-linac treatment was planned on the clinical version of Monaco treatment planning 

system (TPS) (Version 5.4, Elekta AB, Stockholm, Sweden). The plan was generated using 
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step and shoot IMRT with a 15-beam arrangement (angles 0o, 28o, 45o, 62o,79o, 96o, 144o, 

168o, 192o, 216o, 264o, 281o, 298o, 315o, 332o) which enabled a closer replication of the dose 

distribution of the VMAT ‘backup’ plan. Since the gantry rotation speed was fast, the total 

number of beams did not significantly lengthen the overall treatment time. 

Dose prescription 

In accordance with ICRU 83, the prescription was to the median dose point on the DVH such 

that the prescription dose of 65.1 Gy was received by 50% of the PTV65. 

8.5.5 MR-Linac HNC online adaptive workflow 

The online ART workflow has been described in detail by Winkel et al. (8).  A simplified 

version is summarised in the next section. 

Online treatment adaptation 

The treatment is then adapted using either an “adapt to position” (ATP) or “adapt to shape” 

(ATS) workflow. 

• ATP workflow 

The ATP workflow is equivalent to the daily image guidance and couch shifts performed on a 

conventional linac. The session MRI scan is rigidly co-registered with the reference CT or 

MRI scan. An isocentre shift is made to translate the reference plan isocentre to the 

equivalent position on the newly acquired MR scan and this is followed by dose recalculation 

and re-optimisation. The delineations are not amended in this workflow and the online plan 

recalculation is made on the reference image. This is similar to treatment on a conventional 

linear accelerator with daily image guidance and couch shifts.  
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• ATS workflow 

In this workflow, the adapted plan is fully re-optimised on the patient’s new anatomy using 

the session MRI (8). The reference image and session MRI scan are rigidly co-registered, and 

the delineations are propagated to the session MRI scan. The delineations are reviewed and 

edited as necessary.  A synthetic CT is generated from the MRI scan and a plan is 

recalculated and optimised. The optimisation in ATP workflow is performed based on the 

pre-treatment planning objectives but based on the new anatomy.  

• The simplified ATS workflow 

Due to the complexity of HNC treatment plans, the ATP workflow does not reproducibly 

recover the required dose distribution for the target volumes unless patient alignment 

differences between the reference and session images are small (9). Thus, the ATP workflow 

leads to inferior target coverage and dose distribution. For HNC, a daily online ATS 

workflow is not feasible given the number of structures that would need to be delineated. 

Thus, a ‘simplified’ ATS workflow is proposed to treat HNC on the MR-Linac. Online 

clinician contouring is not required as all ROIs (except the external body contour) are rigidly 

propagated. The external body contour will be deformably propagated. Thus, none of the 

propagated ROIs were manually amended. This approach has the advantage of delivering an 

adapted plan to the patient’s external contour without the need for daily clinician contour. 

The simplified ATS workflow is summarised in Figure 8-3. A session MRI scan is first 

acquired and rigidly co-registered with the planning scan. Translation errors are corrected and 

the isocentre shift is assessed. The simplified ATS workflow is then triggered to create an 

adaptive plan. The ROIs are propagated and reviewed, the PTV is grown and a new plan is 

derived using the same objectives used to generate the reference plan. The adapt shape and 

segment approach (equivalent to a full repeat plan) is used to derive a new treatment plan. 
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The plan is reviewed and compared to the derived off-line plan, and treatment is then 

delivered after the relevant checks are done by the physicists. 

Figure 8-3. The simplified ATS workflow for head and neck cancer treatment on the MR-Linac. 

 

Abbreviations: ATS, adapt to shape; CT, computed tomography; DVH, dose-volume assessment; MR, 

Magnetic resonance; OARs, organs at risk; PTV, planning target volume; ROIs, regions of interest. 

If clinically indicated, an offline repeat plan to update the reference plan will be performed as 

per the Royal Marsden standard departmental protocol. 

Recalculation and re-optimisation methods 

Intensity-modulated radiation therapy (IMRT) uses multiple beams to deliver the 

radiotherapy treatment. The intensity of each IMRT beam is divided into small segments and 

modulated by the multi-leaf collimator (MLC).  A full explanation of the reoptimisation and 

recalculation methods are beyond the scope of this thesis and explained in detail in an article 

by Winkel et al. (8). In summary, this can be divided into ‘original segments’, ‘adapt 

segments’, ‘optimise weights’ and ‘optimise weights and shapes’ (8). In this study, a full re-

optimisation was performed used ‘optimise weights and shapes’ which is equivalent to a full 

repeat plan. 
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Bulk electron density assignment 

Bulk-density override can provide sufficient accuracy for radiotherapy dose calculations for 

HNC treatment when compared to the ground-truth of a Hounsfield unit-to-density look-up-

table (LUT) based computation (10,11). Bulk density assignment for HNC was evaluated for 

MR-linac-based treatment planning using Monaco TPS in the commissioning report for bulk 

density approach (12). The authors showed that acceptable dose calculation accuracy is 

achieved when comparing to the ground truth (calculated using LUT). As part of quality 

assurance, all plans are calculated with LUT-based calculations and with density overrides 

for comparison. In this study, the bulk density override method uses patient-specific 

overrides and electron densities (ED) assigned per structure based on the average ED value of 

the corresponding contour on the pre-treatment CT. 

8.5.6 Plan assessments 

Dose accumulation was carried out on Research RayStation (Version 8.0, RaySearch 

Laboratories, Stockholm, Sweden). To assess the daily plan generated by the simplified ATS 

workflow, the reference plan was compared to the cumulative dose of the adaptive plans.  

Deformable image registration (DIR) was used to accumulate the daily adaptive plans on the 

initial planning scan. Only the MR-Linac plans were accounted for in the dosimetric 

analyses. If treatment fractions were delivered on the conventional linac, the last delivered 

plan on the MR-Linac was scaled for the number of fractions delivered on the conventional 

linac. For example, if the patient received fractions 16 to 20 on the conventional linac, the 

adapted radiotherapy plan delivered on the MR-linac on fraction 15 was used to calculate 

dose for fractions 16 to 20.  
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The non-adapted cumulative dose was defined as the cumulative dose delivered using the 

reference plan. The reference plan was calculated on the daily acquired MRI anatomy and the 

dose cubes were then deformed to the planning MRI scan to enable dose accumulation.  

Both plans were evaluated using the standard dosimetric constraints. I visually assessed the 

95% dose distribution of the PTV65 and PTV54 and position of any hotspots > 105% using 

the dose colour wash. The dose constraints were assessed using the dose-volume histograms 

(DVHs). 

The adapted and non-adapted plans were compared to the reference plan by calculating the 

percentage difference. 

Percentage difference (%) = (Dx – Dref)/Dref x 100 

Where x represents the adapted or non-adapted plan and ref represents the reference plan. 

8.5.7 Treatment times 

Treatment times were measured using a stopwatch by recording various checkpoints (setup 

and plan reoptimisation, beam delivery, total treatment time). This was measured by the 

radiographers during each treatment session. 

8.6 Statistical analysis 

The data were analysed using Graphpad Prism software (Version 8.2.0; San Diego, CA). The 

Shapiro-Wilk test was used to test for normality of the data. Mean and median values were 

reported for parametric and non-parametric data, respectively. 
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8.7 Results 

8.7.1 Patient characteristics 

Table 8-1. Summary of patient characteristics and treatment. 

Gender Male 

Age 70 years old 

Tumour site Tongue base 

HPV positive 

Sterno-hyoid neck length 12 cm 

Craniocaudal PTV length 18 cm 

Stage (AJCC 7th edition) 

T 3 

N 2c 

M 0 

Radiotherapy details 

Total number of fractions 30 

Fractions delivered on MR-linac 23 

Fractions delivered on conventional linac 7 

High-dose CTV 65.1 Gy 

Low-dose CTV 54 Gy 

Chemotherapy details 

Cisplatin Day 1 (100mg/m2) 209 mg 

Cisplatin Day 29 (100mg/m2) 209 mg 

Abbreviations: AJCC = American joint committee on cancer; CTV = clinical target volume; PTV = planning target volume. 

A summary of the patient’s details and treatment are shown in Table 8-1. The majority of 

treatment (23 out of 30 fractions) was delivered on the MR-Linac. Of the seven radiotherapy 

fractions delivered on the conventional linac, one fraction was pre-planned to account for the 

gap day treatment over a bank holiday. In week 5 of radiotherapy, the patient developed 

aspiration pneumonia following displaced nasogastric tube and required a prolonged 

intensive care unit stay. A clinical decision was made to deliver the remaining six 

radiotherapy fractions (fractions 25 to 30) on the conventional linac as the patient could not 

tolerate extended periods immobilised in the treatment position. However, an MRI scan in the 
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treatment position was acquired on the MR-linac on the last day of treatment to enable dose 

accumulation calculations. The sterno-hyoid neck length measured 12 cm in the craniocaudal 

direction and the predicted craniocaudal PTV length was 17.5 cm using the equation derived 

from Chapter 8. The actual measure PTV craniocaudal length was 18 cm. 

Despite dietetic input, the patient lost up to 12% of their initial weight by the end of treatment 

(Table 8-2). 

Table 8-2. Measured intra-treatment weight changes. Percentage weight loss was calculated from the baseline weight. 

 Baseline Week 1 Week 2 Week 3 Week 4 Week 5  Week 

6 

Weight 

(Kg) 

77.8 81.1 77.9 74 68.0 68.5 68.6 

% weight change 4.2 0.1 -4.9 -12.6 -12.0 -11.8 
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8.7.2 Morphological changes 

Similar to the findings in Chapter 3A, changes to the GTV could be accurately visualised on 

serial MRI scans acquired on the MR-Linac (Figure 8-4). By the end of treatment, the GTVs 

were difficult to visualise on the T2-weighted MRI scans. 

Figure 8-4. Axial slices of T2-Weighted MRI scans at fractions 1, 6, 11, 16, 21 and 30 in panels A, B, C, D, E, F, respectively. 
GTV delineated in orange. 

 

8.7.3 Treatment time 

The patient spent a mean time of 43 minutes (SD (standard deviation) = 5.2 minutes) on the 

treatment bed. This included patient set-up (mean = 5 minutes; SD = 1 minute), session 

image acquisition (mean = 6 minutes; SD = 1.4 minute), registration and contour propagation 

(mean = 9 minutes; SD = 1.6 minute), treatment planning and checking (mean = 13 minutes; 

SD = 4 minute) and treatment delivery (mean = 10 minutes; SD = 0.8 minute). 
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Table 8-3. Mean and standard deviation of the total treatment time and the components of the workflow for a total of 23 
fractions. 

 
Patient 

set-up 

Image 

acquisition 

Registration & 

contour propagation 

Planning & 

checking 

Treatment 

delivery 

Total 

time 

Mean 

time 

(minutes) 

5.0 6.0 9.0 13.0 10.0 43.0 

Standard 

Deviation 

(minutes) 

1.0 1.4 1.6 4.0 0.8 5.2 

 

8.7.4 Comparisons of the adapted, non-adapted and reference plans. 

Target Volume 

All mandatory PTV planning objectives were met for the reference, adapted and non-adapted 

plans (Table 8-4). Compared to the reference plan, the adapted plans received lower doses to 

95% and 99% of the PTV65 (-1.9% and -2.2%, respectively) and PTV54 (-2.8% and -5.4%, 

respectively) (Table 8-4). Similarly, the non-adapted plan received lower doses to 95% and 

99% of the PTV65 (-0.5% and -2.1%, respectively) and PTV54 (-2.8% and -6.1%, 

respectively).  

Differences between the adapted and non-adapted plans were smaller. Compared to the non-

adapted plan, the adapted plans received lower doses to 50%, 95% and 99% of the PTV65 (-

0.3%, -0.9% and -0.2%, respectively) and to the 50% of the PTV54 (-0.9%) (Table 8-4). The 

D5% PTV65 and D99% of the PTV54 of the adapted plans were larger than for the non-

adapted plan (1.1 and 0.8%, respectively). 
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Table 8-4. Comparison of the objective parameters for the adapted, non-adapted and reference plans. 

 Objective 

Dose 

Constraint 

(Gy) 

Reference 

plan (Gy) 

Adapted Plan 
Non-adapted 

Plan 

Gy 

% 

difference 

to 

reference 

plan 

% 

difference 

to non-

adapted 

plan 

Gy 

% 

difference 

to 

reference 

plan 

PTV65 

D99% > 58.50 63.0 61.6 -2.2 -0.2 61.7 -2.1 

D95% > 61.75 63.4 63.0 -1.9 -0.9 63.6 0.5 

D50% > 64.35 65.1 65.4 0.5 -0.3 65.6 0.8 

D5% < 68.25 66.3 67.0 1.4 1.1 66.3 0.3 

PTV54 

D99% >48.60 52.1 49.3 -5.4 0.8 48.9 -6.1 

D95% >51.30 52.9 51.4 -2.8 0.0 51.4 -2.8 

D50% >53.46 54.2 53.9 -0.6 -0.9 54.4 0.4 

Abbreviations: PTV = planning target volume; Dx = dose to x% of the volume.  

Although both adapted and non-adapted plans satisfied the planning objectives, visual 

inspection of the PTV coverage showed that the PTV54 was compromised in small areas 

where the PTV was not covered by the 95% isodose in the non-adapted plan. An example of 

this is shown in Figure 8-5. The PTV65 was not compromised in this patient. 

Figure 8-5. Adapted (A) versus non-adapted (B) plans. The PTV65 (red) and PTV54(purple) are shown in the axial MR scan. 
The arrowheads (white) point to compromised areas of PTV that are not covered by the 95% prescribed isodose.  

 

Although no hotspots were observed in either radiotherapy plans, the PTV of the non-adapted 

plan received a relatively higher dose than the adapted plan PTV. For example, in the non-

adapted plan (Figure 8-6 C and D), a greater proportion of PTV54 and PTV65 of the non-
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adapted plan was within the 100% isodose of their respective prescribed dose whilst in the 

adapted plan a greater proportion was within the 95% isodose of their respective prescribed 

dose (Figure 8-6 A and B).  

Figure 8-6. Adapted (A and B) vs non-adapted (C and D) axial slices of radiotherapy MR plan. PTV65 (red), PTV54 (purple), 
spinal cord (green), right parotid gland (yellow) and left parotid gland (orange). 

 

OAR dose constraints  

Treatment plan adaptation led to a reduction in the maximum dose (Dmax) to the spinal cord, 

spinal cord PRV, brainstem and brainstem PRV compared to a non-adapted plan (-10.6%, -

9.2%, -13.5%, -15.7%)  

Table 8-5). Treatment plan adaptation also led to a reduction in Dmax to the spinal cord, spinal 

cord PRV, brainstem and brainstem PRV compared to the reference plan (-3%, -1%, -18% 

and -19%, respectively) and compared to a non-adapted plan (-10.6%, -9.2%, -13.5% and -

15.7%, respectively). In contrast, a non-adapted plan led to increases of 8 and 9% to the 

spinal cord and spinal cord PRV, respectively, compared to the reference plan. Doses to the 

brainstem and brainstem PRV were reduced by 6% and 4%, respectively, compared to the 

reference plan. However, both adapted and non-adapted plans led to increases in dose to the 
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contralateral and ipsilateral parotid glands compared to the reference plan, with a greater 

increase found in the non-adapted plans. A non-adapted plan led to an increase of 8% and 

13% to the contralateral and ipsilateral parotid glands, respectively, compared to an increase 

of 1% and 6% in the adapted plan, respectively. 

Table 8-5. Comparison of organs at risk dose parameters for the adapted plan, non-adapted plan and reference plan. 

Structure Constraint Reference 

plan (Gy) 

Adapted Plan Non-adapted 

Plan 

Gy % 

difference 

to 

reference 

plan 

% 

difference 

to non-

adapted 

plan 

Gy % 

difference 

to 

reference 

plan 

Spinal Cord Dmax to 1cm3 36.7 35.6 -3.0 -10.6 39.8 8.4 

Dmax to PRV 

1cm3 

40.0 39.6 -1.0 -9.2 43.6 9.0 

Brainstem Dmax to 1cm3 39.3 32.1 -18.3 -13.5 37.1 -5.6 

Dmax to PRV 

1cm3 

41.7 33.9 -18.7 -15.7 40.2 -3.6 

Contralateral 

Parotid 

Mean dose 23.7 24.0 1.3 -6.3 25.6 8.0 

Ipsilateral 

Parotid 

Mean dose 24.3 25.8 6.2 -6.2 27.5 13.2 

Abbreviations: Dmax = maximum dose; Gy = gray; PRV = planning organ at risk volume.  
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8.8 Discussion 

The introduction of the MR-linac in clinical practice has made daily ART for HNC a real 

possibility. This chapter reports the clinical experience of the first HNC patient undergoing 

treatment on the Elekta Unity MR-linac within the PERMIT trial at the Royal Marsden 

Hospital.  

The aim of ART was to maintain the pre-treatment dose constraints of the target volume and 

OARs. In this online adaptive workflow, no changes were made to the target volume or 

OARs and thus, the reported dosimetry reflected adaptation to a change in body contour only. 

Although significant intra-treatment changes to the target volume were observed, adapting to 

a shrinking target volume remains beyond the standard of care and as such could not be acted 

on within the PERMIT trial which required delivery of ‘standard’ treatment. Nonetheless, 

this conservative ART approach demonstrated the feasibility and safety of the simplified 

ATS online adaptive workflow.  

Doses were compared between the reference plan, adapted and non-adapted plans which 

represent the planned delivered dose on a single snapshot of the patient’s anatomy, the 

cumulative dose adapted to a changing body contour and the doses delivered without 

adapting to body contour changes, respectively. 

In this study, I have shown that online treatment adaptation using a simplified ATS workflow 

is feasible. Radiotherapy treatment was adapted according to changes in body contour and 

this led to an improved PTV coverage whilst fulfilling the target volume dose constraints 

compared to a non-adapted plan. The differences between the adapted plan and reference 

plan were small for the PTV, with differences ranging between -5.4% and 1.4%. Similarly, 

differences between the non-adapted plan and the reference plans were small and ranged 

between -6.1% and 0.8%. In this case, the non-adapted plan had no significant compromise 
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of the high-dose PTV and small deficiencies in low-dose PTV at the extremities of the PTV 

which may be of less clinical consequence. 

Treatment adaptation led to reduction in the maximum doses to the spinal cord, brainstem, 

and their respective PRVs compared to both the planned doses and non-adapted doses. 

Treatment adaptation also reduced the mean parotid gland doses compared to the non-

adapted plan, but not compared to planned doses. Generally, the non-adapted plan was 

‘hotter’ than the adapted plan as demonstrated by the PTV and OAR doses being higher. A 

likely explanation is that tissue loss due to weight loss resulted in increased dose deposit in 

the non-adapted plan whilst adapting to body contour changes accounted for this in the 

adapted plan. By week 4, the patient had lost 12% of baseline weight but remained stable for 

the rest of treatment. This could explain the lesser differences in dosimetry observed than 

anticipated despite no adaptation. A poorer set-up associated with greater weight loss could 

have led to worse dosimetry in a non-adapted plan. Treatment adaptation also reduced the 

maximum doses to the spinal cord, brainstem and their respective PRVs compared to the 

reference plan and the non-adapted plan. On the other hand, the adapted plan had larger mean 

parotid gland doses than the reference plan, but smaller compared to the non-adapted plan. 

This is consistent with the results from Chapter 3. The parotids glands shrink in volume and 

move medially towards the high-dose target volume. This would explain the increase dose to 

the parotid glands compared to the planned doses for both ART and non-ART plans. This 

could be explained by the treatment planning system stopping further dose optimisations due 

to time constraints in the online setting. Overall, this suggests that ART leads to improved 

PTV coverage and reduced doses to certain OARs compared to a non-adapted plan.  

The mean treatment time for each MR-Linac fraction was over 40 minutes and longer than 

conventional linac treatment due to the extra steps required before treatment delivery, such as 

MR image acquisition, image registration, contour propagation, treatment planning and 
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checking. This is in keeping with the reported mean treatment time of prostate cancer on the 

MR-Linac (mean of 45 minutes per fraction) at the Royal Marsden Hospital (13). The 

workflow may be hastened by using the 2-minute MRI scan during image acquisition rather 

than the 6-minute scan. However, this would be at the expense of image quality and may not 

be appropriate if in ART techniques such as a shrinking target volume, where accurate target 

volume delineation is needed. Treatment times are likely to remain greater than 35 minutes 

and therefore careful selection of patients should be considered. Therefore, I would propose 

to use the 2-minute scan on a daily basis for online-adaptation, whilst reserving the 6-minute 

scan when adapting to a shrinking target volume is required. This can be done during 

treatment delivery. 

This study has certain limitations. The results reported represent a single patient experience 

and therefore, more patients should be recruited to assess the benefits of MR-guided daily 

ART. It is also important to note the potential drawbacks of the dosimetric assessment due to 

a) the extrapolation of the missed treatment fractions and b) the intrinsic dose uncertainties 

associated with DIR.  

8.9 Conclusion 

This chapter describes the first HNC patient undergoing treatment on the MR-Linac in the 

UK using a simplified ATS workflow. Daily MR-guided ART is feasible on the MR-linac 

and may lead to improved dosimetry compared with a non-adapted plan. The simplified ATS 

workflow offers the groundwork required to open the door to more complex ART approaches 

such as shrinking target volume.  
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9 Chapter 9 – Thesis summary and future directions 

This chapter summarises the findings of my thesis chapters on adaptive radiotherapy (ART) 

in head and neck cancers (HNC). 

9.1 The utility of DIR for contour propagation 

A major limitation of integrating ART into routine clinical practice is the associated 

increased workload in a busy radiotherapy department. Although previous studies have 

reported a benefit in using deformable image registration (DIR) for contour propagation, the 

DIR algorithms and treatment planning systems used were heterogeneous. Therefore, I 

assessed the inbuilt DIR algorithm of the treatment planning system in use at the Royal 

Marsden Hospital in Sutton. The results presented in Chapter 2 and 4 demonstrated the value 

of using DIR for contour propagation in ART which is applicable for both CT and MRI 

scans. I have shown that DIR-contour propagation can improve workflow efficiency by 

significantly reducing the clinician delineation time if repeat planning is required in the 

context of ART.  Contour propagation using DIR was fast and significantly reduces clinician 

workload even when manual modifications of the regions-of-interest (ROIs) were taken into 

account. In particular, the DIR algorithm propagated ROIs with volumes >10cm3 with good 

agreement to manually-delineated ROIs. This geometric overlap improved further with 

manual modification. Compared to manually-delineated ROIs, the dosimetric differences of 

using DIR-propagated ROIs were small and could be within the inter-observer variabilities. 

Nonetheless, clinician modification of DIR-propagated ROIs remains essential, especially for 

small volume ROIs, for the Gross tumour volume (GTV) and in patients who undergo 

significant positional changes between scans.  
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9.2 MR-guided adaptive radiotherapy 

The improved soft tissue contrast using MRI unlocks the potential of adapting to a shrinking 

target volume. Prior to the clinical introduction of MR-guided ART, the intra-treatment 

changes reported in the CT-based studies should be replicated on MR-based studies. Chapter 

3 reported that both the target volumes and the parotid glands volumes reduce throughout 

treatment and that the parotid glands migrate medially as described in CT-based studies.  

Whilst adapting to the weekly observed changes was possible, it would be neither practical 

nor feasible for weekly ART. A pragmatic approach would be to implement ART at weeks 2 

and 4, where significant changes to the target volume and parotid glands are observed as 

reported in Chapter 3. Practically this would also enable enough time to create and deliver the 

new adapted plans in a timely manner.  

The results in Chapter 5 described the feasibility and advantage of using a response-adapted 

ART using an MR-only workflow. By adapting to both a shrinking target volume and a 

changing anatomy, the high-dose target volume dose was shrunk whilst maintaining the low-

dose target volume distribution. This led to a reduction in dose deposited to a number of 

OARs, but this was most significant for the superior and middle pharyngeal constrictor 

muscles. This is especially important in the context of dysphagia-optimised IMRT which may 

become the standard of care in the future.  

9.3 HNC treatment on the MR-Linac 

With the introduction of the MR-Linac at the Royal Marsden Hospital, daily MR-guided 

ART for HNC has become possible. HNC treatment planning is complex and the patient 

selection for treatment is crucial due to the innate characteristics of the MR-Linac. Although 

the results in Chapter 7 suggests that the majority of HNC treated at the Royal Marsden 

Hospital will have a treatment field suitable for treatment on the MR-Linac, certain tumour 
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subsites such as the nasopharynx with significant intracranial extension or paranasal sinus 

requiring nodal irradiation may not be suitable for treatment on MR-Linac. My results also 

demonstrate that patients immobilised in a neutral neck position have a smaller craniocaudal 

treatment field compared to patients immobilised in an extended neck position. Thus, treating 

patients in a neutral neck position increases the number of eligible patients and is a more 

natural and comfortable position. Improving patient tolerance is pivotal as each radiotherapy 

fraction can last up to 40 minutes. A hyo-sternal neck length of less than 14.6 cm in a neutral 

neck position can be used as a surrogate to identify patients with a suitable craniocaudal field 

length. This is important to avoid the extra steps needed for treatment on the MR-Linac. 

Whilst treatment in the neutral neck position is advantageous on the MR-linac, radiotherapy 

of certain HNC sub-sites at the Royal Marsden Hospital have been traditionally treated in an 

extended neck position to reduce the oral cavity dose. However, the results in Chapter 8 

demonstrate that the additional oral cavity dose in the neutral neck position can be mitigated 

by using oral cavity dose constraints.  

This groundwork led to the treatment of the first HNC patient on the MR-Linac as described 

in Chapter 9. This chapter reported an improved dosimetry to the target volume and to the 

OARs in a single patient using a simplified online adaptive strategy compared to a non-

adapted plan. Despite the limitations associated with a single patient report, a simplified 

anatomy-adapted ART to body contour changes led to a reduction in the maximum doses 

delivered to the OARs and to an improvement in the PTV dosimetry.  

9.4 Future work 

This thesis has demonstrated that personalised MR-guided dose adaptation to a shrinking 

target volume is feasible and can lead to reduced doses delivered to the OARs, which may 

translate to a reduction in long-term toxicities. This is particularly important in HPV-
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associated oropharyngeal cancers (OPC), which typically affect younger patients and have 

excellent outcomes. Prospective validation is required before adopting response-adapted 

ART into clinical practice to ensure that locoregional control is not compromised at the 

expense of reducing toxicities. There are two MR-guided phase II trials which are 

investigating this in HPV-associated oropharyngeal cancer patients. The MR-ADAPTOR 

trial (NCT03224000) is a two-stage Bayesian phase II trial assessing the non-inferiority of 

MR-guided radiotherapy (MRgRT) dose adaptation for patients with HPV-associated OPC 

compared to standard IMRT treatment with a primary endpoint of locoregional control. In the 

first phase of this study, locoregional control will be compared to historical data. The second 

phase will randomise 60 patients to either MRgRT or standard IMRT. These patients will 

undergo weekly response-adapted ART based on GTV response. Similarly, the INSIGHT II 

study (CCR 4934/IRAS 245340) is a phase I/II study at the Royal Marsden Hospital which 

will use MRgRT at two time-points (weeks 2 and 4) to adapt the high-dose PTV based on 

GTV response in HPV-positive oropharyngeal cancer. This trial will be assessing the 

dosimetric advantage to the OARs, loco-regional control, acute and long-term toxicities. 

Treatment on the MR-Linac enables the collection of an enormous amount of daily anatomic 

and functional imaging, which can be used to optimise and improve the treatment workflow. 

This data can be used to assess the best timing of these offline response-adapted ARTs and 

on the benefits of using functional imaging to predict tumour response. However, functional 

imaging remains investigative at this stage on the MR-Linac and the sequences require 

optimisation. The simplified adapt to shape treatment workflow on the MR-Linac has just 

tapped into the potential of the MR-Linac. Daily online response-adapted ART is unlikely to 

be feasible due to the time-constraints associated with an online-flow and the uncertain 

benefits of adapting to daily target volume changes. With this in mind, a proposed HNC 

workflow would be to deliver a simplified ATS workflow on a daily basis and using a 
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manageable offline response-adapted ART at two time-points such as weeks 2 and 4. This 

would combine the benefits of adapting to both body contours and to a responding target 

volume. 

9.5 Conclusion 

The work presented in this thesis has demonstrated the feasibility of using DIR for contour 

propagation to aid ART and the benefit of response-adapted ART using MR-guidance in 

reducing OAR dose. This thesis has also investigated the practical differences of treating 

patients on the MR-Linac and laid the groundwork for the first HNC patient to be treated on 

the MR-Linac. 

 


