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ABSTRACT 

Introduction:  

Intensity modulated radiotherapy (IMRT) has been the main treatment modality for many head 

and neck (H&N) cancers. This study aims to provide guidance for planners in the treatment 

planning of head and neck cancers treated by IMRT. The guidance refers to the suggestion of 

optimal beam arrangement, the feasibility to escalate tumour dose and the determination of 

reference dose to the organs at risk (OARs).  

Methodology:  

Study 1: 5 types of H&N cancers were included and a total 119 patients previously treated with 

IMRT were recruited. 5 plans of different beam arrangement methods were optimized for each 

case, including equal spaced beam (ESB), coplanar beam angle optimization (BAOc), non-

coplanar beam angle optimization (BAOnc), 2 arcs volumetric modulated arc therapy (VMAT2) 

and 3 arcs volumetric modulated arc therapy (VMAT3). Apart from the dose volume parameters, 

a “figure-of-merit” known as uncomplicated target conformity index (UTCI) was used to rank 

the beam arrangement method in each type of cancers. ANOVA with repeated measures was 

used to rank the plans according to UTCI. 

Study 2: 25 NPC cases (stage T3-4, N0-1) were recruited. With the same prescription of the 

planning target volumes (PTVs) and the planning goals of the OARs, 3 IMRT plans of different 

gross tumour volume (GTV) doses (76 Gy, 78 Gy and 80 Gy) were optimized using the BAOnc 

for each case. Paired sample T test was used to determine any statistical increase of OARs dose 

in the GTV dose between the dose escalated plans and the reference plan. 
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Study 3: 70 cases of NPC patients (45 in training dataset, 25 in validation dataset) were retrieved 

from the database of a local hospital and a hypothetical IMRT plan was computed for each 

patient. Multiple regression analysis was carried out using the OAR dose parameters as the 

dependent variables and the anatomical parameters such as the distance and the overlapping 

volume between the OARs and PTVs as the independent variables. External validity of the 

multiple regression models was evaluated using the validation dataset.   

Results:  

Study 1: All treatment plans met the dose requirements for the PTVs and OARs. The OARs for 

the evaluation included brain stem, spinal cord, lens, optic nerve, optic chiasm, eyeball, pituitary, 

parotid, cochlea, temporal lobe and brachial plexus. The UTCI favoured the use of BAO and 

VMAT methods. BAOnc offered the best chance for OARs sparing. However, if treatment time 

was included into consideration, VMAT plans would be recommended for cancers of 

nasopharynx (VMAT3), oral cavity and larynx (VMAT2).  

Study 2: The dose to most OARs showed no statistical increase in the GTV dose escalated plans 

except lens, temporal lobe and pituitary. Despite the dose to temporal lobe and lens were 

increased, the dose did not exceed their tolerance even for the plans with GTV dose = 80 Gy. 

Only the pituitary gland demonstrated dose above its tolerance.   

Study 3: A total of 11 multiple regression equations, one for each OAR dose parameter, were 

formulated. The adjusted R2 value of the multiple regression models ranged from 0.916 for the 

brain stem to 0.436 for the lens. All multiple regression equations passed the validation to test the 

reliability of the standard error of the estimates except the eyeball and the lens. 
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Conclusion:  

With regard to the optimal beam arrangement for H&N cancers treated by IMRT, VMAT was 

recommended for the cancer of nasopharynx, oral cavity and larynx; and BAOc for the cancer of 

maxillary sinus and parotid. In the dosimetric study for GTV dose escalation of NPC, most 

OARs tolerated the increased dose except the pituitary gland, which demonstrated dose beyond it 

tolerance in the GTV dose was escalated to 80 Gy. It is suggested that further study for more 

accurate case selection is needed, so that dose escalation will only be performed in those cases 

that weigh higher for the local control over the protection of pituitary gland. Lastly from the 

result of study 3, multiple regression models have been demonstrated to be able to determine 

reference OARs dose to guide the IMRT optimization.  
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Chapter 1 Literature Review 

This chapter aims to provide background information about the cancers included in this study, 

including their respective treatment options and radiotherapy techniques. It is divided into 4 

parts. Part 1 summarizes the information about the head and neck cancers. Part 2 discusses the 

use of radiotherapy for the head and neck cancers. Part 3 introduces the intensity modulated 

radiotherapy (IMRT) which is commonly used in the treatment of head and neck cancers. 

Finally, part 4 reviews the planning techniques of IMRT. 

 

1.1 Head and Neck Cancers 

1.1.1 Statistics in Hong Kong 

The head and neck cancers refer to the carcinomas that originate from any parts of the upper 

aero-digestive tract. They also include the cancers of the thyroid and salivary glands. Although 

head and neck cancers are no longer the top 5 leading cancers in Hong Kong in the most recent 

report (Hong Kong Cancer Registry, 2016), they are still regarded as major types of cancer in 

Hong Kong (Ng, Wong, Lee, Chan, & Lee, 2017).  One of the main reasons for this recognition 

is that nasopharyngeal cancer (NPC) is ranked sixth in terms of the number of new cases in male 

population in Hong Kong (Hong Kong Cancer Registry, 2016). The NPC worldwide figures 

illustrated by the age-standardized rate (ASR) was 1.2 per 100,000 (Shield et al., 2017), which 

were much lower than the incidence in Hong Kong which was  7.4 per 100,000 in the year 2012 

(Hong Kong Cancer Registry, 2016). The high incidence of NPC in Hong Kong is attributed to 

its special geographical epidemiology pattern that 76% of new cases were found in east and 
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south-eastern parts of Asia, in which Hong Kong is situated (Ferlay et al., 2018). Other head and 

neck cancers recorded in the Hong Kong Cancer Registry include cancers of lip, oral cavity, 

pharynx, nasal cavity, middle ear and accessory sinuses, larynx and thyroid gland. Altogether, 

There were 2617 new cases of head and neck cancers reported in 2016 in Hong Kong, which 

accounted for 8.3% of all cancer new cases (Hong Kong Cancer Registry, 2016). Among all the 

new cases of head and neck cancers, NPC was most common which accounted for 46.6%. It was 

followed by the cancer of tongue and larynx which accounted for 13.9% and 11.4% respectively 

(Hong Kong Cancer Registry, 2016). Although there were some variations in the trend of ASR of 

different sub-sites, the overall ASR of head and neck cancers in Hong Kong remained at about 21 

per 100,000 in the past decade. Because of the relatively high incidence of head and neck 

cancers, their treatment remains as one of the major burdens in the health care services in Hong 

Kong (Ng et al., 2017). 

 

1.1.2 Investigations 

Diagnosis of head and neck cancers involves various investigation procedures including 

endoscopy, biopsy, blood test and imaging etc. (Chan et al., 2012). Among all these procedures, 

physical examination, endoscopy and medical imaging are most relevant to radiotherapy because 

they are important to confirm the extent of disease for the delineation of tumour and target 

volumes 

1.1.2.1 Physical examination 

Physical examination plays an important role in the investigation of head and neck cancer 

patients because it helps to detect superficial regional lymph nodes, abnormalities in the facial 
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region and oral cavity.  Superficial lesions and symptoms related to the cancer can be detected by 

visual inspection and manual palpation of the concerned anatomical regions (Hornig, Malin, & 

Oconnell, 2014). For example, physical examination of the neck can help to investigate the size, 

mobility and location of the involved lymph nodes. The palpated involved lymph nodes can be 

correlated with the lymph node levels as shown in Figure 1.1 (Gregoire et al., 2014).  

 

In the facial region, the examination can look for gross asymmetry of facial structures, swelling 

and surface lesions (Hornig et al., 2014). Different types of palpable lesions have various 

palpation characteristics as listed in Table 1.1. These palpation characteristics can help the initial 

identification of the nature of any visualized swelling or masses (Eversole & Silverman, 2001).  

In addition, superficial organs including thyroid gland and salivary gland are also investigated in 

Figure 1.1. Lateral view of the lymph node levels in the head and neck region. Adapted from “Delineation of 

the neck node levels for head and neck tumors: A 2013 update. DAHANCA, EORTC, HKNPCSG, NCIC 

CTG, NCRI, RTOG, TROG consensus guidelines.” Copyright 2014 by Elsevier Ireland Ltd. 
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the palpation process to look for any abnormalities. Procedures have been suggested for the 

comprehensive palpation of the superficial organs and lymph nodes as shown in Figure 1.2 

(O'Donnell, 1962).  

 

 

 

 

Figure 1.2. Illustration of the technique and procedures of face and neck manual palpation. 1-8: Palpation of 

superficial salivary glands and lymph nodes. A-C: Palpation of the thyroid gland. Adapted from “Early detection 

and diagnosis of cancer,” by Walter E. O’Donnel, 1962. Copyright 1962 by C. V. Mosby Company.  
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Palpation Characteristics Mass 

Soft, fluctuant Mucocele, ranula 

Developmental cysts 

Sialocysts 

Gingival cysts 

Parulis 

Space infections and abscesses 

Soft, nonfluctuant Lipoma 

Fibroma 

Organized mucocele 

Firm, movable Mesenchymal tumours 

Granulomas 

Salivary adenomas 

Adnexal skin tumours 

Firm fixed Granular cell tumour 

Seborrheic keratosis 

Keratoacanthoma 

Fibromatosis 

Indurated, fixed Basal cell carcinoma 

Salivary adenocarcinomas 

Squamous cell carcinoma 

Melanoma 

Sarcomas 

lymphomas 

 

Besides examination of the face and neck, intra-oral examination is another step in the physical 

examination. It involves the examination of a number of sub-sites in the oral cavity which 

includes the lips, buccal mucosa, alveoli, tongue, tonsils, roof and floor of mouth, and the visual 

inspection of the pharynx (Hornig et al., 2014; O'Donnell, 1962). Gross tumours or precancerous 

lesions can be found in the oral cavity mucosa in oral cavity cancer patients. Mucosal changes 

such as abnormal pigmentation, ulcerations and new growth are also investigated (Brockstein & 

Masters, 2003).The sub-sites in the oral cavity where these lesions mostly occur include the floor 

of mouth, buccal mucosa and tongue (Napier & Speight, 2008). To facilitate the visualization of 

Table 1.1. Correlation of masses and their palpation characteristics (Eversole & Silverman, 2001) 
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the oral cavity, tongue blades and head lights are usually used. The degree of trismus can also be 

assessed when patients are asked to open their mouths for examination. 

 

Furthermore, physical examination can be used to detect the disease involvement of the cranial 

nerves (CN). CN examination is used to detect the symptoms of any CN palsy. It is important 

because cranial nerve involvement is common in locally advanced NPC, which accounted for 12-

35% of all NPC patients (Turgut, Ertürk, Saygi, & Özcan, 1998). This occurs when the tumour 

invades the bony foramina in the skull base that the CN passes through. It was reported that the 

trigeminal nerve (CN V) and the abducent nerve (CN VI) were most frequently affected in these 

patients (S. F. Leung, Tsao, Teo, & Foo, 1990; J.-C. Li, Mayr, Yuh, Wang, & Jiang, 2006). 

Different CNs serve different sensory or motor function, hence the cranial nerve examination 

aims to test their designated functions. Table 1.2 summarizes the names, functions and the 

clinical features involved of all cranial nerves.  
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Number Name Sensory Function Motor Function Clinical Features 

CN I Olfactory Smell  Unilateral anosmia 

CN II Optic Vision  Unilateral visual 

impairment 

CN III Oculomotor  Eyeball movement 

(up/down) &  

pupil contraction 

Ptosis, eye deviated and 

diplopia due to muscle 

dysfunction;  

Dilated and irresponsive 

pupil 

CN IV Trochlear  Eyeball movement 

(infero-medial) 

Eye motion disability 

and diplopia 

CN V Trigeminal Sensory to lower 

2/3 of face 

Mastication Partial facial numbness; 

Episodes of facial pain 

CN VI Abducent  Eyeball movement 

(lateral) 

Eye motion disability 

and diplopia 

CN VII Facial Sensory to cornea 

& taste 

Facial expression Hemifacial paresis; 

Abnormal taste 

CN VIII Vestibulocochlear Hearing Balance Unilateral anosmia; 

Vertigo 

CN IX Glossopharyngeal Taste Pharynx &  

larynx 

Loss of gag reflex; 

Abnormal taste 

CN X Vagus Taste  Soft palate &  

vocal cords 

Lass of soft palate 

elevation; 

Hoarseness of voice 

CN XI Spinal Accessory  Motor to trapezius & 

sternocleidomastoid 

muscle 

Shoulder pain; 

Shoulder weakness 

CN XII Hypoglossal  Motor to tongue Difficulty in speaking, 

chewing and swallowing 

due to tongue weakness 

 

To test the CNs involvement based on their functions, clinical guidelines in the physical 

examination of cranial nerve involvement has been described (Damodaran, Rizk, Rodriguez, & 

Lee, 2014; Hurley, 2011). For example, the examination of the CN V involves the checking of 

both its sensory function and motor function. In general, the sensory response of the face is 

checked by comparing the sense of touch by cotton wool and pins in different parts of the face, 

Table 1.2. Name, function and foramina involved of cranial nerves. 
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whereas the muscles of mastication are checked for their strength by the palpation of muscle bulk 

in contraction (Damodaran et al., 2014).  

The findings in the physical examination contribute useful information in the diagnosis and 

staging of the disease. The results of physical examination can guide the oncologist to look for 

the relevant disease involvement regions in the medical images and therefore are supplementary 

to the results of medical images in making accurate diagnosis and staging for cancer patients.  

1.1.2.2 Endoscopy 

Endoscopy in the head and neck cancer investigations involves the use of fiberoptic instruments 

which pass through the nasal cavities into the airway. It is used to visualize the pharynx, larynx 

and any parts in the airway where physical examination cannot assess. It was reported in a study 

that more than 60% of the NPC patients employed endoscopy as the first diagnostic tool (K. H. 

Wang, Austin, Chen, Sonne, & Gurushanthaiah, 2017). It is because endoscopy has the benefit of 

short operation time and wide availability in clinics (M. Li et al., 2017). The reliability of the 

endoscopy is another reason for its wide application in which it was reported that the sensitivity, 

specificity and accuracy of endoscopy in the diagnosis of NPC were 88.7%, 97.5% and 93.3% 

respectively (Gao, Liu, Zhu, & Yi, 2014). Besides visualizing the airway, endoscopy is an 

important tool to obtain biopsy. In fact, it was suggested that the definitive diagnosis of NPC 

should be confirmed with the endoscopic biopsy in the primary tumour (Chan, Felip, & Group, 

2008). The findings in the endoscopy contribute to the delineation of target volume because the 

gross tumour volume (GTV) should include all the macroscopic disease that is seen, palpated and 

imaged (Burnet, Thomas, Burton, & Jefferies, 2004). Although it has been suggested that the 

entire nasopharynx should be included in the high dose clinical target volume for the 
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radiotherapy of NPC regardless of the endoscopy findings (Sze, Ng, Yuen, Lai, & Ng, 2019), 

endoscopy remains to be the essential source of information in the GTV delineation of head and 

neck cancers (Mendenhall, Amdur, & Palta, 2006). 

1.1.2.3 Medical Imaging 

Many imaging modalities contribute to the diagnosis of head and neck cancers. In general, 

imaging in the head and neck cancers patients is important for the definition of tumour extent, the 

assessment of lymph nodes involvement and the evaluation of perineural spread (Rumboldt, 

Gordon, Bonsall, & Ackermann, 2006). These are important criterion for the delineation of target 

volume in radiotherapy. The common modalities include computed tomography (CT) and 

magnetic resonance imaging (MRI). Both CT and MRI are imaging modalities that provide 

sectional images with 3-dimensinal reconstruction. Each of them has their unique strengths and 

therefore can provide complementary information in the localisation of tumour and organs at 

risk.  

Although both CT and MRI generate sectional images, their image generation mechanisms are 

not the same. The CT generates images using X-ray. By rotating the X-ray tube, a fan beam of X-

ray is irradiated around the patients. After passing through the patient’s body and being 

attenuated differentially by different body tissue with various densities, the X-ray detector 

receive many projections from the scanned body region. The computer then generates cross-

sectional images based on the information gathered from the detected X-ray projections (Seeram, 

1994). The resultant images are shown in grayscale according to the tissue density, which can be 

illustrated by appearing white for bone (high density), grey for soft tissue (medium density) and 

black for air (low density) (Seeram, 1994). In addition to the visualization of internal anatomy for 
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the diagnosis purpose, the grayscale which is derived from the CT numbers and the robust 

geometrical information make the CT images suitable to be used for the dose calculation in 

radiotherapy planning (R. P. Parker, 1979).  

On the other hand, MRI works by detecting the reaction of the MR-active nuclei in different part 

of the body, mainly hydrogen, to the magnetic fields generated by the MRI machine (Grover et 

al., 2015). MR-active nuclei refer to the particles that have net spins of the protons and neutrons, 

which create magnetic fields on the nuclei (Bitar et al., 2006). These MR-active nuclei therefore 

react to the strong magnetic field applied by the MRI machine. The image formation is first done 

by the application of magnetic field to patients’ body to align the spinning axis of the MR-active 

nuclei in the body tissue. Then, by the application of short pulses radiofrequency, the alignment 

is displaced and then relaxed. This procedure, called relaxation, leads to the release of energy 

detected by the receiver coil (Grover et al., 2015; Westbrook, 2019). The two main types of 

relaxation are longitudinal relaxation time (T1) and transverse relaxation time (T2). T1 

determines the rate of the spinning axis of the MR-active nuclei to realign to the MRI machine 

magnetic field, while T2 determines the rate of the MR-active nuclei to lose phase from the 

alignment (Bitar et al., 2006). The detection of the energy released can then be processed by 

computers to generate the cross-sectional images. The differences of the relaxation time (T1 or 

T2) and the density of the nuclei contribute to the tissue contrast in MRI images (Bitar et al., 

2006).  

Utilization of both CT and MRI images in head and neck cancers is common because they are 

complementary to each other. In general, MRI is better in soft tissue contrast while CT is better 

in detecting bone erosion. For example, T1 weighted MRI images are the most suitable to 
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delineate NPC tumours because of better soft tissue contrast and more sensitive in detecting 

perineural extension of the tumour (Rumboldt, Castillo, & Smith, 2002). However, MRI images 

may fail to detect subtle skull base bone erosion, which can be complemented by coronary CT 

images in bone window (Sakata et al., 1999). Also, in the cancer of oral cavity, contrast enhanced 

T1 weighted MRI images are the best for the delineation of tumour margin (P. Lam et al., 2004), 

while CT images are useful for the detection of small lytic lesion in the cortical mandible 

(Mukherji et al., 2001).  

Although being not a common modality in diagnosis of head and neck tumours due to its high 

cost, PETCT provides additional information to the commonly used CT and MRI images. The 

PETCT information is provided by the increase uptake of the fluorodeoxyglucose (FDG) in 

tumour cells than in normal cells because of their higher metabolic activity (Berger, 2003). The 

FDG uptake site can then be localized by scanners by detecting the radioactivity of the FDG. 

There are several circumstances that PETCT can provide supplementary information in addition 

to CT and MRI images. PETCT has been reported to have superior performance than CT and 

MRI in the detection of involved cervical lymph nodes. This is illustrated by the sensitivity of 

90% and specificity of 94% in PETCT, compared with about 80% sensitivity and specificity in 

MRI and CT (Adams, Baum, Stuckensen, Bitter, & Hör, 1998). Also, PETCT is better in the 

detection of unknown primary tumour, which is essential to decide the treatment regimen (Kwee 

& Kwee, 2009). Furthermore, PETCT is useful in determining the presence of distant metastasis. 

It has the sensitivity and specificity of 89% and 95% respectively which indicates very accurate 

diagnosis of the metastatic stage of the disease (Xu, Guan, & He, 2011). In general, despite 

PETCT can provide supplementary information to the CT and MRI images, it is currently not 
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able to replace them in the target delineation in radiotherapy (Omami, Tamimi, & Branstetter, 

2014). 

1.1.3 Classification 

The classification refers to the staging system of the head and neck cancers. The staging of the 

head and neck cancers is a very important guide to the treatment of choice for individual patients. 

The information from physical examination and image acquisition is incorporated to classify the 

disease into different stages. The staging system is commonly based on the American Joint 

Committee on Cancer (AJCC) (American Joint Committee on, 2017). The AJCC system 

classifies the cancer by the size, extent of the lymph node involvement and the status of distant 

metastasis by the tumour/node/metastasis (TNM) system. The definition of the TNM staging 

system is summarized in Table 1.3. 

Table 1.3. Part of TNM staging system for head and neck cancer 

Primary tumor (T) 

T1 ≤ 2 cm in maximum dimension 

T2 > 2 cm and ≤ 4 cm in maximum dimension 

T3 > 4 cm in maximum dimension; or with minor bone erosion; or with perineural invasion 

/ with deep invasion 

T4a With gross cortical bone; or marrow invasion 

T4b With skull base invasion; or with skull base foramen involvement 

Clinical regional lymph nodes (N) 

NX Cannot be assessed 

N0 No regional lymph node involvement 

N1 Single ipsilateral lymph node with greatest dimension ≤ 3 cm and no extranodal 

extension 

N2a Single ipsilateral lymph node with greatest dimension > 3 cm and ≤ 6cm and no 

extranodal extension 

N2b Multiple ipsilateral lymph node with greatest dimension ≤ 6cm and no extranodal 

extension 

N2c Single or multiple, bilateral or contralateral lymph node with greatest dimension ≤ 6cm 

and no extranodal extension 

N3a Any lymph node with greatest dimension > 6cm and no extranodal extension 
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N3b Any lymph node with extranodal extension 

Distant metastasis (M) 

cM0 No distant metastasis 

cM1 With distant metastasis 

cM1 Distant metastasis with pathology examination confirmation 

 

1.2  Treatment of Head and Neck Cancers Using Radiotherapy 

The role of radiotherapy in the radical treatment of five types of head and neck cancers including 

cancers of nasopharynx, oral cavity, larynx, maxillary sinus and parotid gland is discussed in this 

section. Intensity modulated radiotherapy is a standard radiotherapy technique used. The benefit 

of the use of IMRT is that it can deliver highly conformal dose to the target while spare the 

nearby organs at risk (OARs).  

1.2.1 Nasopharynx 

Radiotherapy is the main treatment modality for nasopharyngeal carcinoma (NPC). It is because 

the primary tumour site of NPC is difficult to be accessed by surgical intervention; and the 

tumour cells of NPC is sensitive to radiation (M. L. K. Chua, Wee, Hui, & Chan, 2016). The use 

of radiotherapy alone is effective to treat stage I to II NPC, while concurrent chemotherapy is 

added for higher stages disease to obtain better local regional control and survival outcome (A. 

W. Lee et al., 2015). IMRT is the preferred radiotherapy technique because it has shown to have 

better overall survival and less side effect when compared with the other conventional techniques 

in external beam radiotherapy such as the three dimensional conformal radiotherapy (3DCRT) 

(Zhang et al., 2015). This is concurred by the report stating that the overall survival has been 

improved from 81% in 3DCRT to 85% in IMRT (A. W. M. Lee et al., 2014), and the late side 

effect of xerostomia in patients receiving IMRT was significantly reduced (Kam et al., 2005). 
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The current standard of the prescribed total dose to the primary tumour is to give 70 Gy in 33 – 

35 fractions (Sze et al., 2019). With the use of simultaneous integrated boost, the prophylactic 

dose which is lower than the dose to the primary tumour is prescribed for potential microscopic 

spread of the primary tumour and selected cervical lymph nodes regions. The prophylactic 

prescription can be varied in different local practices, it was reported that the prescriptions for the 

intermediate and low risk cervical lymph nodes were about 60 Gy and 50 Gy respectively (Chan 

et al., 2008; Sze et al., 2019). 

 

1.2.2 Oral Cavity 

The cancer of oral cavity includes various sub-sites such as the anterior tongue, buccal mucosa, 

hard palate, soft palate, alveolus and floor of mouth. The primary treatment of the cancer of oral 

cavity varied according to stage, which can be briefly divided into early and advanced. For early 

stage which refers to T1 and early T2 tumour, radiotherapy entirely or partly delivered by 

brachytherapy can result in similar local control as in surgery (Barrett & Dobbs, 2009; Mazeron 

et al., 2009). However, a recent retrospective study reported that primary radiotherapy to early 

stage oral cavity cancer patients resulted in higher mortality as compared with those who 

received primary surgery (M. A. Ellis et al., 2018). It has also been reported in the same article 

that majority (more than 95%) of early stage oral cavity cancer patients received primary surgery. 

The small proportion of patients receiving primary radiotherapy in this group of patients was 

attributed by the fact that brachytherapy services were not available due to lack of expertise and 

suitability of applicator for insertion (Barrett & Dobbs, 2009). Hence, most early stage oral 

cavity cancer patients receive surgery for primary treatment, although radiotherapy is also an 
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alternative. Post-operative radiotherapy is only indicated for positive or close margins after 

resection (Fridman et al., 2018). For advanced oral cavity cancer, surgery is often the standard 

primary treatment whenever resectable (Budach et al., 2016), and then followed by adjuvant 

radiotherapy or chemo-radiotherapy. For non-resectable advanced oral cavity cancer, radical 

radiotherapy is offered in conjunction with chemotherapy or targeted therapy to improve the 

disease control (S. H. Huang & O'Sullivan, 2013). IMRT is used in the radiotherapy of oral 

cavity cancer and has shown superior outcome over 3DCRT. It has been reported that the 2-year 

local control was improved from 70% (3DCRT) to 92% (IMRT) in the post-operative 

radiotherapy of advanced disease (Studer, Zwahlen, Graetz, Davis, & Glanzmann, 2007). The 

total prescribed dose is 70 Gy to the gross tumour or 66 Gy to the tumour bed after resection, 

delivered with 2 Gy per fraction. Similar to NPC, prophylactic irradiation to the cervical lymph 

nodes regions is also used, where 60 Gy and 54 Gy are prescribed to the intermediate risk and 

low risk regions respectively (Gomez et al., 2009) 

1.2.3 Larynx 

The specific consideration in the choice of treatment in the cancer of larynx is organ and function 

preservation. Radiotherapy alone or concurrent chemoradiotherapy is the most widely applied 

approach in organ preservation therapy (Pfister et al., 2006). Radical surgery is the rival choice 

for the patients, the outcome would lead to sub-optimal quality of life because it would result in 

loss of voice, swallowing problem and often a permanent tracheostomy. To achieve better quality 

of life after treatment, organ preservation therapy using radiotherapy or chemoradiotherapy is 

recommended for early stage disease and some advanced cases of T3 and T4 (Bhalavat, Fakih, 

Mistry, & Mahantshetty, 2003; Pfister et al., 2006). The consideration of offering surgery instead 
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of radical chemoradiotherapy for advanced cases include patients’ condition and the extent of the 

disease, and should be assessed by an expert panel of clinicians from different disciplines 

(Timme, Jonnalagadda, Patel, Rao, & Robbins, 2015). Even when surgery is chosen as the 

treatment option, radiotherapy still has the role in providing post-operative adjuvant treatment for 

high grade tumours, positive margins, cervical lymph nodes involvement and tumour invasion 

beyond larynx (Skora et al., 2015). IMRT is the preferred technique in the radiotherapy of 

laryngeal cancer, unless for cases of T1 and T2 glottic cancer when prophylactic irradiation to 

the neck is not indicated. In T1 and T2 glottic cancer, when the treatment target is limited to the 

primary tumour, the use of 3DCRT can achieve 5-year local control of more than 95% with 

limited toxicity (Jones et al., 2010). However, in more advanced disease, IMRT is advocated for 

better local control and less severe toxicity such as xerostomia (Daly et al., 2011). The prescribed 

dose ranged from 66 Gy to 76 Gy to the primary tumour site and involved lymph node; and the 

prescription for the selective lymph node with suspected microscopic involvement is at least 50 

Gy (Anonymous, 1991).  

 

 1.2.4 Maxillary sinus 

Although the primary treatment of the cancer of maxillary sinus is surgery, post-operative 

radiotherapy is indicated for stage 2 and stage 3 disease, and for stage 1 disease when the 

surgical margin is insufficient (Bristol et al., 2007).  For locally advanced disease, induction 

chemotherapy and then concurrent chemoradiotherapy have been suggested for non-resectable 

patients (Won et al., 2009). The treatment outcome for these patients would be better if the 

tumour can be down-staged and subsequent resection is possible (Won et al., 2009). The concern 
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of the radiotherapy to the maxillary sinus includes the preservation of the optic apparatus which 

are near to the tumour (Bristol et al., 2007). It has been reported that the radiotherapy induced 

blindness in 37% of the patients who received conventional radiotherapy (Katz et al., 2002). 

IMRT is the preferred technique because it has been reported to be significantly better in sparing 

the nearby organs than those in 3DCRT. This was demonstrated by the report that the dose to the 

optic chiasm can be significantly decreased from over 60 Gy in 3DCRT to less than 40 Gy in 

IMRT (D. Huang et al., 2003), while the tumour coverage by the prescribed dose is increased 

from 83% in 3DCRT to 95% in IMRT. The prescribed dose to the primary tumour site ranged 

from 66 to 70 Gy.  

1.2.5 Parotid gland 

The primary treatment for the cancer of parotid gland is surgical resection. Radiotherapy is used 

for adjuvant post-operative treatment except in small and low histological risk tumour with clear 

surgical margins (Adelstein, Koyfman, El-Naggar, & Hanna, 2012). In addition, radiotherapy is 

also indicated as radical treatment in advanced parotid gland cancer cases when resection of the 

tumour is not possible (Spratt et al., 2014). The prescribed dose to the primary site is about 66 

Gy. IMRT is advocated as the treatment technique to improve OARs sparing (Schoenfeld et al., 

2012). Although study on the comparison of IMRT and 3DCRT in terms of treatment outcome is 

limited, report has suggested that the 3-year local control of the post-operative adjuvant IMRT to 

be 92%, while acute grade 3 mucositis occurred only in 8% of the cohort (Schoenfeld et al., 

2012).  
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1.3  Intensity Modulated Radiotherapy 

As discussed in the previous section, IMRT is commonly used for radiotherapy of head and neck 

cancers because of its superior dosimetric outcome, as compared to conventional treatment, to 

deliver conformal and homogeneous dose to the targets while sparing the OARs. The concept of 

IMRT has been introduced as early as thirty years ago (Anders Brahme, 1988), when the method 

of optimizing the intensity distribution of the incident beams with the purpose to achieve the 

required dose distribution in the targets was described. The following points summarize the 

concept of the delivery of IMRT: 1. There are multiple radiation beams with specially decided 

non-uniform intensity in beamlets, also known as intensity modulation. 2. The multiple radiation 

beams are applied from different directions, and the region of the convergence of the beams can 

achieve the desired dose distribution based on the modulated beam intensity. 3. Calculation of 

the modulated beam intensity usually follows an inverse approach, in which the final dose 

distribution indicated by planners is used by the computer to calculate the intensity of each 

beamlets in the treatment field of IMRT plan.  

The delivery of intensity modulated beams is largely contributed by the dynamic multi-leaf 

collimator (MLC). The MLC can change the field shape automatically and the summation of 

numerous sub-fields in different shapes then generate a field with intensity modulation. A 

simplified rationale of intensity modulation is illustrated in Figure 1.3. Assume there is no OAR 

surrounding the target, the intensity of the beam should be proportional to the target thickness 

from the perspective of each beam. Although beam modifying devices such as wedges and 

compensators have been used in 3DCRT, their flexibility of beam intensity modification is far 

less than that in the IMRT. This is best illustrated by the fact that IMRT can produce concave 
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shape isodose distribution which 3DCRT can hardly generate. The freedom of intensity 

modulation has great impact on the dosimetric superiority of IMRT, in which better target 

coverage and less dose to the OARs can be achieved. 

 

 

1.4  IMRT Planning 

To achieve the dosimetric superiority of IMRT described in the last section, the planning 

procedure adopts an inverse approach. The inverse planning is a process to determine the optimal 

beam intensity. Numerous inverse planning approaches have been proposed and they can be 

classified as dose-volume based or biological index based (Chui & Spirou, 2001). In this study, 

the dose-volume based approach of the inverse planning is used and is the focus in this section. 

The inverse planning procedure starts with the delineation of the regions of interest (ROI) which 

Figure 1.3 Illustration of the relationship of beam intensity and target thickness. 
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includes the PTV and OAR, followed by the beam configuration, objective function setting and 

computer optimization. The workflow of IMRT planning is illustrated in Figure 1.4.  

 

The procedures which require human input, including the setting of ROI delineation, beam 

configuration and objective function, and evaluation of the plan are further discussed in the 

following sections. 

 

 

Yes 

Deciding beam arrangement 

Setting objective function for OARs and targets 

Optimization for beam intensities and fluence map 

Calculation of dose 

Meeting Plan 

requirements  

Plan accepted 

No 

No 

Figure 1.4. Procedure of IMRT planning  

Yes 

IMRT Plan completed 

Contouring of OARs and targets 
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1.4.1 Target Delineation 

The delineation of targets in head and neck cancers includes the high-risk, intermediate-risk and 

low-risk planning target volume (PTV) (Elicin et al., 2017). The intermediate-risk PTV refers to 

the regional lymph nodes and the isotropic margins of the high risk PTV, the low-risk PTV refers 

to selective negative lymph nodes for prophylactic treatment, and the high risk PTV encompasses 

the primary tumour or tumour bed and the positive lymph nodes. The consensus guideline on the 

delineation of elective lymph nodes levels is well-established (Gregoire et al., 2014). The 

guideline classifies the regional lymph nodes in the head and neck region into 10 levels and 

defines their anatomical boundaries. While the selection of lymph nodes levels to be treated 

largely depends on different oncologists’ judgement and individual patients’ condition , there has 

been published guidelines to review the criteria for the lymph nodes levels selection for treatment 

in different types of head and neck cancers (Eisbruch, Foote, O'Sullivan, Beitler, & Vikram, 

2002; Gregoire et al., 2014). Contrary to the well-established consensus in the delineation of 

PTV for the regional lymph nodes, the high risk PTV delineation technique varies among 

oncologists. It can either be based on isotropic expansion of the gross tumour volume or 

inclusion of anatomical sub-sites (Elicin et al., 2017). The method of isotropic expansion to form 

PTV and the margins needed has been described (Antolak & Rosen, 1999). The aim of the 

margins is to account for the uncertainties in the delivery of radiation to avoid target miss. On the 

other hand, the aim of the inclusion of anatomical sub-sites in the high risk PTV in addition to 

the gross tumour volume is to include regions with possible microscopic extension (Eisbruch et 

al., 2002). Due to the high level of variability, the target delineated by oncologist in this study 

was reviewed by at least one other oncologist to obtain consensus. 
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1.4.2 Organs at Risk Delineation 

Inverse planning of IMRT involves the estimation of OAR dose for the calculation of the beam 

modulated intensity. The accuracy of the OARs delineation is crucial for the estimation of OARs 

dose, and hence the inverse planning procedure. There has been consensus guideline on the 

OARs delineation in the head and neck regions (Brouwer et al., 2015). This guideline listed the 

anatomical boundaries of 25 OARs in the head and neck region for the purpose of consistency in 

the delineation. Detailed atlas has also been supplemented for reference. Figure 1.5 shows part of 

the atlas provided by the guideline 

 

 

 

 

Figure 1.5. Part of the OAR delineation atlas. Adapted from “CT-based delineation of organs at risk in the head 

and neck region: DAHANCA, EORTC, GORTEC, HKNPCSG, NCIC CTG, NCRI, NRG Oncology and TROG 

consensus guidelines” by Brouwer et al., 2015. Radiotherapy and Oncology, 117 (1), 83-90. Copyright 2015 

The Authors 
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1.4.3 Beam Arrangement 

In the early application of IMRT, equally spaced beam arrangement was commonly used (Gupta 

et al., 2012; Vlachaki, Teslow, Amosson, Uy, & Ahmad, 2005). There are two other beam 

arrangement options available in the Eclipse treatment planning system (Varian Medical System, 

Palo Alto, USA). These include volumetric modulated arc therapy (VMAT) that enables 

rotational beams, and beam angle optimization (BAO) that automatically chooses optimal static 

beam angles in either coplanar or non-coplanar beam arrangements.  

1.4.3.1 Equally Spaced Beams (ESB) 

The delivery of IMRT requires several beams to achieve the assigned dose distribution (Anders 

Brahme, 1988). It has been a common practice to use the 5-9 beams arrangement in IMRT for 

head and neck cancer (Ahmed, Hansen, Harrington, & Nutting, 2009; Gupta et al., 2012). 

Although theoretically greater number of beams can have higher chance to achieve the planned 

dose distribution, it increases the time for delivery and quality assurance. Hence, effort should be 

put to minimize the number of beams to use. Another concern in the beam placement is that 

opposing beam should be avoided in IMRT because it reduces the effectiveness of the 

optimization (Soyfer et al., 2012). Furthermore, it has been calculated that the optimal number of 

beams is 7 – 9 after striking a balance between the gain in dose distribution and the expenses of 

treatment time in further addition of beams (Webb, 1994). 

1.4.3.2 Beam Angle Optimization (BAO) 

Selecting optimal beam orientations can help to improve the dose distribution in complex plans 

(Stein et al., 1997). BAO is a function available in the Eclipse treatment planning system that a 

built-in algorithm can automatically choose the optimal beam arrangements in static beam IMRT. 
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The mechanism of selecting the beams is by elimination of beams from up to 400 pre-assigned 

beams orientations. Then, the calculation of fluence optimization iterations can help to eliminate 

the beams that cause the least contribution to the pre-set objective functions until the number of 

desired beams is reached. Planners must customize the resulting number of beams, coplanar or 

non-coplanar arrangement and the number of initial beams. Also, objective functions for each 

target volumes and OARs must be set beforehand for the purpose of fluence optimization in the 

beam elimination process. The user interface of BAO is shown in Figure 1.6. 

 

 

Figure 1.6 User interface of BAO in Eclipse treatment planning system 
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1.4.3.3 Volumetric Modulated Arc Therapy (VMAT) 

VMAT is a technique that enables delivery of IMRT in one or more rotations of the linear 

accelerator gantry. The delivery time is shorter than static gantry methods while maintaining at 

least comparable dosimetric quality (Vanetti et al., 2009). It is done by simultaneous modulation 

of gantry speed, dose rate and position of multi-leaf collimator (MLC) while the gantry is 

rotating round the patient during treatment. The optimization of VMAT plan is done on the same 

user interface as fixed beam IMRT plan, which is the Photon Optimizer in the Eclipse treatment 

planning system. While individual fluence map for the beam intensity modulation is optimized 

for the fixed beam IMRT, the VMAT optimization considers the full rotation of the gantry by 

dividing into 178 equally spaced control points (Vanetti et al., 2011). Assuming that the radiation 

from each control points is delivered from a static gantry, the optimizer then generates the 

information of the gantry speed, MLC position and dose rate altogether for the dose distribution 

calculation. The Photon Optimizer user interface for the optimization of IMRT in Eclipse 

treatment planning system is shown in Figure 1.7. 
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1.4.4 Optimization Objectives and Procedures 

Setting of dose objective is a crucial step in inverse planning because it defines the doses to be 

delivered to various delineated structures. The computer then calculates the intensity modulation 

of the treatment field based on the definition of dose objectives (Cho, 2018). While both dose-

volume based objectives and biological objectives can be input in current commercially available 

system, only dose-volume based objectives were used in this study. This is because it has been 

demonstrated that the use of generalized equivalent uniform dose (gEUD) objectives would lead 

to poorer homogeneities (Qiuwen, 2003). Inverse planning was first proposed in 1982 (A. 

Brahme), in which the dose distribution was defined by planners for the calculation of beam 

intensity to deliver the desired dose. It is an “inverse” process when compared with the 

conventional “forward” approach, in which the planners define beam parameters for the 

calculation of dose distribution (Cho, 2018). There are upper objective, lower objective and mean 

Figure 1.7. User interface of Photon Optimizer. 
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objective in the definition of dose-volume based objectives for a structure. A priority number is 

assigned for each objective to indicate their relative importance. Because the objectives to 

achieve target dose coverage and to avoid dose to OARs sometimes oppose to each other, the 

setting of priority provide information for the computer system to decide the “trade-off” between 

conflicting objectives.  

1.4.5 Dose Constraints of Targets and OARs 

In general, there are 3 types of dose constraints settings before the optimisation. They are the 

PTVs, serial OARS and parallel OARs respectively. For the PTV, it requires the setting of at 

least one upper objective and one lower objective as shown in Figure 1.8. The resultant dose-

volume histogram (DVH) should show that the majority of the PTV receives the desired dose 

with little volume receive the higher dose, and the shape should look like a plateau at 100% 

volume with an extremely steep cliff at the end when it reaches the prescribed dose. 
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The dose constraints setting for serial OARs only requires an upper objective to limit its 

maximum dose, as shown in Figure 1.9.  

 

Lower objective 

Upper objective 

Upper objective 

Figure 1.8 Dose constraints setting of PTV 

Figure 1.9 Dose constraints setting of serial OARs 
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For parallel OARs, since the dose received by various proportion of volume is the concern for 

late side effects, setting of upper objectives to limit the maximum dose is not enough. It can be 

done by setting multiple upper objectives at different dose volume levels or setting the mean 

objectives. The purpose is to limit the received dose at all volume level and to push the DVH to 

its left end as much as possible. A sample objective setting for a parallel OAR is shown in Figure 

1.10. 

 

1.4.6 Practical Difficulty of Optimizing a Radiotherapy Plan for Head and Neck Cancers 

Although the planning procedures are driven by treatment planning computer calculations in an 

inverse planning process, it is not a completely automatic procedure and there are difficulties in 

the planning. The difficulties in planning is largely related to the number of OARs and the 

geometric relationship between the PTVs and the OARs. In the optimization process of the 

inverse planning, it is usually not possible to achieve all the lower objectives for the PTVs while 

Upper objective 

Mean objective 

Figure 1.10 Dose constraints setting of parallel OARs 
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fulfilling all the upper and mean objectives for the OARs because they naturally contradict each 

other when the PTVs and OARs are in vicinity (Tanaka, Fujimoto, & Yoshinaga, 2015). In head 

and neck cancers, there are many OARs near to the PTVs including but not limited to the brain 

stem, the spinal cord, the parotid gland and the optic nerves. Because of this, the treatment 

planning system optimization usually has no optimal solution that can fulfil all the set objective 

functions. Therefore, planners need to intervene the procedure by evaluating the optimized 

treatment plans using their own experiences, and to balance the trade-off among all the non-

optimal objective functions of the PTVs and OARs. 
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Chapter 2 Introduction 

It has been discussed in Chapter 1 that IMRT is the main treatment modality for head and neck 

cancers. To maximize the benefit of IMRT in which cancericidal dose can be delivered to the 

targets while sparing the OARs, challenges including target and OAR delineation, treatment 

planning and quality assurance should be addressed. Treatment planning is the focus of this 

study, in which the issues of beam arrangement, tumour dose and OARs dose are discussed. This 

chapter aims to introduce the purposes of conducting this study to address these aforementioned 

issues. 

2.1 Treatment Planning of IMRT for Head and Neck Cancers 

2.1.1 Challenges  

As illustrated in the previous chapter, IMRT offers the opportunity for better treatment outcome 

and less side effects in radiotherapy of head and neck cancers when compared with 3DCRT. This 

is based on the advantages of IMRT that it can increase the dose conformity and homogeneity to 

the PTV while better spare the OARs (Daly et al., 2011; Zhang et al., 2015). To achieve this 

advantage, effort needs to be made to address the challenges of optimal target and OAR 

delineation, treatment planning and quality assurance (QA) (Gomez-Millan, Fernandez, & 

Medina Carmona, 2013). For the target and OAR delineation, comprehensive guidelines have 

been established (Brouwer et al., 2015; Gregoire et al., 2014; Gregoire et al., 2018; Sze et al., 

2019). Also, techniques and tools for the QA of IMRT has been suggested by the American 

Association of Physicists in Medicine (AAPM) (Low, Moran, Dempsey, Dong, & Oldham, 

2011). These guidelines are fundamental guidance for the standard of practice to maximize the 
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benefits of IMRT on cancer patients. In terms of treatment planning, however, there are currently 

no comprehensive guidelines, and it was suggested that planners should put effort to learn the 

relationship between the controlling the planning parameters and the changes in optimized dose 

(Ezzell et al., 2003). The controlling planning parameters refer to the beam arrangement, 

planning goals, dose constraints, priorities and margins/overlap regions between delineated 

structures (Ezzell et al., 2003). Manipulation of various controlling parameters to achieve the 

planning goals of the IMRT plans depends on planners’ preferences and the characteristics of 

different treatment planning systems (Bohsung et al., 2005). Studies are needed to provide 

objective evidence to help in the decision making in the concerned aspects during treatment 

planning process so that it would not need to rely only on the planner’s personal preferences. The 

improvement of treatment planning, therefore, is the focus of this study to provide guidance for 

planners. The areas of interest are further discussed in the following sections. 

2.1.2 Impact of Beam Arrangement 

Beam arrangement refers to the number of beams and the beam angles employed in the treatment 

planning of radiotherapy. This has been one of the main parameters which affects the dose to the 

PTV and OARs in the treatment planning (W. Parker & Patrocinio, 2005), although it is more 

difficult for planners to appreciate the dosimetric effect of beam angles selection in IMRT. In 

3DCRT, planners need to decide the beam arrangement for the purpose of target coverage and 

OAR sparing (Funk, Stockham, & Laack, 2016). For example, wedged pair beams are used in 

treating the parotid glands and parallel opposed beams are used in treating the larynx as 

illustrated in Figure 2.1 (Mayles, Nahum, & Rosenwald, 2007). The considerations in the beam 

arrangement include the avoidance of direct incidence at critical OARs such as 



 

33 

 

the spinal cord. Also, the employed beam angles affects the shape of the high dose volume 

distribution. These considerations, however, are not applicable in the treatment planning of 

IMRT. One of the reasons for this is that the intensity modulation in IMRT can overcome the 

effect of the sub-optimal beam arrangement as in the case of 3DCRT (Stein et al., 1997). This is 

because theoretically, homogeneous prescribed dose distribution within the PTV and rapid dose 

falloff gradient outside the PTV can be achieved with the intensity modulation by optimization 

and increasing number of beams (Rehman et al., 2019). As a routine practice, planners usually 

use five to nine equally spaced beams (ESB) in the beam configuration of IMRT (Cheung et al., 

2010; X. Wang et al., 2005). Nevertheless , in actual implementation, beam arrangement 

including beam angle selection has been reported to have significant dosimetric effect in IMRT 

of many cancers including oesophagus (Fu et al., 2017), lung (Fitzgerald et al., 2016), pharynx 

and larynx (Vanetti et al., 2009), and nasopharynx (Budrukkar, Hope, Cramb, Corry, & Peters, 

2004). Also, it has been suggested that steep dose gradient between PTV and OARs can be better 

Figure 2.1. Field arrangement in 3DCRT affects the distribution of the prescribed dose. A: a typical 

wedged pair arrangement for treatment of the parotid gland. B: A pair of parallel opposed wedged field 

arrangement for treatment of the larynx. 



 

34 

 

achieved by increasing the number of beams (Hunt & Burman, 2003). These indicate that beam 

arrangement, although being overlooked due to the less significant impact in the dosimetric 

outcome in IMRT, can influence the IMRT plan quality. Furthermore, ESB, beam angle 

optimization (BAO) and volumetric modulated arc therapy (VMAT) are the available choices of 

beam arrangement methods in the Eclipse treatment planning system. Guidance is needed so that 

planners can choose the optimal beam arrangement methods in the treatment planning of IMRT. 

2.1.3 Dose Escalation in NPC 

IMRT offers the possibility to escalate the dose to the tumour because of its better ability to spare 

the OARs. In fact, dose escalation has already been implemented in IMRT in the treatment of 

NPC when the gross tumour dose was raised from 66 Gy in conventional radiotherapy to about 

70 Gy (Kam et al., 2004). NPC is known for its radio-sensitivity and the existence of dose-

tumour-control relationship beyond routine cancericidal dose (Teo, Leung, Lee, & Zee, 2000), 

hence increasing the dose to the tumour volume is able to increase the local control rate. It has 

been reported that in the group of predominantly locally advanced NPC (T3-4 N0-1), 61.8% of 

the failure was caused by local relapse (D. T. T. Chua, Sham, Wei, Ho, & Au, 2001). Another 

study also revealed that 80% of the recurrent cases had the relapse sites at the region delivered 

with the median dose of 70.4 Gy in the previous treatment (Dawson et al., 2000b). Clinical 

investigations on the dose escalation in the treatment of NPC using external beam radiotherapy 

(Kwong et al., 2006) and brachytherapy have been reported (Chao et al., 2017). Although it has 

shown good local control and survival in both reports, treatment side effects were the concern. 

For example, grade 3 mucositis were observed in about 80% of the cases (Kwong et al., 2006). 

Also, by assessing the acute toxicity, it has been suggested that the maximal tolerable dose in 
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IMRT of head and neck cancers was 2.36 Gy per fraction to a total of 70.8 Gy (Lauve et al., 

2004). With our part one study on the evaluation of an optimal beam arrangement method for 

IMRT of NPC, more effective sparing of OARs might be possible. It is worth to conduct 

dosimetric study to review the maximum deliverable doses to the gross tumour of NPC with 

consideration to keep the doses of the OARs below their tolerance.  

2.1.4 Organs at Risk (OARs) Dose Estimation 

In the treatment planning of IMRT, the inverse planning process requires planners to define the 

dose limits of various PTVs and OARs for the optimization of the beam intensity modulation. 

This process is regarded as the setting of objective function, which includes the dose constraints 

and priority of the PTVs and OARs as discussed in section 1.4.5. In general, the setting of PTVs 

objective functions are guided by the prescription whereas those for the OARs are set according 

to their dose tolerance (Brodin & Tome, 2018). In practice, however, the objectives for OARs 

sparing are often in conflict with the objectives to achieve PTV dose coverage (Banaei, Hashemi, 

Bakhshandeh, & Mofid, 2019). This is because OARs and PTVs are often in close proximity and 

sometimes may even overlap one another. In this condition, we may have to deliver OARs doses 

that are close to or even higher than their dose tolerance in order to achieve PTV adequate dose 

coverage. On the contrary, when the OARs are far from the PTV, the actual OARs dose would be 

well below their tolerance. It is logical to deduce that the OARs dose is related to their 

anatomical relationship with PTVs, and this relationship varies greatly among different patients. 

It is worth to conduct studies to address the relationship of the OARs dose and the anatomical 

parameters, so that we can identify the specific anatomical parameters that affect the doses to 
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individual OARs. Also, the OAR doses can be estimated for the purpose of guiding initial setting 

of OARs objective functions before optimization in the inverse planning of IMRT. 

2.2 Figure of Merits in Plan Evaluation 

In the evaluation of radiotherapy plan dosimetric quality, there are four main parameters to be 

evaluated: 1. PTV coverage, 2. OAR dose, 3. PTV homogeneity and 4. PTV conformity (Funk et 

al., 2016). PTV coverage refers to the minimum proportion of PTV covered by the prescribed 

dose. OAR dose is to see whether it is within the organ tolerance. PTV homogeneity is used to 

assess the dose uniformity within the PTV whereas PTV conformity is to evaluate whether the 

prescribed dose level encompass and follow the shape of the PTV. Examples of different PTV 

coverage, homogeneity and conformity situations are illustrated in Figure 2.2.  

 

Figure 2.2. Examples of different PTV coverage, homogeneity and conformity situations. The PTV is in blue 

solid lines and the body is in black solid lines. The purple dashed lines are the prescribed isodose and the red 

dashed lines are the hot spots isodose. Their respective dose volume histograms are shown above. 
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The evaluation of PTV coverage and OAR dose is conducted using the dose volume histogram 

(DVH). PTV homogeneity and conformity are assessed by indices known as the homogeneity 

index (Grégoire & Mackie, 2011) and conformity index respectively (Riet, Mak, Moerland, 

Elders, & van der Zee, 1997). These dosimetric evaluation parameters are discrete and may not 

indicate the overall plan quality. Figure of merit (FOM) aims to incorporate the necessary 

parameters into a single score to represent the overall quality of radiotherapy plans. It is useful in 

the current study for evaluating the overall dosimetric quality in the treatment planning of head 

and neck cancers. 

Various FOMs for the purpose of radiotherapy plan dosimetric evaluation have been developed 

(Jain & Kahn, 1992; L. H. Leung, Kan, Cheng, Wong, & Yau, 2007; Menhel, Levin, Alezra, 

Symon, & Pfeffer, 2006; Meyer et al., 2007; Miften, Das, Su, & Marks, 2004). A review was 

conducted which helped to provide the suitable FOM for this study. 

FOM by Jain & Kahn (1992) 

The FOM was calculated by: 

FOM= ∏ (1 − 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑖 ∗ 𝑓(𝑝𝑟𝑜𝑡𝑜𝑡𝑖𝑝𝑖𝑐𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡,  𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟))
𝑖𝑠𝑠𝑢𝑒𝑠
𝑖  

This FOM is calculated by the product of the weighted uncomplicated probability of various 

issues. The issues in the equation refers anything that needs to be considered in the evaluation of 

plans, which includes PTV coverage, OAR dose and anything that planners concern. On top of 

the probability, a prototypical weight addressed the relative importance of the issues and a 

modifier addressed the patient specific relative importance of the issue.  
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This FOM provided a framework of a possible way to construct a single score, which 

incorporated various dosimetric requirements, for the evaluation of radiotherapy plan. Because 

the authors intended to allow users to specify the FOM based on their own focus, the calculation 

details including the issues, probability and modifier were not specified.   

Critical Organ Scoring Index by Menhel et.al.(2006) 

The critical organ scoring index (COSI) was suggested to include target coverage and excessive 

dose to OAR in a FOM using the following equation: 

COSI=1- 
𝑉(𝑂𝐴𝑅)>𝑡𝑜𝑙

𝑇𝐶𝑣
 

V(OAR)>tol is the proportion of volume of OAR which receives more than the tolerance dose and 

TCv was the proportion of volume of target covered by prescribed dose. There is one COSI for 

each OAR in a radiotherapy plan, and the summation of all calculated COSI gives the overall 

plan dosimetric quality. As noticed in the calculation formula, the conformity and homogeneity 

are not addressed. Also the calculation of OAR dose that focuses on the volume which exceeds 

the tolerance dose is not relevant to serial organ. 

Composite Criteria by Meyer et. al. (2007) 

The Composite Criteria (C) is calculated as follow: 

𝐶 =∑𝑥𝑖𝑓𝑖(𝑝𝑖 − 𝑡𝑖) 

 

Where x is a user-defined weight, f is a linear or quadratic function, p is the dosimetric parameter 

in the plan and t is the planning goal. The composite criteria is the sum of the weighted 
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difference between the planning goals and the corresponding actual dosimetric parameters in the 

plan. There was no concrete suggestion of what planning goals to be included in the calculation 

of the Composite Criteria.  

Plan Quality Index by Leung et.al. (2007) 

Plan quality index (PQI) is calculated by: 

PQI=√(1 − 𝐻)2 + (1 −𝑀)2 + (1 − 𝑃)2 

In which H, M and P represented healthy tissue conformity index, target coverage and normal 

tissue sparing respectively. They are calculated by separate equations.  

𝐻 =
1

𝑟
×∑(

𝑇𝑉𝑅𝐼,𝑖
𝑉𝑅𝐼,𝑖

)

𝑟

𝑖=1

 

In the above equation, r represents the number of targets, TVRI,i represents the target volume 

covered by the prescribed dose and VRI,i represents the total volume of the prescribed dose. It is a 

modification of the conformity index proposed by Lomax and Scheib (2003) to calculate the 

score for radiotherapy plans with multiple targets.  

𝑀 =  
1

𝑟
∑

{
 

 ∑ (
𝑉𝑇𝑗, 𝐷𝑖
𝑉𝑇𝑗, 𝑅𝐷𝑖

) + ∑ (1 −
𝑉𝑇𝑗, 𝐷𝑖
𝑉𝑇𝑗, 𝐴𝐷𝑖

)𝑞
𝑖=1

𝑝
𝑖=1

∑ (
100
𝑉𝑇𝑗, 𝑅𝐷𝑖

)𝑝
𝑖=1 + 𝑞

}
 

 𝑟

𝑗=1

 

The target coverage (M) is calculated to monitor the hot spot and cold spot within the targets. In 

the above equation, p is the number of cold spot checks, q is the number of hot spot checks, r is 

the number of targets with different prescribed doses, VTj, Di is the volume of target which 

received the prescribed dose, VTj, RDi is the minimum allowable volume of target to receive the 
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prescribed dose for cold spot checks, VTj, ADi is the maximum allowable volume of target to 

receive a specific dose for hot spot checks.  

For example, suppose there is a one-target-radiotherapy plan in which the cold spot check is 

minimum 95% of target volume receiving 95% of the prescribed dose and the hot spot check is 

maximum 10% of the target volume receiving more that 99% of the prescribed dose, the actual 

plan is that 100% of the target received 95% of the prescribed dose and 5% of the target received 

more than 110% of the prescribed dose. By substitution, the M value can be calculated by the 

equation:                                               M= 
(
100

95
)+(

5

10
)

(
100

95
)+1

 = 0.75 

𝑃 =
1

𝑛
×∑{

1

𝑚
×∑[1 −

𝑉𝑂𝑗, 𝐷𝑖

𝑉𝑂𝑗, 𝐴𝐷𝑖
]

𝑚

𝑖=1

}

𝑛

𝑗=1

 

In the above equation, n represents the number of OARs, m represents the number of dose check 

points, Voj,Di is the volume of the OAR which received a specific dose for dose check point, 

Voj,ADi is the allowable volume of OAR which receive the specific dose for dose check point. For 

example, there is a radiotherapy plan with one organ at risk, the two dose check points are: No 

more than 35% of the volume of the organ receive more than 40 Gy, and no more than 17% of 

the volume of organ received more than 65 Gy. Whereas in the actual plan 5% of the volume of 

organ received 40 Gy and 0% of the volume of organ received 65 Gy. The P value can then be 

calculated by the equation: 𝑃 =
1

1
× {

1

2
× [1 −

5

35
] + [1 −

0

17
]} = 0.93. 
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Uncomplicated Target Conformity Index by Miften et.al. (2004) 

Uncomplicated target conformity index (TCI+) consists of target conformity index (TCI) and 

normal tissue sparing index (NTSI).  

𝑇𝐶𝐼+ =  ∏𝑇𝐶𝐼𝑖∏𝑁𝑇𝑆𝐼𝑗

𝑀𝑁𝑇

𝑗=1

𝑁𝑇

𝑖=1

 

In which NT is the total number of PTVs and MNT is the number of OARs. 

The equation for the calculation of TCI is: 

TCI = 𝑃𝑝𝑡𝑣 (
𝑃𝑇𝑉𝑡𝑑
𝑃𝑇𝑉

) 

An individual TCI score is calculated for each PTV, where 𝑃𝑇𝑉𝑡𝑑 is the volume of PTV covered 

by a specified therapeutic dose and 𝑃𝑇𝑉 is the volume of PTV. 𝑃𝑝𝑡𝑣 is a penalty function that is 

used to penalize overdose or underdose of the PTV, which should be rare in a completed plan 

because this is the main goal to achieve in the treatment planning of IMRT.  

NTSI = 𝑃𝑛𝑡𝑣 (
𝑁𝑇𝑉𝑡𝑑
𝑁𝑇𝑉

) 

For each OAR of the plan, an NTSI score is calculated. In the equation, 𝑁𝑇𝑉 is the normal tissue 

volume and 𝑁𝑇𝑉𝑡𝑑is the volume of normal tissue volume which received the PTV prescribed 

dose. 𝑃𝑛𝑡𝑣 is the penalty function which penalized the NTSI score when the OAR received dose 

exceeding the tolerance.  

The equation for the penalty function is: 
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𝑃𝑛𝑡𝑣(𝑉𝑖, 𝐷𝑖) = {
1                                                       for 𝐷𝑖 ≤ 𝐷𝑡𝑜𝑙
ℯ−𝛾(𝐷𝑖−𝐷𝑡𝑜𝑙)        for 𝑉𝑖 > 𝑉𝑚𝑎𝑥 𝑎𝑛𝑑 𝐷𝑖 > 𝐷𝑡𝑜𝑙

 

𝐷𝑡𝑜𝑙 is the tolerance dose by a maximum volume 𝑉𝑚𝑎𝑥 of the OAR. If the dose does not exceed 

𝐷𝑡𝑜𝑙; or the OAR is intentionally sacrificed by oncologists, no penalty will be imposed and the 

penalty will be equal to 1. 𝛾 value defined the seriousness of penalty depending on the type of 

OAR. For a serial organ 0.25 will be used as 𝛾 value and 0.05 will be used for parallel organ. 

Components included in the calculation of FOMs 

A very important criteria of a FOM is to incorporate sufficient information into the calculation 

equation so that the final score can represent the overall quality of the radiotherapy plan. The 

information is regarded as sufficient when the four items of plan evaluation, i.e. target coverage, 

OAR dose, conformity and homogeneity, are addressed in the calculated FOMs.  

Table 2.1 summarizes the components included in the five FOMs. It was noted that the FOM 

suggested by Leung et.al. and Miften et.al. includes all the four components of plan evaluation. 

These two FOMs were better than the others because they could account for the plan quality 

more comprehensively.  
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Table 2.1. Components included in the calculation of different FOMs.  

 
Target coverage OAR dose Conformity Homogeneity 

Jan & Kahn, 

1992 

Depend on user Depend on user Depend on user Depend on user 

Meyer et.al., 

2007 

Depend on user Depend on user Depend on user Depend on user 

Menhel et.al., 

2006 
✓ ✓ 

  

Leung et.al., 

2007 
✓ ✓ ✓ ✓ 

Miften et.al., 

2004 
✓ ✓ ✓ ✓ 

*There was one condition that the target coverage could not be addressed in the FOM. 

2.3 Application of Regression Analysis in Radiotherapy Planning 

Regression analysis is a statistical tool for the investigation of relationships between variables, in 

which it can specify how the dependent variable changes when the independent variables are 

varied. It is an important tool for modelling and analyzing data for the estimation of the 

dependent variable out of a given set of independent variables. There are different types of 

regression analysis and they can be classified based on three factors (Pardoe, 2012): 1. The 

number of independent variables, 2. The shape of the regression line and 3. The data type of 

dependent variable as illustrated in Figure 2.3. 
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The OAR dose is likely to be influenced by a number of anatomical parameters in terms of 

volume and distance as illustrated in section 2.1.4. Multiple regression, which can be used to 

establish models to correlate multiple independent variables to a dependent variable, is proposed 

to be used in our study. 

Multiple regression is a kind of linear regression in which the relationship between dependent 

variable and independent variables is established using an equation in the form of 𝒀=𝒃𝟎+𝒃𝟏𝑿1+ 

𝒃𝟐𝑿2+…+ 𝒃𝒌𝑿k, where Y is the dependent variable, Xk is the independent variable and bk is the 

coefficient estimate  (Pardoe, 2012). When constructing the multiple regression model, there are 

two important points which could affect the outcome of the model. They are the multicollinearity 

and model selection methods. 

Figure 2.3. Classification of regression analysis 
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Multicollinearity is a term to describe the situation when two or more independent variables are 

highly correlated (Farrar, 1967). The effect of multicollinearity to the regression model is that it 

increases the variance of the coefficient estimates. Therefore, the coefficient estimates are very 

unstable as they are very sensitive to minor change in the model. This makes the specification of 

the regression model, in terms of the selection of the model components, to be less accurate 

(Farrar, 1967). Multicollinearity should be checked by collinearity statistics, such as the variance 

inflation factor, before the regression generation process (R. G. Lomax, 2012).  

Model selection of multiple regression refers to the method to incorporate the independent 

variables into the regression models. There are four types of methods, namely: 1. enter, 2. 

forward selection, 3. backward selection and 4. stepwise (Pardoe, 2012). The “enter” method is 

to enter all the selected independent variables into the regression models regardless of their 

contribution to the models, while the other methods employ measures to select independent 

variables based on their contribution. The “forward” method starts with a model with no variable. 

It then adds variables one at a time in a sequence per the amount of contribution of the variables 

to the regression model. The “backward” method starts with a model with all the independent 

variables. It then removes variable one at a time in a sequence that the variable with the least 

contribution to be removed first. Stepwise-entering method is an automatic process through step-

by-step consideration of each independent variable until all independent variables had gone 

through the process. During each step, independent variables’ contribution to the regression 

model are considered for inclusion or exclusion into the final model. The process could eliminate 

the independent variables with the least contribution to the model, and therefore resulted in a 

simplified but valid model.  
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There are several limitations in multiple regression models. First, the regression model does not 

imply a cause-and-effect relationship between the dependent variables and the independent 

variables. It only shows the correlation between them (R. G. Lomax, 2012). Second, prediction of 

the dependent variables using the extra-large/extra-small values of independent variables is 

possible but not necessarily accurate because it involves extrapolation of the model (R. G. 

Lomax, 2012). The limitations will be addressed in the discussion of the study in this thesis 

which involves the use of regression analysis. 

2.4 Research Questions and Hypotheses 

2.4.1 Research Questions 

4.2.1. Does the use of ESB, BAO and VMAT have impact on the dosimetric outcome in the 

treatment planning of IMRT in head and neck cancers? 

4.2.2. Does the use of the optimum beam arrangement method, which shows higher capability 

in sparing OAR dose, increase the maximum deliverable dose in NPC treated with IMRT? 

4.2.3. Does the use of multiple regression help to give a better estimation of the OAR dose from 

the anatomical parameters in the IMRT plan of NPC? 

2.4.2 Research Hypotheses 

1. There are significant differences in the mean dosimetric parameters and FOM in the IMRT 

plans among the ESB, BAO and VMAT beam arrangement methods. 

2. There is no significant difference in the OAR dose and normal tissue integral dose in the 

NPC IMRT plans with increased gross tumour dose compared with the reference IMRT 

plans. 
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3. There are significant relationships of OARs dose parameters and anatomical parameters in 

the IMRT plans of NPC. 

2.5 Purpose of Study 

2.5.1 Aims 

The purpose of this study is to provide evidence-based guidance in the treatment planning of 

IMRT, which is currently more based on planners’ preferences. The guidance refers to the use of 

beam arrangement methods in head and neck cancers, the maximum allowable dose to the gross 

tumour in locally advanced NPC and the estimation of OARs doses in NPC.  

2.5.2 Objectives 

1. To evaluate the PTVs and OARs dosimetric outcome in five types of head and neck tumours, 

including cancers of the NP, larynx, oral cavity, maxilla and parotid gland, treated by 

intensity modulated radiation therapy (IMRT) using different beam arrangements. 

2. To evaluate the maximum deliverable dose to the gross tumour volume (GTV) in non-

coplanar IMRT of nasopharyngeal carcinoma (NPC) using beam angle optimization (BAO). 

3. To develop a model to address the relationship between the OAR dose parameters and 

anatomical parameters in the IMRT of NPC. 
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Chapter 3  

Study 1 – Dosimetric Evaluation of Beam Angles 

Arrangement Methods in IMRT of Head and Neck Cancers 

This study was conducted to determine the optimal beam arrangement methods for different head 

and neck cancers, in correspondence to objective 1. This study has been published in the Journal 

of Applied Clinical Medical Physics (Volume 20: 121-130). 

3.1 Introduction 

Head and neck cancer is one of the most complicated sites in the body for radiotherapy planning 

because the planning target volume (PTV) is usually irregular in shape and surrounded by many 

important organs. Over irradiation of the organs at risk (OARs) may cause irreversible side 

effects such as xerostomia, cataract, hearing loss and trismus that degrade the patient’s quality of 

life (Dijkstra, Kalk, & Roodenburg, 2004; Eisbruch et al., 2001; Pan et al., 2005). Furthermore, 

head and neck cancers at different sub-sites such as nasopharynx and larynx may lead to different 

considerations in treatment planning because of their variations in anatomy, body contour and 

tissue density combinations.  

Intensity modulated radiotherapy (IMRT) has been the main treatment modality for many head 

and neck cancers due its relatively high target dose conformity and steep dose gradient at target-

normal tissue interfaces compared with the conventional 3-dimensional conformal radiotherapy 

(3DCRT). While the dose distribution in IMRT is largely controlled by the beam modulation 

using dynamic multi-leaf collimators (MLC), the beam arrangement including beam number and 
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beam angle employed in the treatment plan have been reported to have significant dosimetric 

influence in the plan quality in IMRT of many cancers including oesophagus (Fu et al., 2017), 

lung (Fitzgerald et al., 2016), pharynx and larynx (Vanetti et al., 2009), and nasopharynx 

(Budrukkar et al., 2004).  

Equally spaced beam (ESB) arrangement has been commonly used in the early application of 

IMRT in head and neck cancers after replacing 3DCRT in the early nineties (Ahmed et al., 2009; 

Gupta et al., 2012; Vlachaki et al., 2005). Volumetric modulated arc therapy (VMAT) and beam 

angle optimization (BAO) in the Eclipse treatment planning system (Varian Medical System, 

Palo Alto, USA) are the two more recent options in assigning IMRT beams. VMAT is the 

delivery of IMRT using rotating arc beams (Earl, Shepard, Li, & Yu, 2001; Mackenzie & 

Robinson, 2002), while BAO is the use of a specific optimization algorithm to select the 

optimum angles of static beams, either coplanar or non-coplanar. 

Previous dosimetric studies on the applications of VMAT and ESB in head and neck cancers 

(Tsai, Wu, Chao, Tsai, & Cheng, 2011; Verbakel et al., 2009) reported that dual arc VMAT 

improved the target coverage and OARs sparing in cancers of oropharynx, hypopharynx and 

larynx (Clivio et al., 2009; Vanetti et al., 2009) and VMAT produced similar plan quality as ESB 

arrangement with marked reduction of monitor unit (MU) and shorter treatment delivery time 

(Tsai et al., 2011; Verbakel et al., 2009). Studies on BAO are limited. Some of them reported that 

coplanar BAO arrangement when applied to glioblastoma, prostate and pancreatic cancers 

resulted in similar plan quality as ESB arrangement with reduced MU and number of fields 

(Craft, Hong, Shih, & Bortfeld, 2012; Srivastava, Das, Kumar, & Johnstone, 2011).  Apart from 

coplanar beams in IMRT, BAO can also generate non-coplanar beam arrangement. Although 
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non-coplanar IMRT has been reported to reduce the doses to OARs and normal tissues in 

prostate cancer patients (Tran et al., 2017), its use in the clinical department is uncommon mainly 

due to the treatment setup inconvenience.  However, with the recent emergence of 4Pi 

radiotherapy with compatible linear accelerators (Rwigema et al., 2015), it is expected that the 

use of non-coplanar IMRT will be increased and its potential advantages can be better exercised.  

To date, studies on IMRT beam arrangement for head and neck cancers have been limited to 

specific sites or just any two of the beam arrangement techniques. The optimum beam 

arrangement, in terms of dosimetric quality, for individual sites of head and neck cancers remains 

uncertain. Therefore we have conducted a more comprehensive study that evaluated the 

dosimetric performance of five main IMRT beam arrangement methods on five types of common 

head and neck cancers that covered the various sub-sites of this body region.  

3.2 Materials and Methods 

A total of 119 adult head and neck cancer patients treated by radical IMRT were randomly 

selected. They included cancers of the nasopharynx, oral cavity, larynx, parotid gland and 

maxillary sinus. Each cancer type consisted of a sample size of 25 except for maxillary sinus, 

which had 19 due to the limited number of cases available in the clinical department. Using 

G*Power software (Heinrich Heine University, version 3.1.9.4) with an effect size of 0.25 and an 

alpha value of 0.05, the power of 0.888 and 0.767 were calculated for a sample size of 25 and 19 

respectively. It showed that with the sample size, the statistical test had 88.8% and 76.7% chance 

to detect the effect if the differences of dose parameters among plans of different beam 

arrangement were true (Type II error), while there was a 5% chance to detect the effect where the 
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differences were untrue (Type I error). The distributions of the T and N stages of the patients in 

each cancer group are summarized in Table 3.1. Ethical approval was obtained from the Hong 

Kong Polytechnic University and the Princess Margaret Hospital. To ensure confidentiality of the 

selected patients, the patient identifiers, such as name and registration number, were completely 

removed by an assigned study number and requirements of the Personal Data (Privacy) 

Ordinance was adhered to.  

Table 3.1. The distribution of T and N stages of the selected patients 

  Nasopharynx 

(n=25) 

Oral cavity 

(n=25) 

Larynx  

(n=25) 

Maxillary 

sinus (n=19) 

Parotid  

(n=25) 

T-stage T1 2 2 0 0 7 

T2 3 10 0 0 7 

T3 15 11 16 12 8 

T4 5 2 9 7 3 

N-stage N0 8 3 5 3 10 

N1 11 15 17 16 6 

N2 6 7 3 0 9 

 

 

All patients’ planning CT data with contoured structures were retrieved from the treatment plan 

database of a local oncology department. Five hypothetical plans, one for each beam arrangement 
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method, were computed for each patient using the Eclipse treatment planning system Version 

13.6 (Varian Medical System, Palo Alto, US) by the same planner. The 5 beam arrangement 

methods were: equally spaced beams (ESB), coplanar beam angle optimisation (BAOc), non-

coplanar beam angle optimisation (BAOnc), 2 volumetric modulated arcs (VMAT2) and 3 

volumetric modulated arcs (VMAT3). The ESB arrangement employed 9 equally spaced beams 

at 40 apart as suggested by previous literature (Q. Wu, Manning, Schmidt-Ullrich, & Mohan, 

2000). BAO was performed using Plan Geometry Optimizer (Version 13.6.23) in the Eclipse 

treatment planning system. BAOc used only coplanar beams while BAOnc included non-

coplanar beams. The total number of beams used in both methods ranged between 5 and 9 

depending on the beam selection process by the optimization algorithm. In addition, for the 

BAOnc, the maximum elevation angel of the non-coplanar fields from the principal plane was set 

at no larger than 30 degrees. This ensured that there would not be any vertex field in the BAOnc 

field arrangement, because vertex field would deliver substantial radiation dose that could cause 

damage to the gonad of the patients (Das et al., 1997). VMAT2 consisted of two full arcs 

whereas VMAT3 consisted of three full arcs. All treatment plans were planned with 6 MV 

photon and Millennium MLC. The PTVs were delineated by the oncologist in-charge. The 

prescription was 66-70Gy in 30-35 fractions for high risk PTV (PTVH) involving primary 

tumour or tumour bed and positive nodal involvement. The other two PTVs were intermediate 

risk PTV (PTVI) and low risk PTV (PTVL) in the nodal region with prescriptions of 60 Gy and 

54 Gy respectively. The PTVs were treated using simultaneously integrated boost method. The 

Anisotropic Analytical Algorithm (Version 13.6.23) was used for volume dose calculation and 

the Photon Optimizer (Version 13.6.23) was used for optimization. For each patient, all the plans 
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were planned using the same prescribed dose and same set of dose objectives for the target 

volumes and OARs.  

Plans were evaluated by the dose parameters generated from the dose volume histogram (DVH) 

of each structure. For the target volumes, the dose parameters were the homogeneity index (HI) 

and conformation number (CN). The HI was calculated according to the equation 1 as reported in 

ICRU 83 (Grégoire & Mackie, 2011) , while the calculation of CN as shown in the equation 2 

was adopted from the equation suggested by Riet et al (1997).  

HI = (D2% - D98%) ÷ D50%        (1) 

CN = 
VT,ref

VT
×
VT,ref

Vref
         (2) 

where VT,ref = volume of target receiving a dose equal to or greater than the reference dose,  

VT = volume of target,  

Vref  = volume receiving a dose equal to or greater than the reference dose.    

The OARs considered for dosimetric comparison were the spinal cord, brain stem and parotid 

glands (contralateral only for the parotid cancer group) as they were the relatively more critical 

organs and small changes in dose level would affect the risk of complications. For other OARs 

such as the cochlea and pituitary gland, it was expected that they received relatively lower doses, 

slight differences would not have clinical significance and therefore were not included in this 

study. In NPC IMRT planning, the optic nerves and optic chiasm are also considered critical 

OARs as they are in close proximity to the PTVs, however they are not as important for the other 

more inferior situated head and neck cancers such as the cancer of the larynx and the parotid. In 
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addition, the sparing of the optic nerves and optic chiasm from their tolerance dose mainly 

depends on whether they are overlapping with the PTVs (Niu, Chang, Gao, Hu, & Kong, 2013). 

Hence optic nerves and optic chiasm were not included in the dosimetric comparison. For the 

spinal cord and brain stem, D2% was used for dose recording, whereas for the parotid gland, 

D50% and Dmean were used. D2% is a recommended dose parameter to replace the use of maximum 

dose by the ICRU report 83 (Grégoire & Mackie, 2011). The aim of the use of D2% is to avoid 

reporting the received dose by a single point which can be susceptible to errors. In terms of the 

evaluation of near-maximum dose, D2% is considered to be comparable to other dose-volume 

metrics such as D0.5cc (Grégoire & Mackie, 2011) and D2% has been widely used in other IMRT 

dosimetric studies (Vanetti et al., 2009). The normal tissue dose, which was expressed as the 

integral dose (in Gy*cm3), was calculated by multiplying the Dmean of the patient body included 

in the planning CT scan excluding PTVs with the volume of this body region (normal tissue) 

(Aoyama et al., 2006). In addition, a “Figure of merit”, also known as uncomplicated target 

conformity index (UTCI), was used to rank the overall plan quality (Miften et al., 2004). It was 

calculated by CN x Penalty of organs at risk (POAR) x Penalty of integral dose (PID). The higher 

the score, the better was the overall plan quality. The CN component of the UTCI was adopted 

from the Riet study (1997). The POAR and PID were calculated by e[-0.05(Di  -Dtol)] with 

Di representing the actual received dose and Dtol representing the tolerance dose. Since there was 

no established tolerance for integral dose, the Dtol in the calculation of PID was taken as the lowest 

achieved integral dose within the group of the same cancer. The role of POAR and PID in the 

equation was to penalize the UTCI score when the actual OARs dose exceeded their tolerance 

dose. 
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Statistical analysis was preformed using the SPSS version 20 (IBM Corp, Armonk, NY). All the 

dose parameters and the UTCI scores were first tested for normality using the Shapiro-Wilk test. 

The mean values of the dose parameters and UTCI scores for each beam arrangement group were 

calculated and compared. One-way Repeated Measures ANOVA test was used to analyze the 

differences among the five beam arrangement methods. When there was significant difference 

among them, post hoc Tukey test was applied to further determine the ranking of each method. 

 

3.3  Results 

All treatment plans met the pre-set dose requirements for the target volumes and OARs. Examples 

of dose distribution for the five beam arrangement methods for each of the five cancers are shown 

in Figures 3.1.  
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Figure 3.1. 5 types of H&N cancers. Diagram showing the dose distribution of the 5 types of H&N cancers 

using different beam arrangement methods. (A) Nasopharynx; (B) Oral cavity; (C) Larynx; (D) Maxilla; 

(E) Parotid. 
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Cancer of nasopharynx 

For PTVH, ESB demonstrated the lowest HI and highest CN (Table 3.2 in P.57). ESB and 

VMAT3 performed relatively better in PTVI, in which ESB showed the highest CN, and 

VMAT3 showed the lowest HI. For PTVL, VMAT3 showed the lowest HI, whereas both 

VMAT2 and VMAT3 showed the highest CN. Comparing between BAOc and BAOnc, the later 

produced higher CN. In addition, VMAT2 and VMAT3 also showed similar target dose 

distributions. For the OARs and normal tissues, BAO methods delivered relatively lower doses, 

with BAOnc being the lowest. On the contrary, ESB delivered the highest dose to all OARs and 

normal tissues. In terms of overall plan quality, BAOnc and VMAT3 demonstrated significantly 

higher UTCI than the other three beam arrangement methods.  

Cancer of oral cavity 

For the target volume doses, VMAT3 in general performed better as it achieved lower HI in 

PTVH and PTVL, highest CN in PTVI and PTVL, and lowest D2% in PTVH and PTVL (Table 

3.3 in P.58). The rest of the parameters showed relatively small differences and did not reach 

statistical significance. For the OARs, there was no significant difference in the spinal cord and 

brain stem doses. For the parotid gland and normal tissues, the two BAO methods (BAOc and 

BAOnc) gave relatively lower doses and the difference between them was minimal. With regard 

to UTCI, BAOc, BAOnc, VMAT2 and VMAT3 achieved similar scores, which were higher than 

that of the ESB.  

Cancer of larynx 

There was no significant difference in most of the dose parameters for the target volumes except 

VMAT2 and VMAT3 gave a relatively higher CN in the PTVH (Table 3.4 in P.59). Similar 
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results were demonstrated in the OAR doses in which no significant difference was observed. For 

the normal tissues, the two BAO methods showed the lowest dose. However, there was no 

significant difference in UTCI among the five beam arrangement methods. 

Cancer of maxillary sinus 

In general, little difference was observed in PTVs except the two BAO methods showed 

relatively higher CN in PTVH and PTVI, and VMAT3 demonstrated the lowest HI for PTVL 

(Table 3.5 in P.60). There was no significant dose difference for the OARs among the five beam 

arrangement methods except for the mean parotid dose, in which the two VMAT plans were 

relatively higher. For the normal tissues, the two BAO methods demonstrated relatively lower 

doses. Furthermore, the UTCIs of the two BAO methods were significantly higher than the other 

three methods.  

Cancer of parotid gland 

There was no significant difference among the five beam arrangement methods for dose 

parameters of the PTVs and OARs (Table 3.6 in P.61). The two BAO methods delivered the 

lowest doses to the normal tissues and achieved the highest UTCI.  

 

 

 

 

 

 



 

59 

 

Table 3.2. Comparison of PTVs, OARs dose parameters and integral dose between IMRT plans of 5 beam 

arrangements for cancer of nasopharynx (n = 25) 

Structure 
Dose 

Parameter 

ESB 

(mean±SD) 

BAOc 

(mean±SD) 

BAOnc 

(mean±SD) 

VMAT2 

(mean±SD) 

VMAT3 

(mean±SD) 

Repeated 

ANOVA  

P-Value 

Post hoc test 

PTVH HI 0.06 ± 0.01 0.08 ± 0.01 0.08 ± 0.02 0.06 ± 0.01 0.06 ± 0.01 <0.001 BAOc, BAOnc > ESB, VMAT3, VMAT2  

CN 0.93 ± 0.03 0.82 ± 0.03 0.83 ± 0.03 0.92 ± 0.03 0.91 ± 0.20 <0.001 ESB, VMAT2, VMAT3 > BAOnc, BAOc 

PTVI 
HI 0.08 ± 0.01 0.07 ± 0.01 0.09 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 <0.001 

BAOnc> BAOc, ESB> VMAT2> 

VMAT3  

CN 0.90 ± 0.03 0.79 ± 0.04 0.84 ± 0.03 0.89 ± 0.03 0.89 ± 0.03 <0.001 
ESB, VMAT2, VMAT3> BAOnc> 

BAOc 

PTVL 
HI 0.07 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 <0.001 

BAOc, BAOnc > ESB> VMAT2, 

VMAT3 

CN 0.84 ± 0.42 0.83 ± 0.52 0.85 ± 0.41 0.86 ± 0.43 0.86 ± 0.47 0.024 VMAT2, VMAT3, BAOnc, ESB> BAOc 

Spinal cord D2% (Gy) 43.8 ± 1.2 41.9 ± 0.9 41.5 ± 0.8 43.5 ± 1.1 43.7 ± 0.9 <0.001 ESB, VMAT3, VMAT2 > BAOc, BAOnc 

Brain stem D2% (Gy) 51.7 ± 1.8 50.3 ± 1.9 50.2 ± 2.0 51.8 ± 1.8 51.8 ± 2.0 <0.001 VMAT3, VMAT2, ESB> BAOc, BAOnc 

Parotid Dmean (Gy) 32.4 ± 5.6 29.9 ± 5.7 29.4 ± 6.1 30.8 ± 5.3 30.7 ± 5.3 <0.001 
ESB> VMAT2, VMAT3> BAOc, 

BAOnc 

 D50% (Gy) 29.9 ± 5.3 28.4 ± 4.8 27.9 ± 5.2 29.1 ± 5.1 28.9 ± 5.1 0.003  

Normal Tissue 
DInt 

(x104Gycm3) 
9.5 ± 0.7 7.5 ± 0.7 7.4 ± 0.7 8.4 ± 0.7 8.4 ± 0.7 <0.001 

ESB> VMAT2, VMAT3> BAOc, 

BAOnc 

 UTCI 0.39 ± 0.15 0.41 ± 0.16 0.48 ± 0.20 0.46 ± 0.16 0.49 ± 0.18 <0.001 
VMAT3, BAOnc> VMAT2> BAOc, 

ESB 

HI = homogeneity index, CN = conformity number, Dint = integral dose, UTCI = uncomplicated target conformity index 
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Table 3.3. Comparison of PTVs, OARs dose parameters and integral dose between IMRT plans of 5 beam 

arrangements for cancer of oral cavity (n=25) 

Structure 
Dose 

Parameter 

ESB 

(mean±SD) 

BAOc 

(mean±SD) 

BAOnc 

(mean±SD) 

VMAT2 

(mean±SD) 

VMAT3 

(mean±SD) 

Repeated 

ANOVA  

P-Value 

Post hoc test 

PTVH HI 0.07 ± 0.01 0.08 ± 0.02 0.08 ± 0.02 0.06 ± 0.01 0.06 ± 0.01 <0.001 BAOc, BAOnc> ESB, VMAT2, VMAT3,  

 CN 
0.84 ± 0.04 0.80 ± 0.04 0.80 ± 0.04 0.88 ± 0.03 0.88 ± 0.30 <0.001 

VMAT2, VMAT3> ESB> BAOc, 

BAOnc 

PTVI HI 0.10 ± 0.02 0.10 ± 0.02 0.10 ± 0.02 0.10 ± 0.02 0.10 ± 0.02 0.378  

 
CN 0.84 ± 0.04 0.80 ± 0.04 0.80 ± 0.04 0.86 ± 0.04 0.86 ± 0.04 <0.001 

VMAT2, VMAT3> ESB> BAOc, 

BAOnc 

PTVL 
HI 0.10 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.10 ± 0.02 0.10 ± 0.02 <0.001 

BAOnc, BAOc, > ESB, VMAT2, 

VMAT3 

 CN 0.84 ± 0.45 0.81 ± 0.56 0.80 ± 0.44 0.84 ± 0.53 0.84 ± 0.36 <0.001 VMAT3, ESB, VMAT2> BAOc, BAOnc 

Spinal cord D2% (Gy) 40.3 ± 2.5 39.8 ±2.8 39.4 ± 2.6 39.1 ± 2.9 39.0 ± 3.1 0.088  

Brain stem D2% (Gy) 46.2 ± 6.3 46.4 ± 5.2 46.8 ± 5.8 45.7 ± 6.0 45.9 ± 6.2 0.425  

Parotid Dmean (Gy) 28.1 ± 4.7 26.0 ± 5.8 26.0 ± 5.1 28.2 ± 4.6 28.0 ±4.8 <0.001 VMAT2, ESB, VMAT3> BAOc, BAOnc 

 D50% (Gy) 28.7 ± 4.8 26.9 ± 5.9 27.2 ± 4.6 27.8 ± 4.8 28.0 ± 5.0 0.002 ESB> VMAT3, VMAT2, BAOnc, BAOc 

Normal Tissue DInt 

(x104Gycm3) 
9.7 ± 0.4 8.0 ± 0.6 8.0 ± 0.6 8.7 ± 0.5 8.8 ± 0.5 <0.001 

ESB> VMAT2, VMAT3> BAOc, 

BAOnc  

 UTCI 0.63 ± 0.45 0.77 ± 0.48 0.74 ± 0.48 0.70± 0.42 0.70 ± 0.44 0.003 BAOc, BAOnc, VMAT2, VMAT3> ESB 

HI = homogeneity index, CN = conformity number, Dint = integral dose, UTCI = uncomplicated target conformity index 
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Table 3.4. Comparison of PTVs, OARs dose parameters and integral dose between IMRT plans of 5 beam 

arrangements for cancer of larynx (n=25) 

Structure 
Dose 

Parameter 

ESB 

(mean±SD) 

BAOc 

(mean±SD) 

BAOnc 

(mean±SD) 

VMAT2 

(mean±SD) 

VMAT3 

(mean±SD) 

Repeated 

ANOVA  

P-Value 

Post hoc test 

PTVH HI 0.06 ± 0.01 0.08 ± 0.02 0.07 ± 0.01 0.06 ± 0.03 0.06 ± 0.02 0.100  

 CN 
0.88 ± 0.05 0.88 ± 0.04 0.88 ± 0.05 0.90 ± 0.04 0.90 ± 0.40 0.013 

VMAT2, VMAT3> BAOc, ESB, 

BAOnc 

PTVI HI 0.12 ± 0.02 0.12 ± 0.02 0.13 ± 0.04 0.11 ± 0.03 0.11 ± 0.02 0.040  

 CN 0.82 ± 0.07 0.82 ± 0.08 0.84 ± 0.06 0.86 ± 0.05 0.86 ± 0.05 0.034  

PTVL HI 0.08 ± 0.03 0.08 ± 0.04 0.08 ± 0.03 0.08 ± 0.03 0.07 ± 0.03 0.482  

 CN 0.84 ± 0.07 0.86 ± 0.05 0.86 ± 0.06 0.84 ± 0.81 0.86 ± 0.06 0.692  

Spinal cord D2% (Gy) 41.0 ± 2.1 42.2 ±1.5 42.2 ± 1.8 42.2 ± 1.8 42.3 ± 1.9 0.222  

Brain stem D2% (Gy) 35.9 ± 19.4 35.1 ± 19.0 35.8 ± 19.5 35.1 ± 19.7 35.1 ± 19.9 0.554  

Parotid Dmean (Gy) 28.5 ± 4.6 27.4 ± 5.1 26.4 ± 4.5 28.2 ± 4.8 27.4 ±4.2 0.147  

 D50% (Gy) 22.8 ± 4.9 20.3 ± 5.3 20.1 ± 5.5 22.0 ± 6.1 22.2 ± 7.1 0.040  

Normal Tissue DInt 

(x104Gycm3) 
8.0 ± 0.4 7.3 ± 0.6 7.2 ± 0.6 8.1 ± 0.6 8.3 ± 0.6 <0.001 

VMAT3, ESB, VMAT2, > BAOc, 

BAOnc 

 UTCI 1.80 ± 1.61 1.73 ± 1.48 1.99 ± 1.47 1.81 ± 1.87 1.73 ± 1.94 0.527  

HI = homogeneity index, CN = conformity number, Dint = integral dose, UTCI = uncomplicated target conformity index 
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Table 3.5. Comparison of PTVs, OARs dose parameters and integral dose between IMRT plans of 5 beam 

arrangements for cancer of maxilla sinus (n=19) 

Structure 
Dose 

Parameter 

ESB 

(mean±SD) 

BAOc 

(mean±SD) 

BAOnc 

(mean±SD) 

VMAT2 

(mean±SD) 

VMAT3 

(mean±SD) 

Repeated 

ANOVA  

P-Value 

Post hoc test 

PTVH HI 0.06 ± 0.01 0.07 ± 0.02 0.07 ± 0.02 0.07 ± 0.02 0.07 ± 0.02 0.206  

 CN 
0.87 ± 0.03 0.90 ± 0.02 0.90 ± 0.03 0.87 ± 0.03 0.88 ± 0.03 0.003 

BAOc, BAOnc, VMAT3> VMAT2, 

ESB 

PTVI HI 0.08 ± 0.01 0.09 ± 0.02 0.09 ± 0.01 0.08 ± 0.03 0.08 ± 0.03 0.286  

 
CN 0.79 ± 0.04 0.83 ± 0.06 0.83 ± 0.03 0.81 ± 0.03 0.79 ± 0.03 <0.001 

BAOnc, BAOc, VMAT2> VMAT3, 

ESB 

PTVL 
HI 0.09 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.09 ± 0.02 0.08 ± 0.02 0.001 

BAOnc> BAOc, ESB, VMAT2 > 

VMAT3 

 CN 0.77 ± 0.04 0.79 ± 0.05 0.79 ± 0.03 0.79 ± 0.05 0.78 ± 0.04 0.046  

Spinal cord D2% (Gy) 41.6 ± 2.2 40.7 ±2.6 40.9 ± 2.7 41.7 ± 2.5 41.7 ± 2.7 0.044  

Brain stem D2% (Gy) 51.1 ± 2.1 51.6 ± 1.4 51.6 ± 1.4 50.9± 1.7 50.2 ± 3.7 0.266  

Parotid 
Dmean (Gy) 25.7 ±5.9 23.9 ± 6.4 23.6 ± 6.7 26.2 ± 6.0 26.3 ±6.0 <0.001 

VMAT3, VMAT2 > ESB, BAOc, 

BAOnc 

 D50% (Gy) 25.7 ±6.2 25.0 ± 5.7 24.0 ±6.2 26.6 ± 5.3 26.2 ± 5.7 0.008  

Normal Tissue DInt 

(x104Gycm3) 
7.5 ± 0.8 6.6 ± 0.8 6.6 ± 0.8 7.3 ± 0.8 7.2 ± 0.8 <0.001 

ESB> VMAT2, VMAT3> BAOnc, 

BAOc 

 UTCI 
0.74 ±0.43 0.99 ± 0.62 1.10 ± 0.72 0.71 ± 0.40 0.71 ± 0.40 <0.001 

BAOnc, BAOc> ESB, VMAT2, 

VMAT3 

HI = homogeneity index, CN = conformity number, Dint = integral dose, UTCI = uncomplicated target conformity index 
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Table 3.6. Comparison of PTVs, OARs dose parameters and integral dose between IMRT plans of 5 beam 

arrangements for cancer of parotid gland (n=25) 

Structure 
Dose 

Parameter 

ESB 

(mean±SD) 

BAOc 

(mean±SD) 

BAOnc 

(mean±SD) 

VMAT2 

(mean±SD) 

VMAT3 

(mean±SD) 

Repeated 

ANOVA  

P-Value 

Post hoc test 

PTVH HI 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.07 ± 0.02 0.07 ± 0.01 0.296  

 CN 0.86 ± 0.04 0.88 ± 0.04 0.87 ± 0.4 0.86 ± 0.03 0.86 ± 0.03 0.263  

PTVI HI 0.07 ± 0.03 0.07 ± 0.02 0.07 ± 0.02 0.09 ± 0.01 0.08 ± 0.02 0.070  

 CN 0.83 ± 0.05 0.87 ± 0.04 0.85 ± 0.03 0.84 ± 0.02 0.82 ± 0.03 0.090  

PTVL HI 0.09 ± 0.02 0.09 ± 0.03 0.09 ± 0.04 0.10 ± 0.02 0.11 ± 0.03 0.045  

 CN 0.83 ± 0.05 0.84 ± 0.03 0.85 ± 0.04 0.82 ± 0.05 0.84 ± 0.03 0.242  

Spinal cord D2% (Gy) 34.5 ± 9.4 33.9 ± 8.3 34.2 ± 9.1 34.9 ± 8.9 34.5 ± 9.0 0.319  

Brain stem D2% (Gy) 35.7 ± 13.4 35.5 ± 12.9 35.5 ± 12.9 36.1± 13.2 36.5 ± 11.9 0.390  

Parotid Dmean (Gy) 7.0 ± 3.3 6.5 ± 2.3 6.1 ± 2.4 6.9 ± 3.0 6.8 ± 3.2 0.274  

 D50% (Gy) 8.0 ±6.2 6.9 ± 4.0 6.8 ± 4.0 7.3 ± 4.4 7.5 ± 4.8 0.051  

Normal Tissue DInt 

(x104Gycm3) 
8.7 ± 0.7 7.6 ± 1.1 7.7 ± 0.9 8.2 ± 1.1 8.3 ± 0.9 0.002 

ESB> VMAT3, VMAT2, BAOnc, 

BAOc  

 UTCI 
4.55 ± 1.68 5.66 ± 1.72 5.68 ± 1.81 4.80 ± 1.53 4.88 ± 1.89 <0.001 

BAOnc, BAOc, VMAT3, VMAT2> 

ESB 

HI = homogeneity index, CN = conformity number, Dint = integral dose, UTCI = uncomplicated target conformity index 
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3.4  Discussion 

Each of the beam arrangement methods had their uniqueness in delivering the tumoricidal dose 

to the tumour. The equally spaced beam in the ESB method directed the IM beams evenly from 

all angles around the patient and was best in treatment of central uniform-shaped tumours. The 

VMAT methods shared similar characteristics but employed more beams from all angles round 

the patients and reduced the treatment time (Verbakel et al., 2009). Because of this, they were 

expected to deliver higher integral dose to normal tissues (Higby et al., 2016). The VMAT3 had 

the potential to produce more conformal dose distribution than VMAT2 but required one 

additional gantry rotation and therefore increased the treatment time. In this study, the BAO 

methods used 5-9 beams directed from selected angles. Beams that did not have contribution to 

the plan were eliminated and the beam angles could be tailor made for individual patients. As a 

result, the integral dose and total monitoring units (MU) were lower (Shukla et al., 2016). 

BAOnc had greater freedom to direct the beams to the patient compared with BAOc, but in the 

expense of longer treatment set up time. Overall, the clinical merit of the current study is that it 

provides evidence-based recommendations on the beam arrangement for planners to use in the 5 

types of head and neck cancers. 

3.4.1 Cancer of Nasopharynx 

With regards to the target conformity and homogeneity, ESB performed better in PTVH and 

PTVI. This could be due to the fact that these target volumes were relatively less irregular in 

shape than the PTVL and, being more centrally situated at the skull, the evenly distributed 

intensity-modulated IM beams were able to produce relatively more conformal dose distribution. 
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Whereas for PTVL which extended to both sides of the neck, and was more irregular with an 

inverted U-shape (Figure 3.1), the BAOnc and VMAT plans demonstrated relatively better dose 

coverage. The main reason was that with the use of non-coplanar beams in BAO and the greater 

number of effective beam angles from VMAT, they were both more effective in creating 

conformal high dose volumes covering the irregular target. By the same argument, the OARs 

were better spared by these two beam arrangement methods (Tran et al., 2017). By combining 

the performance in the target volumes and OARs, it was logical to see BAOnc and VMAT3 

achieved the relatively better plans among the five beam arrangement methods. Overall, 

however, the VMAT3 would be recommended because it would have a much shorter treatment 

delivery time compared to BAOnc.  

3.4.2 Cancer of Oral Cavity 

In terms of dose coverage to the target volume, VMAT plans in general performed better among 

the five beam arrangement methods as it demonstrated the highest CN in all the PTVs. Since the 

oral cavity was a relatively large structure, tumours could arise from different locations in the 

oral cavity ranging from periphery to centre. The results showed evidence that the VMAT beam 

arrangement was more flexible to deal with target volume location variation, and its average 

performance on target coverage was better than the other beam arrangements. Regarding the 

OARs, the spinal cord and brain stem were located at some distance from the target volume, their 

doses were relatively low and therefore their differences were small. For the parotid gland, BAO 

plans provided relatively better sparing and were able to keep the average mean dose below 26 

Gy, which was reported to be within the acceptable range of tolerance dose (mean dose 25-30 

Gy) (Ortholan, Benezery, & Bensadoun, 2010). Since the VMAT plans and BAO plans 



 

66 

 

performed better in target volume coverage and parotid gland sparing respectively, it was logical 

to see their plans achieve similar rank in the UTCI scores. Furthermore, since there was no 

significant difference between VMAT3 and VMAT2, the addition of extra arc in VMAT3 did not 

bring any dosimetric advantage and therefore was not necessary. Moreover, BAOc was adequate 

when compared with BAOnc as including non-coplanar beams did not significantly improve the 

plan quality. Taking the treatment time into consideration, VMAT2 would be recommended as it 

shared similar plan quality as the BAOc plans but offered shorter treatment time.  

3.4.3 Cancer of Larynx 

Target volumes in laryngeal cancer were more regular in shape and further away from OARs. All 

five beam arrangement methods performed well on this relatively simple target volume 

geometry. This was the reason why there was no significant difference in most of the dose 

parameters of the target volumes, OARs and UTCI scores. This implied that any one of the beam 

arrangement methods was effective in treating this cancer. It was worth noting that since the 

BAO plans restricted the number of beams to below 9, it delivered relatively lower integral dose 

which might reduce of risk of secondary cancer when compared to the VMAT plans. However, 

in terms of treatment delivery time, the VMAT plans would have the advantage.  

3.4.4 Cancer of Maxillary Sinus 

Since tumour of the maxillary sinus was usually located at one side of the head, the evenly 

distributed beams in ESB and VMAT would irradiate the contralateral structures such as the 

parotid gland. This phenomenon was reflected in the dosimetric results of the VMAT plans that 

delivered higher mean parotid gland doses. Besides, the BAO plans which allowed beams mainly 
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directed from the ipsilateral side performed better overall plan quality with the UTCI scores 

significantly higher than the other three methods. It is logical to consider whether the use of the 

partial arc VMAT which could also avoid the direct beam entry from the contralateral side could 

be comparable to the BAO plans. Unfortunately, it was one of the limitations of the current study 

that the use of the partial arc VMAT was not included, because it was intended to include only the 

beam arrangements that were applicable to all the types of head and neck cancer in the study. In 

the current study, VMAT has shown to have comparable results with BAO in the HI and CN of 

PTV and in the dose to brain stem and spinal cord. Although the advantage of the use of the partial 

arc VMAT in the cancer of maxillary sinus was not explicitly deduced, the use of partial arc VMAT 

could possibly achieve the comparable results as in the full arc VMAT while reducing the 

disadvantages attributable to the beam entry from the contralateral side. Therefore, the current 

results were not against the use of partial arc VMAT in the cancer of maxillary sinus.  

3.4.5 Cancer of Parotid Gland 

Target volumes of the parotid gland tumour usually followed a triangular shape and would not 

pose great difficulty to the various beam arrangements. This was reflected in the dosimetric 

results of the target volumes in which there was no significant difference in all the dosimetric 

parameters among the five beam arrangement methods. Similar to the maxillary sinus cancer, 

parotid tumour is situated at the lateral aspect of the head, this would be a disadvantage for the 

ESB and VMAT beam arrangement. Relatively higher doses were found in the contralateral 

parotid gland in these plans although the differences did not reach statistical significance. With 

the same reason as for the maxillary sinus cancer, the integral dose in the BAO plans were 

significantly lower, and this also led to an overall better UTCI scores in these two plans. This 
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was echoed the study by Yirmibesoglu et al (2011) who reported that 4-field ipsilateral IMRT 

techniques provided excellent coverage while maximally sparing the contralateral parotid gland 

and submandibular gland. As a result, BAOc plans would be recommended as it achieved the 

same plan quality as the BAOnc but offered simpler treatment setup procedure. Furthermore, by 

the same argument as stated for the cancer of maxillary sinus, the current study results were not 

against the use of partial arc VMAT in the cancer of parotid gland. 

3.4.6 Comparison with Previous Literature 

Compared with previous similar dosimetric studies, the current study is unique in the 

methodology by 1) inclusion of five beam arrangement methods, 2) grouping of head and neck 

cancers and 3) the use of UTCI for plan ranking. Firstly, previous studies either compared ESB 

with VMAT (Vanetti et al., 2009; Verbakel et al., 2009) or ESB with BAO (Rowbottom, Nutting, 

& Webb, 2001; Srivastava et al., 2011). Without the inclusion of the all three beam arrangement 

methods in one study, their results could not be used to interpret the relative strengths and 

weaknesses between VMAT and BAO. Secondly, previous studies either included only one type 

of head and neck cancer (Rowbottom et al., 2001) or mixing several types of head and neck 

cancers together in the comparison (Vanetti et al., 2009). In contrast, the current study classified 

the subjects into 5 types of head and neck cancers. The classification of samples into five types 

of cancers contributed to more clinically useful results. The five types of head and neck cancers 

represented major variation of the target position in terms of lateral-medial and supero-inferior 

within the head and neck region as illustrated in Figure 3.2.  Because body profile, adjacent 

OARs and tissue density inhomogeneity are varied across the different sub-sites in the head and 

neck regions, it is logical to expect different performance of beam arrangement methods in these 
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selected cancers. Thirdly, the UTCI allowed the ranking of beam arrangement methods whereas 

previous studies which reported only on the dose parameters comparison could not achieve an 

overall ranking for recommendation. 

There were similarities and differences between our results and the previous studies. Two studies 

reported that VMAT2 resulted in better PTV homogeneity than ESB in head and neck cancers 

(Vanetti et al., 2009; Verbakel et al., 2009) where in the current study, similar results were only 

found in PTVI and PTVL of NPC. In addition, it was reported that VMAT provided better 

sparing of the parotid gland (Johnston et al., 2011; Verbakel et al., 2009), brain stem (Johnston et 

al., 2011; Vanetti et al., 2009) and spinal cord (Vanetti et al., 2009) while the current study only 

obtained similar results in the parotid dose of the NPC and oral cavity cases. These discrepancies 

could possibly be attributed by the classification of cases in the current study, instead of grouping 

all head and neck cancers together for IMRT planning.  

 

 

NPC 

Parotid Parotid 

Maxilla Maxilla 

Oral 

Cavity 

Larynx 

Figure 3.2. Illustration of the coverage of tumour position variations by the five types of head and neck 

cancers. 
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3.5 Conclusion 

The five beam arrangement methods produced acceptable plans for all the five groups of head 

and neck cancer patients. Partial arc VMAT was not included in the beam arrangement methods 

because it was not commonly applied in centrally located cancers, therefore it could not be used 

in comparison among the five groups of head and neck cancers. The results showed that 

individual methods showed dosimetric advantages on certain aspects, and the UTCL scores were 

marginally greater in the BAO method in the cancers of the maxillary sinus and the parotid 

gland. However, if treatment time was included into consideration, VMAT plans would be 

recommended for cancers of nasopharynx (VMAT3), oral cavity and larynx (VMAT2).  
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Chapter 4 

Study 2 – Dosimetric Evaluation of Maximum Deliverable 

Dose to GTV in IMRT of Locally Advanced NPC using Non-

coplanar Beam Arrangement 

This study was conducted to determine the maximum deliverable dose to GTV in radiotherapy of 

locally advanced NPC, in correspondence to objective 2 of the thesis. 

4.1 Introduction 

Radiotherapy treatment planning of locally advanced NPC is challenging because the disease is 

usually presented with base of skull, cranial nerve and/or intracranial involvements (Kwong et al., 

2006). This means that the tumour is very close to critical OARs such as brain stem, temporal lobe, 

spinal cord and optic nerves. Hence, it is difficult to deliver enough dose to the tumour because it 

is limited by the dose tolerance of these OARs. This challenge has been reflected by the clinical 

outcome. In a local clinical study, the five-year relapse free survival (RFS) for stage I was as high 

as 95.7%, but it quickly dropped to 64.7% in stage II; and 54.5% and 41.1 % in stage III and IV 

respectively (D. T. T. Chua et al., 2001). Although there has been an improvement in survival by 

new radiation therapy techniques such as IMRT (A. W. M. Lee et al., 2014), local failures of 

treatment still occurred. When investigating the pattern of the relapse, it was reported that in the 

group of predominantly advanced local disease (T3-4 N0-1), the major cause was local relapse, 

which accounted for 61.8% of all failures (D. T. T. Chua et al., 2001). In this type of failure, the 

site of relapse was often at the area where the prescribed dose was delivered. This result was echoed 
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by another study which revealed that 80% of the recurrent cases had the relapse sites at the region 

of median dose 70.4 Gy in the previous treatment (Dawson et al., 2000a). A more recent study also 

reported that 78.4% of the recurrent NPC cases occurred in the nasopharynx (Zhao et al., 2016). 

These reports suggested the need of GTV dose escalation to tackle the problem of local relapse. 

Currently, NPC patients receive the radiotherapy dose of about 70 Gy to the PTV which involves 

gross tumour volume (GTV) and the dose of more than 50 Gy to the potential microscopically 

involved cervical lymph node regions (A. W. Lee et al., 2015). Despite not being a general clinical 

practice, escalation of radiation dose to the GTV is practiced in a few clinical centres (A. W. Lee 

et al., 2015).  Clinical study has demonstrated that the dose-tumour control relationship existed 

when the GTV dose was above the current prescribed dose of 70 Gy (Teo et al., 2000). In fact, 

clinical report of dose escalation to GTV of NPC using brachytherapy (Chao et al., 2017) or IMRT 

(Kwong et al., 2006) has been reported to achieve better local control. However, the major 

limitation of dose escalation using IMRT is that it may exceed the tolerance doses of OARs and 

lead to more severe side effects. For example, it was reported that 80% of the patients developed 

grade 3 mucositis and 42% had hearing loss (Kwong et al., 2006). Nevertheless, the clinical result 

of good local control and the improved disease-free survival warranted the practice of dose 

escalation of radiotherapy in NPC.  

Because it has been shown in study 1 that IMRT using BAOnc could achieve better OAR sparing 

in IMRT of NPC, it is worth to conduct a study to evaluate whether the use of BAOnc can overcome 

the limitation of increasing OAR dose in GTV dose escalation plans. In this study, the aim is to 

evaluate the capability of IMRT using BAOnc to escalate the dose to GTV of NPC cases. The 

capability is quantified by deducing the maximum deliverable dose to the GTV, which in turn is 
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determined by comparing the dosimetric outcome of the plans with escalated GTV dose a to the 

plan with the original prescription. 

4.2 Materials and Methods 

4.2.1 Patient Selection and Plan Specification 

A total of 25 locally advanced NPC patients treated by IMRT were randomly selected. Using 

G*Power software (Heinrich Heine University, version 3.1.9.4) with an effect size of 0.6 and an 

alpha value of 0.05, the power of 0.821was calculated for a sample size of 25. It showed that 

with the sample size, the statistical test had 82.1% chance to detect the effect if the differences of 

dose parameters among plans of different GTV dose were true (Type II error), while there was a 

5% chance to detect the effect where the differences were untrue (Type I error). All the retrieved 

patients were locally advanced NPC with AJCC staging of T3 to T4 and N0 to N1. The patient 

demographics are listed in Table 4.1 (P. 72). Ethical approval was obtained from the Hong Kong 

Polytechnic University and the Princess Margaret Hospital. To ensure confidentiality of the 

selected patients, the patient identifiers, such as name and registration number, were completely 

removed by an assigned study number and requirements of the Personal Data (Privacy) 

Ordinance was adhered to. 
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Table 4.1 Patient demographics 

Patient demographics Number of patients 

Gender  

Male 19 

Female 6 

Age  

0-34 0 

35-64 21 

65-84 2 

>84 2 

Tumour classification  

T1 0 

T2 0 

T3 19 

T4 6 

Lymph node status  

N0 18 

N1 7 

N2 0 

 

The original prescription of the plans was 70 Gy to high risk PTV (PTVH), 60 Gy to intermediate 

risk PTV (PTVI) and 54 Gy to low risk PTV (PTVL), delivered using simultaneous integrated 

boost over 33 fractions. The PTVH encompassed the GTV and involved lymph nodes, whereas the 

PTVI and the PTVL involved the selective nodal regions and the isotropical expansion of the 

PTVH respectively. The PTVs were contoured by the oncologist in-charge and the OARs were 

contoured by the planner. Three hypothetical plans were computed for each patient using the 

Eclipse treatment planning system Version 13.6 (Varian Medical System, Palo Alto, US) by the 

same planner to compare with the original plans. The Anisotropic Analytical Algorithm (Version 

13.6.23) was used for volume dose calculation and the Photon Optimizer (Version 13.6.23) was 

used for optimization. Among the four plans for comparison (3 hypothetical plans and 1 original 

plan), the original plan (GD70) had the prescription of 70 Gy for the GTV whereas the others were 

GTV dose escalated plans. While keeping the dose to the PTVs and the number of fractions 
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unchanged, the escalated GTV dose of the three GTV dose escalated plans were 76 Gy (GD76), 78 

Gy (GD78) and 80 Gy (GD80) respectively. Details of the dose prescription for the four plans are 

listed in Table 4.2.  

Table 4.2. List of prescribed dose to the targets in the four hypothetical plans 

Plan 

GTV PTVH PTVI PTVL 

Tol. dose 

(Gy) 

Dose/F 

(Gy) 

Tol. dose 

(Gy) 

Dose/F 

(Gy) 

Tol. dose 

(Gy) 

Dose/F 

(Gy) 

Tol.dose 

(Gy) 

Dose/F 

(Gy) 

GD70 70 2.12 70 2.12 60 1.82 54 1.64 

GD76 76 2.30 70 2.12 60 1.82 54 1.64 

GD78 78 2.36 70 2.12 60 1.82 54 1.64 

GD80 80 2.42 70 2.12 60 1.82 54 1.64 

GTV = gross tumour volume; PTVH = high risk planning target volume; PTVI = intermediate risk 

planning target volume; PTVL = low risk planning target volume; Tol. Dose = total dose; Dose/F 

= dose per fraction. 

The OARs concerned in the treatment planning were included by following local planning 

guideline as listed in Table 4.3 (P. 74). Equally spaced beam arrangement using 9 beams, which 

was the clinical routine in local department, was used for the GD70 plans, whereas the non-coplanar 

beam angle optimization (BAOnc) was used for the plan GD76, GD78, and GD80. All treatment 

plans were planned with 6 MV photon and Millennium MLC. The Anisotropic Analytical 

Algorithm (Version 13.6.23) was used for volume dose calculation and the Photon Optimizer 

(Version 13.6.23) was used for optimization. The priorities of the objective functions for the 

structures were ranked, from the highest to the lowest, as follows: 1. Brain stem, spinal cord; 2. 

PTVs; 3. Other OARs. It is the local institutional practice to use higher priority in brain stem and 

spinal cord than PTVs as they are the critical OARs. Because the GTV dose escalated plans (GD76, 

GD78, GD80) were compared with the original plan (GD70) of the retrieved patients, it was intended 
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to use the same rationale of objective function setting for fair comparison. Otherwise, a significant 

increase in the dose of spinal cord and brain stem would be resulted. 

Table 4.3. Dose parameters for OARs and the local OARs tolerances guideline 

OAR Dose parameter Tolerance 

Critical OAR 

Brain stem D2% <54 Gy 

Spinal cord D2% <45 Gy 

Other OAR 

Optic nerve D2% <54 Gy 

Optic chiasm D2% <54 Gy 

Eyeball D2% < 45Gy 

Lens D2% < 10 Gy 

Pituitary D2% < 65 Gy 

Temporal lobe D2% < 67Gy 

Parotid gland Dmean < 26 Gy 

D50% < 30 Gy 

Cochlea D2% < 58 Gy 

Brachial plexus D2% < 63 Gy 

 

4.2.2 Plan Evaluation and Statistical Analysis 

Plans were evaluated by the dose parameters generated from the dose volume histogram (DVH) of 

each structure. 95% of the PTVs and GTV should be covered by the prescribed dose. The 
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homogeneity index (HI) (Grégoire & Mackie, 2011) and conformation number (CN)  (Riet et al., 

1997) were generated in addition to the dose coverage. For the GTV in plan GD70, because the 

prescription of the GTV is the same as the PTVH, the dose parameters were not separately 

evaluated and recorded. For the OARs, following the local planning guideline in Table 4.3 (P. 74), 

D2% was used as the dose parameter for evaluation except the parotid gland, in which the D50% and 

the Dmean were used.  

The procedure of plan evaluation of statistical analysis is illustrated in Figure 4.1. The maximum 

deliverable dose was defined as the highest GTV dose that achieve acceptable PTVs and GTV dose 

coverage, HI and CN; with no significant increase in OARs dose. After plan evaluation, statistical 

analysis was performed using the SPSS version 20 (IBM Corp, Armonk, NY), with the aim to 

evaluate the maximum deliverable dose to the GTV. All the dose parameters were first tested for 

normality using the Shapiro-Wilk test. Paired sample t-test was used to analyze the differences of 

the mean dose parameters of all OARs between hypothetical plans and the original plan, except 

those for brain stem and spinal cord. Brain stem and spinal cord dose parameters were excluded as 

they were set as the highest priority in the optimization process, so their dose parameters were 

expected to be unaffected despite an increase in GTV dose. However, because of the proximity of 

the brain stem, spinal cord, PTVs and GTV in NPC cases, keeping the dose parameters of brain 

stem and spinal cord within tolerance might lead to sub-optimal dose coverage in PTVs and GTV. 

Therefore, it is important to evaluate whether the dose coverage, CN and HI of the PTVs and GTV 

achieved acceptable levels in the GTV dose escalated plans (GD76, GD78, GD80).  
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4.3 Results 

4.3.1 Doses delivered to PTVs, GTV, spinal cord and brain stem 

All the plans fulfilled dose coverage requirement of the PTV and GTV that 95% of the volume 

was covered with the prescribed dose. Table 4.4 (P. 78) shows the mean D2%, D98%, HI and CN for 

the PTVs and GTV. All the mean D2% and D98% were very close to the prescribed dose. For example, 

the mean D2% of the GTV were 103.3%, 103.4% and 103.5% of the prescribed dose for the GD76, 

GD78 and GD80 plans respectively. Whereas for the mean D98%, they accounted for 99.5%, 99.1% 

and 98.7% of the prescribed dose of the GD76, GD78 and GD80 plans respectively. The values of 

D98% and D2% were used to calculate HI. The HI of all the 4 plans were very similar and it ranged 

from 0.037 to 0.048 in GTV. In addition, the conformity indices of PTV and GTV in all the plans 

were also very similar, with the range of 0.847 to 0.866 in PTVH. 

Furthermore, Table 4.5 (P. 79) lists the dose parameters of the brain stem and spinal cord in the 4 

plans. The mean D2% of the brain stem in all the 4 plans were all close to 52 Gy. This was less than 

the dose tolerance of 54 Gy and there were no significant difference among the 4 plans. For the 

spinal cord, the mean D2% in the 4 plans were around 41 Gy which were lower than the dose 

tolerance of 45 Gy.  

Plan evaluation

•To ensure all the 
plans fulfill dose 
criteria of PTV, 
GTV and critical 
OARs.

Statistical analysis 
using paired T test

•To compare the 
dose outcome of 
the "other OARs" 
in the GTV dose 
escalated plans and 
the original plan.

GTV maximum 
deliverable dose

•The plan with the 
highest GTV dose 
that passes the plan 
evaluation, and 

Figure 4.1. Plan evaluation and statistical analysis procedure 
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Because the GTV volume of ≥3.5 cm3 with less than 66.5 Gy was reported to be a prognostic factor 

of NPC IMRT (Ng et al., 2014), the minimum dose of the GTV in all the 25 patients is listed in 

Table 4.6 (P.80). There were 2 cases with GTV minimum dose less than 66.5 Gy, but the volumes 

of <66.5 Gy were less than 0.1 cc. 

 

4.3.2 Doses delivered to the other OARs  

The mean dose parameters of the OARs are listed in Table 4.5 while the paired sample t-test 

comparison of the dose parameters of these OARs between the GTV dose escalated plans and the 

original plan are listed in Table 4.7 (P.81). The results showed that there was no significant 

difference in the GTV dose escalated plans compared with the original plan for the dose parameters 

of parotid gland, optic nerve, optic chiasm, cochlea and brachial plexus. However, there was 

statistically significant increase in the dose parameters for the lens, pituitary and temporal lobe in 

the GD76, GD78, and GD80 plan compared with the original plan (GD70). In these 3 OARs, there 

was a trend of progressively increasing dose parameters with the GTV dose prescription from 76 

Gy to 80 Gy. For instance, the pituitary mean D2% was increased by 1.520 Gy, 2.055 Gy and 2.538 

Gy in the GD76, GD78 and GD80 plans respectively.  

On the other hand, the dose parameters of eyeball significantly decreased in the GTV dose 

escalated plans compared with the original plans. The magnitude of the decrease of eyeball dose 

reduced as the GTV dose increased.  
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Table 4.4 GTV and PTV coverage, HI and CN 

Target volume GD70 

(mean±SD) 

GD76 

(mean±SD) 

GD78 

(mean±SD) 

GD80 

(mean±SD) 

PTVH D2% (Gy) 72.4±0.3 73.0±0.7 73.5±0.9 74.0±1.2 

D98% (Gy) 69.7±0.2 69.6±0.4 69.6±0.3 69.4±0.2 

HI 0.04±0.01 0.05±0.02 0.06±0.02 0.06±0.02 

CN 0.87±0.02 0.86±0.02 0.86±0.02 0.85±0.02 

PTVI D2% (Gy) 65.7±0.3 65.8±0.4 65.8±0.4 65.9±0.4 

D98% (Gy) 59.0±0.4 58.9±0.4 58.9±0.4 58.8±0.4 

HI 0.11±0.01 0.11±0.01 0.11±0.01 0.11±0.01 

CN 0.86±0.02 0.84±0.03 0.84±0.02 0.84±0.02 

PTVL D2% (Gy) 57.6±0.4 57.3±0.3 57.3±0.2 57.2±0.05 

D98% (Gy) 53.6±0.4 54.1±0.3 54.1±0.3 54.1±0.3 

HI 0.07±0.01 0.06±0.01 0.06±0.01 0.06±0.02 

CN 0.69±0.03 0.67±0.03 0.67±0.03 0.67±0.03 

GTV D2%  (Gy)  78.5±0.5 80.6±0.6 82.8±0.5 

D98% (Gy)  75.6±0.2 77.3±0.2 78.9±0.3 

HI  0.04±0.01 0.04±0.01 0.05±0.01 

CN  0.78±0.04 0.79±0.04 0.78±0.04 
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Table 4.5. OARs dose parameters and integral dose between plans with different prescription  

Structure Dose 

parameter 

GD70 

(mean±SD) 

GD76 

(mean±SD) 

GD78 

(mean±SD) 

GD80 

(mean±SD) 

Spinal cord D2% (Gy) 40.7±1.1 41.3±1.9 41.2±2.0 41.1±2.0 

Brain stem D2% (Gy) 52.2±0.9 52.2±1.0 52.2±1.1 52.2±1.1 

Parotid Dmean (Gy) 34.0±3.8 33.9±3.9 33.8±3.9 33.9±3.9 

D50% (Gy) 29.1±5.2 28.9±5.1 28.9±5.0 29.0±4.9 

Optic nerve D2% (Gy) 55.4±5.0 55.8±4.5 55.8±4.2 55.7±4.5 

Optic 

chiasm 

D2% (Gy) 55.5±5.7 56.0±4.4 56.1±4.5 56.1±5.6 

Lens D2% (Gy) 6.6±3.6 8.1±4.9 8.2±4.8 8.4±4.7 

Eyeball D2% (Gy) 27.7±10.9 22.2±10.6 22.4±10.6 22.7±10.5 

Pituitary D2% (Gy) 65.2±6.5 66.7±8.0 67.3±8.5 67.8±9.1 

Temporal 

lobe 

D2% (Gy) 63.7±5.0 64.4±5.9 64.6±6.2 64.8±6.6 

Cochlea D2% (Gy) 59.1±7.2 58.7±9.4 59.1±8.7 59.6±8.3 

Brachial 

plexus 

D2% (Gy) 60.8±1.5 61.0±1.6 61.0±1.6 61.0±1.6 
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Table 4.6 GTV minimum dose in all 25 recruited cases 

 
GD70 GD76 GD78 GD80 

Case 

ID 

Minimum 

Dose (Gy) 

Vol < 66.5 Gy 

(cc) 

Minimum 

Dose (Gy) 

Vol < 66.5 Gy 

(cc) 

Minimum 

Dose (Gy) 

Vol < 66.5 Gy 

(cc) 

Minimum 

Dose (Gy) 

Vol < 66.5 Gy 

(cc) 

1 72.4 0 74.2 0 75.5 0 76.4 0 

2 69.7 0 74.2 0 75.3 0 76.3 0 

3 70.0 0 73.9 0 75.3 0 76.3 0 

4 68.2 0 69.8 0 72.3 0 73.2 0 

5 69.7 0 73.6 0 74.5 0 75.8 0 

6 69.0 0 72.9 0 75.2 0 76.6 0 

7 69.8 0 74.4 0 75.5 0 76.2 0 

8 67.5 0 70.2 0 71.5 0 72.6 0 

9 68.2 0 71.8 0 73.8 0 75.1 0 

10 69.9 0 73.6 0 75.0 0 76.2 0 

11 69.8 0 72.8 0 74.7 0 75.7 0 

12 69.4 0 73.4 0 74.7 0 75.7 0 

13 66.3 0.1 65.9 0.1 66.2 0.1 66.4 0.1 

14 69.9 0 72.6 0 73.6 0 74.6 0 

15 69.7 0 73.2 0 74.4 0 75.8 0 

16 69.8 0 74.0 0 74.7 0 75.4 0 

17 68.5 0 70.2 0 71.4 0 73.0 0 

18 69.0 0 71.5 0 72.3 0 73.7 0 

19 69.7 0 71.5 0 72.0 0 72.5 0 

20 69.7 0 73.2 0 75.0 0 76.8 0 

21 66.6 0 69.4 0 69.7 0 70.7 0 

22 62.5 0.1 62.9 0.1 63.2 0.1 62.8 0.1 

23 69.7 0 73.9 0 75.2 0 76.5 0 

24 69.6 0 68.6 0 70.1 0 70.6 0 

25 69.5 0 73.9 0 74.8 0 76.2 0 
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Table 4.7. Paired sample t-test results. 

Structure 
Dose 

parameter 

Pair group 

GD70 vs. GD76 GD70 vs. GD78 GD70 vs. GD80 

Difference 

Mean±SD 

p Difference 

Mean±SD 

p Difference 

Mean±SD 

p 

Parotid Dmean (Gy) 0.047±0.768 0.671 0.109±0.785 0.329 0.507±0.767 0.643 

D50% (Gy) 0.104±0.814 0.373 0.162±0.834 0.176 0.506±0.823 0.630 

Optic nerve D2% (Gy) 0.429±2.569 0.244 0.367±2.716 0.343 0.299±1.994 0.294 

Optic 

chiasm 

D2% (Gy) 0.443±2.243 0.333 0.548±2.321 0.249 0.580±2.329 0.225 

Lens D2% (Gy) 1.560±4.126 0.011 1.706±4.051 0.005 1.859±3.951 0.002 

Eyeball D2% (Gy) -5.407±7.209 <0.001 -5.243±7.281 <0.001 -4.969±7.168 <0.001 

Pituitary D2% (Gy) 1.520±2.294 0.003 2.055±2.936 0.002 2.538±3.543 0.002 

Temporal 

lobe 

D2% (Gy) 0.731±1.777 0.005 0.917±2.131 0.004 1.073±2.498 0.004 

Cochlea D2% (Gy) 0.469±4.866 0.499 0.086±3.222 0.851 0.396±2.088 0.186 

Brachial 

plexus 

D2% (Gy) 0.115±0.696 0.249 0.129±0.790 0.256 0.130±0.714 0.203 

Bold font=result with statistical significant difference, negative sign (-) = dose parameters of the OAR decrease in the GTV dose 

escalated plans compared with the original plan, positive sign (+) = dose parameters of the OAR increase in the GTV dose escalated 

plans compared with the original plan
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4.4 Discussion 

The aim of this study is to investigate whether the use of BAOnc can keep the OARs doses below 

their tolerance in the GTV dose escalated plans compared with the original plans in IMRT of NPC. 

This in turn deduced the maximum deliverable dose to the GTV that would not increase the dose 

to the OARs when compared with the plan with original prescription. The results of this study 

suggested that BAOnc could generate plans that fulfilled the criteria to deliver conformal and 

homogeneous dose to the targets without overdose to the brain stem and spinal cord. In addition, 

there was no difference in the dose to parotid gland, optic nerve, optic chiasm, cochlea and brachial 

plexus, and even a statistical decrease in the dose to the eyeball when compared the original plan 

with the GTV dose escalated plans. However, the lens, pituitary gland and temporal lobe showed 

significant increase of dose when compared the original plan with the GTV dose escalated plans. 

Although there were several OARs which showed no significant difference in the GTV dose 

escalated plans, some of the OARs, including the lens, pituitary gland and temporal lobe, showed 

significant increase in the dose parameters of the GTV dose escalated plans. Therefore, the plans 

with escalated GTV dose would inevitably impose unwanted clinical outcome to the corresponding 

OARs if the plans were to be delivered to real patients. Although the current study did not 

investigate the clinical outcome on real patients, the impact of the increase of dose in these three 

OARs can be discussed based on the dosimetric outcome. Firstly for the pituitary gland, the level 

of dose exceeded its tolerance might lead to radiation induced hypopituitarism and pituitary 

hormone deficiencies (K. S. L. Lam, Tse, Wang, Yeung, & Ho, 1991). However, this has already 

been a common late side effect for NPC patients treated with the original prescription of 70 Gy 

(Ratnasingam et al., 2015). It is because pituitary gland is situated close to the high dose region in 
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radiotherapy of NPC (Sze et al., 2019). These patients with post-radiotherapy endocrine 

disturbance due to hypopituitarism was manageable using hormone supplement (Lue, Huang, & 

Chen, 2008). In order to achieve good disease control by delivering enough dose to the targets, 

dose delivered to pituitary gland sometimes was allowed to exceed the tolerance (Ng et al., 2014).  

Secondly for the lens and the temporal lobe, although our results showed dose increase in these 

structures in the escalated plans, their mean D2% did not exceed their tolerance doses, which were 

10 Gy for the lens and 67 Gy for the temporal lobe. Therefore it was unlikely that they will develop 

complications such as cataract and temporal lobe necrosis respectively. In addition, a similar dose 

escalation study on NPC reported a mean D2% of the temporal lobe greater than 68 Gy (Kwong et 

al., 2006), which was higher than that from our study (less than 65 Gy).   

Furthermore, the eyeballs showed decrease dose in the GTV dose escalated plans compared with 

the original plan. The decrease could be attributed to the non-coplanar beam arrangement which 

had a greater freedom of beam angle choice to avoid beam entry on the eyeball compared with 

ESB. The eyeballs, alongside with the other OARs which showed no significant different dose 

parameters, revealed the superior ability of the use of BAOnc for the GTV dose escalation 

compared with ESB used in the reference plan. In a similar previous dose escalation study which 

utilized ESB-9 beam arrangement IMRT in head and neck cancers,  the V30 of the parotid gland 

increased from 48% to 62% for the plans with the prescription of 68.1 Gy and 73.8 Gy (both over 

30 fractions) respectively (Lauve et al., 2004). In contrast, the dosimetric result of the parotid in 

the current study did not show any statistical significant increase with an even higher escalated 

GTV dose of 80 Gy.  
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In summary, the major concern for GTV dose escalation is the dose to the pituitary gland. Dose 

escalation of the GTV should be cautious because the pituitary dose might exceed the tolerance. 

Although sacrificing the pituitary gland is sometimes justified for some advanced NPC cases for 

the purpose to deliver enough dose to the targets (Ng et al., 2014), it is not sure whether the benefit 

of GTV dose escalation outweigh the cost of pituitary gland overdose in all patients with locally 

advanced disease. Therefore, it is suggested a set of logical case selection criteria should be 

developed to get the maximum benefit of dose escalation. This will be discussed in section 6.4.2 

in Chapter 6. 

4.5 Conclusion 

With the use of beam arrangement BAOnc, it was able to produce GTV dose escalated IMRT plans 

in NPC cases up to 80 Gy with acceptable dose coverage, conformity and homogeneity for PTVs 

and GTV. Most of the OARs dose parameters did not show any significant increase when 

comparing the original plans and the GTV dose escalated plans. The results suggested that GTV 

dose escalation in NPC radiotherapy could be escalated to 80 Gy on condition that the pituitary 

gland is considered sacrificed and the lens and temporal lobe dose is kept within their tolerance. 
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Chapter 5 

Study 3 - Development of Regression Model to Determine 

Reference OARs Doses from Anatomical Parameters in 

IMRT Treatment Planning of Nasopharyngeal Cancer 

This study was conducted to develop a model to address the relationship between the OAR dose 

parameters and anatomical parameters in the IMRT of NPC, in correspondence to objective 3. 

This study has been submitted for publication in the Journal of Medical Radiation Science and is 

under revision. 

5.1 Introduction 

Radiotherapy is the primary treatment for nasopharyngeal carcinoma (NPC). Sparing of organs at 

risk (OARs) from cancericidal radiation dose has been one of the major concerns in treatment 

planning because irradiation of the OARs may cause irreversible late side effects to the patients. 

These irreversible late side effects include xerostomia, ototoxicity and neurotoxicity (Chen et al., 

2013; Tao et al., 2014). This concern has been increased with the advances in treatment 

technique using intensity modulated radiotherapy (IMRT) and the use of chemo-radiotherapy, 

which attribute to the increase of long-term survival in both early stages and loco-regional 

advanced NPC patients (M. L. K. Chua et al., 2016). As the life expectancy of post-radiotherapy 

patients becomes longer, their quality of life, which can be degraded by the irreversible late side 

effects, should be well addressed. OARs radiation dose sparing is therefore an important issue in 

radiotherapy (Hawkins, Kadam, Jackson, & Eisbruch, 2018). 
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Currently in radiotherapy planning of NPC, the doses to OARs are based on the guidelines of 

acceptable doses to individual organs (Sze et al., 2019). While the relationship of radiation dose 

and occurrence of OARs side effects has not been fully understood, these guidelines are based on 

the best understanding of a safe dose to be delivered from past clinical experience (Sze et al., 

2019). However, the guidelines may not represent the optimal dose of the OARs to be delivered 

for individual patients because achieving lower OARs dose is often at the expense of adequate 

dose coverage of the planning target volumes (PTV). Therefore, although the guidelines 

represent the safe dose to the OARs, it does not necessarily tailor made for individual patients’ 

conditions. With no other better option, the OARs dose in the routine clinical guidelines are often 

used during treatment planning and they are input as objective functions in initial optimization of 

IMRT plans (Chau et al., 2008). Planners can then adjust the objective functions for OARs for 

minimizing their doses, which may however compete with the aim to achieve adequate PTV dose 

coverage. Therefore. the generation of an optimal plan depends on the planners’ experience, and 

the final OARs doses in the plan are therefore subject to variability among planners (Nelms et al., 

2012). 

Various models for OARs dose estimation in treatment planning have been proposed and their 

contributions in IMRT planning have been discussed (Appenzoller, Michalski, Thorstad, Mutic, 

& Moore, 2012; Moore, Brame, Low, & Mutic, 2011; B. Wu et al., 2009; Yuan et al., 2012). In 

general, some models correlated the OARs dose with the distance of the corresponding OARs to 

the PTV (Appenzoller et al., 2012) while the others correlated the OARs dose with the volume of 

the corresponding OARs overlapping with the PTV (Moore et al., 2011; B. Wu et al., 2009); and 

in addition there were models which incorporated both the corresponding distances and volumes 

(Yuan et al., 2012). In these studies, the effort was made with the aim to deduce the OARs dose 
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based on the corresponding distances and volumes based on past optimized plans. The current 

study is unique in a way that it uses a different model to establish the relationships between the 

OARs doses and the anatomical parameters using multiple regression algorithm. First, the model 

was based on specially generated IMRT plans with the aim to optimize the OARs dose. Second, 

the determined reference OARs dose was in the form of the dose metrics in OARs dose 

guidelines, such the D2% for spinal cord (Sze et al., 2019). Furthermore, it was hypothesized that 

the OAR doses were related to the anatomical parameters including their volumes and respective 

distances from the PTV. The model is expected to be able to provide guidance for planners 

before the IMRT optimization as a reference dose and method for the assessment of optimal 

OARs doses after completion of plan optimization. 

5.2 Materials and Methods 

5.2.1 Subjects Selection and IMRT Plans Specifications  

A total of 70 adult NPC patients previously treated by radical IMRT were randomly recruited. 

Among the 70 subjects, 45 of them were randomly selected as training dataset and the other 25 

subjects were assigned as validation dataset. Using G*Power software (Heinrich Heine 

University, version 3.1.9.4) F-test with an effect size of 0.25 and an alpha value of 0.05, the 

power of 0.83 were calculated for a sample size 45 for training dataset. It showed that with the 

sample size, the statistical test had 83%  chance to have a significant model of dosimetric and 

anatomical parameters relationship when it was true (Type II error), while there was a 5% chance 

to have a significant model where the relationships were untrue (Type I error). The demographics 

and distributions of the T and N stages of the patients are summarized in Table 5.1. Ethical 

approval was obtained from the Hong Kong Polytechnic University and the Princess Margaret 
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Hospital. To ensure confidentiality of the selected patients, the patient identifiers, such as name 

and registration number, were completely removed by an assigned study number and 

requirements of the Personal Data (Privacy) Ordinance was adhered to.  

The prescription was 70 Gy in 33-35 fractions for high risk planning target volume (PTV) 

(PTVH) that encompassed the primary tumour and positive cervical nodal involvement. The 

other two PTVs were intermediate risk PTV (PTVI) and low risk PTV (PTVL) in the cervical 

nodal region and their prescribed doses were 60 Gy and 54 Gy respectively. All the PTVs were 

treated using simultaneously integrated boost. A hypothetical plan was computed for each patient 

using the Eclipse treatment planning system Version 13.6 (Varian Medical System, Palo Alto, 

US) by the same planner. The IMRT plans were generated with 6 MV photon and Millennium 

multi-leaf collimator (MLC). Each plan employed 9 equally spaced beams at 40 apart. The 

Anisotropic Analytical Algorithm (Version 13.6.23) was used for volume dose calculation and 

the Photon Optimizer (Version 13.6.23) was used for optimization. The training dataset was used 

to provide data for the multiple regression analysis and to establish the multiple regression 

model, while the validation dataset was used to provide data to validate the established model. 

Table 5.1. Subjects characteristics 

 Model Training Group (n=45) Model Verification Group (n=25) 

Gender   

Male 35 19 

Female 10 6 

Age   

0-34 1 0 

35-64 32 21 

65-84 12 2 

>84 0 2 

Tumour classification   

T1 5 0 

T2 10 0 

T3 22 19 
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T4 8 6 

Lymph node status   

N0 19 18 

N1 11 7 

N2 15 0 

 

5.2.2 Generation of IMRT plans  

The same set of dose objective functions according to the institutional dose constraint protocol as 

listed in Table 5.2 were used in the initial optimization of all the plans. After the initial 

optimization and dose calculation, to ensure the OARs doses were optimized and tailor made 

according to different geometric relationship to the PTV in different patients, pseudo-structures 

were added to further reduce the OARs dose. These pseudo-structures were added with the aim 

to achieve the steep dose reduction gradient at the PTV-OARs interface at its maximum 

Table 5.2. Dose constraint protocol of PTV and OAR dose for IMRT of NPC 

Structure Name 1st Goal 2nd Goal 

OAR   

Brain stem Max Max 

 54 Gy 60 Gy 

Spinal cord Max Max 

 45 Gy 50 Gy 

Optic chiasm Max Max 

 54 Gy 60 Gy 

Optic nerve Max Max 

 54Gy 60 Gy 

Temporal lobe Max Max 

 67 Gy 70 Gy 

Parotid gland Mean 50% volume (D50%) 

 26 Gy 30 Gy 

Cochlea Max  

 58 Gy  

Lens Max Max 

 6 Gy 10 Gy 

Eye ball Max  

 45 Gy  
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Brachial plexus Max  

 66 Gy  

PTV   

95% volume (D95) >= prescribed dose  

20% volume (D20) <= 110% of prescribed dose  

Max = maximum 

capability of 20 cGy/mm.(Moran, Radawski, & Fraass, 2005) This was done by converting the 

chosen isodose line into pseudo-structure at the PTV-OAR interface and then cropping the 

pseudo-structure with a respective distance from the PTV according to the maximum capable 

dose reduction gradient. The choice of isodose levels to be converted was based on the dose 

tolerance as stated in the OARs dose constraint protocol in Table 5.2. Taking the example of 

creating pseudo-structures for parotid glands as illustrated in Figure 5.1, 26 Gy isodose line was 

converted into pseudo-structures at the parotid-PTVI interface. Since the dose difference between 

PTVI (prescribed at 60 Gy) and the pseudo-structure (aim at restricting the 26 Gy) was 34 Gy, 

the isodose structure was cropped against PTVI with a distance of 17 mm (calculated by dividing 

3400 cGy by 20 cGy/mm). The objective function of the pseudo-structures in the example would 

be to limit the maximum dose to less than 26 Gy. For the other OARs, the pseudo-structures were 

created using the same principle. As a result, the IMRT plans would be re-optimized to achieve 

better quality plans with more optimal OARs sparing.  
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5.2.3 Data Acquisition 

The proposed multiple regression model required the acquisition of two types of data, namely the 

dose parameters data and the anatomical parameters data. The dose parameters were the 

respective maximum dose (denoted as D2% as recommended by ICRU report 83 ("Report 83," 

2016)), mean dose (Dmean) and dose received by 50% volume (D50%) of OARs. They were chosen 

with reference to the OAR dose constraint protocol in the clinical practice as listed in Table 5.2. 

On the other hand, the anatomical parameters consisted of the volume measurement and distance 

measurement. The volume measurements included the OAR volume overlapping with PTV and 

the OAR volume outside PTV. The distance measurement referred to the distance between the 

OAR and the PTVs. The volumes were measured using the built-in volume measuring function 

of the Eclipse treatment planning system. The measurement of distance in 3-dimensional manner 

was carried out by expanding the volume of the OAR isotropically stepwise until it touched the 

Figure 5.1 Schematic diagram of the creation of pseudo-structures to optimize the dose to parotid glands. (A)  The 

dose distribution was calculated after initial optimization with the use of objective function according to the 

institutional dose constraint protocol. (B) The pseudo-structures were created by 2 steps: first, converting the 26 Gy 

isodose line into a structure at the PTV-parotid interface. Second, cropping the pseudo-structure by a distance with 

reference to the best achievable dose gradient steepness.  
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PTV. Then the magnitude of the OAR expansion was taken as the distance between the two 

structures. All the dose parameters and anatomical parameters acquired for the OARs are listed in 

Table 5.3.  For the purpose of maximizing the sample size, in the paired organs, including the 

optic nerve, lens, eyeball, cochlea, temporal lobe and brachial plexus, each side of the pair in one 

subject was considered as an individual sample. As a result, the actual total sample size in the 

training dataset of the paired organs was 90. For the spinal cord, 5 samples were taken from each 

subject in which each sample represented the spinal cord in the first, second, third, fourth and 

fifth cervical vertebrae. Because of this, the total sample size in the training dataset of the spinal 

cord was 225.  

Table 5.3 summarizes the dose parameters and anatomical parameters collected for the 

corresponding OARs. As the geometric relationships between various OARs and the PTVs were 

different, the anatomical parameters used for each OARs were not the same. For instance, the 

anatomical parameters related to volumes were only used for those OARs that had overlapping 

with the PTVs. Also, the OAR to PTV distance would be omitted if the distance was more than 5  

Table 5.3. Dose parameters and anatomical parameters used for model training. 

 OAR group 1 OAR group 2 OAR group 3 

OAR Brain stem 

Spinal cord 

Optic chiasm 

Optic nerve 

Lens 

Eyeball 

Cochlea 

 

Temporal lobe 

Brachial plexus 

Parotid gland 

Dose 

Parameters 

D2% D2% Dmean 

D50% 
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Anatomical 

Parameters 

Distance from PTVH 

Distance from PTVI 

Distance from PTVH 

Distance from PTVI 

Distance from PTVH 

Distance from PTVI 

 

Distance to PTVH 

Distance from PTVI 

Distance from PTVH 

Distance from PTVI 

Distance from PTVH 

Distance from PTVI 

Percentage volume overlap 

PTVH 

 

Distance to PTVH 

Distance from PTVI 

Distance from PTVH 

Distance from PTVI 

Distance from PTVH 

Distance from PTVI 

Percentage volume overlap 

PTVH 

Percentage volume outside 

PTVH 

PTVH = High risk planning target volume, D2% = maximum dose / dose received by 2% volume, Dmean = 

mean dose, D50% = dose received by 50% volume 

cm. It was because the dose fall-off at that distance was not likely to be affected by the pseudo-

structures, therefore it was not likely to exhibit linear relationship. The OARs were classified into 

3 groups. The first group were the spinal cord, brain stem, optic nerve, optic chiasm, eyeball, lens 

and cochlea. These were the OARs with no overlapping with the PTVs and the anatomical 

parameters used were only the distance from the PTVs. The second group of OARs included the 

temporal lobe and the brachial plexus. These were the OARs with some extent of overlapping 

with the PTVs, so the volume of overlapping was included in the anatomical parameter. The third 

group of OARs was the parotid gland. For this organ, apart from the presence of overlapping 

volume with PTVs, the assessment of Dmean and D50 were used instead of D2% as in the first 

group according to the institutional dose constraint criteria listed in Table 5.2 (p.87). The reason 

for using Dmean and D50 was because they have been shown to be  more representable for the 

functional preservation of the parotid gland instead of the D2% (Eisbruch et al., 2001). Because 

the volume to receive lower dose would affect the overall Dmean and D50, it was therefore 

reasonable to include an extra parameter which was the volume of parotid outside PTV.  
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5.2.4 Multiple Regression Modeling 

The dose parameters were dependent variables whereas the anatomical parameters were the 

independent variables of the multiple regression model, which was used to evaluate how multiple 

anatomical parameters influenced the dose parameters of the OARs. SPSS (version 20.0. 

Armonk, NY: IBM Corp.) was used for the multiple regression analysis. The procedure in the 

modeling involved 3 steps: 1) checking for multicollinearity, 2) testing for assumption of linear 

relationship, and 3) the establishment of the model.  

Multicollinearity referred to two independent variables that were highly correlated. If two 

independent variables were significantly correlated, one of them would be excluded from the 

modelling procedure. Variance inflation factors (VIF) were used to check for the 

multicollinearity of the anatomical parameters. One of the correlated anatomical variables would 

be removed if their VIF values were greater than 10. The removal would be selected by the 

Pearson correlation test in the next step, where the anatomical variable which showed weaker 

linear correlation would be removed. In addition, the Pearson correlation tested the linear 

relationships between all the dependent and independent variables. The anatomical variables 

which failed to show linear correlation with the dose parameters would be removed. Lastly, the 

regression model was established using the anatomical parameters that passed the tests for 

multicollinearity and linear relationship, stepwise-entering method would be used to fit them into 

the model. Stepwise-entering method was an automatic process through step-by-step 

consideration of each independent variable until all independent variables had gone through the 

process. During each step, independent variables were considered using the F-test. The 

independent variable would be added if the p-value of the F test <0.05, while the other 
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independent variables added in the previous “step” would be removed if the p-value of the F 

test >0.10. The process could eliminate the independent variables with the least contribution to 

the model, and therefore resulted in a simplified but valid model.  

5.2.5 Residuals evaluation  

A residual is the difference between an observed value in the training data set and the calculated 

value using the multiple regression models. To ensure the validity of the multiple regression 

models, the residuals were tested for the normality, homoscedasticity and independence because 

these were the assumptions of the regression analysis.(Jarque & Bera, 1980) Firstly, the 

normality of residuals were evaluated by normal probability plot to see whether the actual 

probability values would suit the pattern of normal distribution in the form a diagonal 

line.(Osbourne & Waters, 2002) Secondly, the homoscedasticity of residuals refers to the fact 

that the variance of errors should be the same across all the values of the anatomical parameters. 

If the homoscedasticity evaluation was passed, the error of the calculated dose parameters using 

the multiple regression model would be the same for all values of the anatomical parameters. It 

would be assessed by examining the scatterplot of regression standardized residual against 

regression standardized predicted value. The points of the scatterplot should be distributed evenly 

around the horizontal line at the level of zero to show that the error would not be increased as the 

anatomical parameters increased, or vice versa. Thirdly, the independence of residuals refers to 

whether the residuals of the regression model were correlated. It was evaluated using the Durbin-

Watson test.(Parke, 2013) The value of Durbin-Watson statistic has a range of 0 to 4 and the 

value between 1.5 and 2.5 indicates no correlation detected.(Osbourne & Waters, 2002)  
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5.2.6 Model External validation 

External validity of the multiple regression models was carried out using a group of another 25 

subjects (validation dataset) after the training process. The validation aimed 1) to verify that the 

standard error of the estimates of the multiple regression models were reliable and not under-

representing the error, and 2) to quantify the difference of the calculated dose parameters of the 

multiple regression models from the actual dose parameters in the plan of the validation dataset. 

This process helped to verify how well the models could be used in future cases. To start with, 

dose parameters of various OARs were calculated from the corresponding anatomical parameters 

using the multiple regression models. For the purpose of ensuring consistency in the 

measurement of anatomical parameters, the right side was chosen for all the paired organs, while 

the vertebral level which contained the maximum dose was chosen for the spinal cord.  

Then, the calculated dose parameters and the actual dose parameters were used to calculate root 

mean squared prediction error (RMSPR). It was calculated by taking square root of mean squared 

prediction error (MSPR) calculated by MSPR = ∑ (𝑌𝑖 − 𝑌̂𝑖)
2𝑛

𝑖=1  /n where the actual OAR dose 

parameters were denoted as 𝑌𝑖 and calculated OAR dose parameters were denoted as 𝑌̂𝑖 (Kutner, 

2004). The RMSPR represented the deviations of the calculated dose parameters from the 

observed dose parameters in terms of the measurement units. The RMSPR was then compared to 

the standard error (SE) of the estimates of the model to see whether they were comparable. 

Comparable RMSPR and standard error of the estimates would indicate that the model 

calculation error in the validation dataset was similar to the model error produced in the 

modeling process using the training dataset. An index of RMSPR:SE was calculated to quantify 

the comparison. The value of ≤ 1 would indicate that the standard error of the model did not 
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under-represent the error of the model, and it would be considered to have passed the validation. 

In addition, the value of RMSPR also quantified the difference of the calculated dose parameters 

and the actual parameters so that the true accuracy of the multiple regression model to determine 

the reference OARs dose could be examined. 

 

5.3 Results 

5.3.1 Analysis of the Anatomical Parameters  

The anatomical parameters of the various OARs and their correlation results are shown in Table 

5.4. Most anatomical parameters have shown statistically significant linear correlation with the 

dose parameters, except the lens distance from PTVL and the brachial plexus distance from the 

PTVH. 
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Table 5.4. Results of Pearson correlations between dose parameters and anatomical parameters  

OARs Anatomical parameters (unit) Abbreviation Pearson correlations results 

   Dmean D50% 

   r p r p 

Parotid 

Gland 

Distance from PTVH (cm) DisPTVH -0.625 0.000 -0.540 0.000 

Distance from PTVI (cm) DisPTVI -0.394 0.000 -0.405 0.000 

Overlap volume with PTVH (cm3) OVPTVH 0.622 0.000 0.558 0.000 

% Volume overlap with PTVH (%) %OVPTVH 0.616 0.000 0.591 0.000 

Overlap volume with PTVI (cm3) OVPTVI 0.813 0.000 0.689 0.000 

% Volume overlap with PTVI (%)  %OVPTVI 0.889 0.000 0.817 0.000 

Volume outside PTVI (cm3) outVPTVI -0.548 0.000 -0.370 0.000 

% Volume outside PTVI (%) %outVPTVI -0.442 0.000 -0.247 0.019 

   D2% 

   r p 

Spinal 

Cord 

Distance from PTVH (cm) DisPTVH -0.518 0.000 

Distance from PTVI (cm) DisPTVI -0.629 0.000 

Brain Stem Distance from PTVH (cm) DisPTVH -0.896 0.000 

Distance from PTVI (cm) DisPTVI -0.958 0.000 

Optic 

Nerve 

Distance from PTVH (cm) DisPTVH -0.742 0.000 

Distance from PTVI (cm) DisPTVI -0.751 0.000 

Distance from PTVL (cm) DisPTVL -0.583 0.000 

Optic 

Chiasm 

Distance from PTVH (cm) DisPTVH -0.745 0.000 

Distance from PTVI (cm) DisPTVI -0.791 0.000 

Distance from PTVL (cm) DisPTVL -0.602 0.000 

Eye Distance from PTVH (cm) DisPTVH -0.679 0.000 

Distance from PTVI (cm) DisPTVI -0.696 0.000 

Distance from PTVL (cm) DisPTVL -0.371 0.000 

Lens Distance from PTVH (cm) DisPTVH -0.501 0.000 

Distance from PTVI (cm) DisPTVI -0.485 0.000 

Distance from PTVL (cm) DisPTVL -0.078 0.474 

Temporal 

Lobe 

Distance from PTVH (cm) DisPTVH -0.895 0.000 

Distance from PTVI (cm) DisPTVI -0.916 0.000 

Distance from PTVL (cm) DisPTVL -0.485 0.000 

Overlap volume with PTVH (cm3) OVPTVH 0.279 0.008 

Percent overlap volume with PTVH %OVPTVH 0.27 0.01 

Overlap volume with PTVI (cm3) OVPTVI 0.445 0.000 

Percent overlap volume with PTVI %OVPTVI 0.458 0.000 

Cochlea Distance from PTVH (cm) DisPTVH -0.807 0.000 

Distance from PTVI (cm) DisPTVI -0.915 0.000 

Distance from PTVL (cm) DisPTVL -0.306 0.045 

Brachial 

Plexus 

Distance from PTVH (cm) DisPTVH -0.188 0.076 

Distance from PTVI (cm) DisPTVI -0.72 0.000 

Distance from PTVL (cm) DisPTVL 0.364 0.001 

Overlap volume with PTVI (cm3) OVPTVI 0.372 0.000 

Percent overlap volume with PTVI 

(%) 

%OVPTVI 
0.366 0.000 

Overlap volume with PTVL (cm3) OVPTVL 0.032 0.773 

Percent overlap volume with 

PTVL(%)  

%OVPTVL 
0.053 0.620 
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5.3.2 Establishment of Multiple Regression Models  

Multiple regression models of all the OARs generated from the above-mentioned process are 

summarized in Table 5.5. The models consist of 1 to 2 anatomical parameters and a constant 

variable as the model terms. All the model terms achieved p value < 0.05. The standard error of 

the estimate is also listed in Table 5.5.  
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Table 5.5. Multiple Regression analysis 

OAR Dose 

Parameters 

Model 

Terms 

Coefficient Standard 

Error 

p 

value 

Adjusted 

R Square 

Standard Error 

of the Estimate 

Model Equation 

Parotid Dmean Constant 39.007 1.686 0.000 0.864 2.430 Dmean = 39.007 - 0.191 x %outVPTVI + 

0.376 x %OVPTVI   %outVPTVI -0.191 0.026 0.000   

  %OVPTVI 0.376 0.056 0.000   

 D50% Constant 20.798 0.522 0.000 0.803 3.506 D50% = 20.798 + 0.865 x %OVPTVI 

  %OVPTVI 0.865 0.046 0.000    

Spinal Cord D2% Constant 45.763 0.352 0.000 0.679 1.838 D2% = 45.763 -5.691 x DisPTVI 

 DisPTVI -5.691 0.261 0.000    

Brain Stem D2% Constant 54.440 0.424 0.000 0.916 2.179 D2% = 54.440 – 10.303 x DisPTVI 

  DisPTVI -10.303 0.470 0.000    

Optic Nerve D2% Constant 54.898 1.937 0.000 0.582 13.081 D2% = 54.898 – 4.936 x DisPTVH – 

0.686 x DisPTVL  DisPTVH -4.936 0.690 0.000   

 DisPTVL -0.686 0.229 0.004   

Optic 

Chiasm 

D2% Constant 53.331 2.486 0.000 0.635 12.365 D2% = 53.331 – 8.464 x DisPTVI – 

0.796 x DisPTVL  DisPTVI -8.464 1.496 0.000   

 DisPTVL -0.796 0.301 0.012   

Eye D2% Constant 28.492 1.341 0.000 0.457 8.218 D2% = 28.492– 4.269 x DisPTVI 

  DisPTVI -4.269 0.502 0.000    

Lens D2% Constant 7.444 0.369 0.000 0.436 1.520 D2% = 7.444 – 0.799 x DisPTVI 

  DisPTVI -0.799 0.098 0.000    

Temp Lobe D2% Constant 56.749 1.068 0.000 0.869 7.066 D2% = 56.749 – 8.772 x DisPTVI - 

4.215 x DisPTVH  DisPTVI -8.772 1.438 0.000   

  DisPTVH -4.215 0.714 0.000   

Cochlea D2% Constant 59.211 0.859 0.000 0.907 4.559 D2% = 59.211 – 11.771 x DisPTVI  - 

2.008 x DisPTVH   DisPTVI -11.771 1.314 0.000   

  DisPTVH -2.008 0.571 0.001   

Brachial 

Plexus 

D2% Constant 60.088 0.283 0.000 0.450 1.887 D2% = 60.088 + 0.156 x %OVPTVI – 

1.591 x DisPTVI  %OVPTVI 0.156 0.026 0.000   

 DisPTVI -1.591 0.370 0.000   

PTVH = High risk planning target volume, PTVI = Intermediate risk planning target volume, D2% = maximum dose / dose received by 2% 

volume, Dmean = mean dose, D50% = dose received by 50% volume, %outVPTVI = percentage volume outside PTVI, %OVPTVI = percentage volume 

overlap PTVI, DisPTVI  / DisPTVH = distance from PTVI / PTVH 
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5.3.3 Parotid Gland 

The Dmean of the parotid decreased with the increase in % volume outside PTVI (%outVPTVI) and 

increased with the increase in % volume overlap with PTVI (%OVPTVI). The adjusted R square 

was 0.864 and the standard error of the estimate was 2.430. The model equation is shown in 

equation 1. 

Dmean = 39.007 - 0.191 x %outVPTVI + 0.376 x %OVPTVI   (1) 

On the other hand, the D50% of the parotid increased with the increase in %OVPTVI. The adjusted 

R square was 0.803 and the standard error of the estimate was 3.506. The model equation is 

shown in equation 2. 

 D50% = 20.798 + 0.865 x %OVPTVI      (2) 

5.3.4 Spinal Cord 

The model equation revealed that the spinal cord D2% decreased with the increase of the distance 

from PTVI (DisPTVI). The adjusted R square was 0.679 and the standard error of the estimate was 

1.838. The model equation is shown in equation 3. 

 D2% = 45.763 -5.691 x DisPTVI      (3) 

5.3.5 Brain Stem 

The mode for the calculation of D2% of the brain stem resulted with the adjusted R square was as 

high as 0.916. The D2% was found to be decreased with the increase in the DisPTVI as shown in 

equation 4. 

 D2% = 54.440 – 10.303 x DisPTVI      (4) 
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5.3.6 Optic Nerve 

Referring to equation 5, D2% of the optic nerve yielded the adjusted R square of 0.582 and the 

standard error of the estimate of 13.081. The D2% decreased with the increase in the distance 

from PTVH (DisPTVH) and DisPTVI. 

 D2% = 54.898 – 4.936 x DisPTVH – 0.686 x DisPTVL    (5) 

5.3.7 Optic Chiasm 

The adjusted R square of the model for optic chiasm was 0.635 and the standard error of the 

estimate was 12.365 as shown in equation 6. The D2% decreased with the increase in DisPTVI and 

the distance from PTVL (DisPTVL). 

 D2% = 53.331 – 8.464 x DisPTVI – 0.796 x DisPTVL    (6) 

5.3.8 Eyeball 

D2% of the eyeball decreased with the increase in DisPTVI. The adjusted R square of the model 

was 0.457 and the standard error of the estimate was 8.218. The model equation is shown in 

equation 7. 

 D2% = 28.492– 4.269 x DisPTVI      (7) 

5.3.9 Lens 

For the lens, D2% was shown to decrease with the increase in DisPTVI. The adjusted R square was 

0.436 and the standard error of the estimate was 1.520 as shown in equation 8. 

D2% = 7.444 – 0.799 x DisPTVI      (8) 
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5.3.10 Temporal Lobe 

The adjusted R square for temporal lobe was 0.869 and the standard error of the estimate was 

7.066. The model equation is shown in equation 9. 

 D2% = 56.749 – 8.772 x DisPTVI - 4.215 x DisPTVH    (9) 

5.3.11 Cochlea 

The adjusted R square for cochlea was 0.907 and the standard error of the estimate was 4.559. 

The model equation is shown in equation 10. 

 D2% = 59.211 – 11.771 x DisPTVI  - 2.008 x DisPTVH    (10) 

5.3.12 Brachial Plexus 

The adjusted R square for brachial plexus was 0.450 and the standard error of the estimate was 

1.887. The model equation is shown in equation 11. 

 D2% = 60.088 + 0.156 x %OVPTVI – 1.591 x DisPTVI    (11) 

5.3.13 Residual Evaluations 

Residuals evaluations for the independence of all the multiple regression models are summarized 

in Table 5.6. The independence evaluations using the Durbin-Watson test were satisfied for most 

models except the optic nerve, optic chiasm and eyeball, which displayed scores of below 1.5. 

The results of normal probability plot is shown in Figure 5.2. The diagonal line on the plot 

represented the expected plot for an ideal normal distribution. Generally, it was observed that the 

actual probability values followed a diagonal line, despite there were some deviations from 

normality in some models as shown in optic nerve, optic chiasm, lens, temporal lobe and cochlea. 
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The homoscedasticity as shown in Figure 5.3 was seen to be violated in brain stem, optic nerve, 

optic chiasm, eyeball, lens, temporal lobe, cochlea and brachial plexus as the dots were not 

scattered randomly in a rectangular fashion.  

Table 5.6. Residual Independence evaluation 

OAR Dose parameters Durbin-Watson test 

Parotid Gland 

Dmean 1.840 

D50% 1.663 

Spinal Cord D2% 1.863 

Brain Stem D2% 1.617 

Optic Nerve D2% 1.362 

Optic Chiasm D2% 1.413 

Eye D2% 1.228 

Lens D2% 1.787 

Temporal Lobe D2% 2.273 

Cochlea D2% 2.475 

Brachial Plexus D2% 2.040 

D2% = maximum dose / dose received by 2% volume, Dmean = mean dose, D50% = dose received by 50% 

volume 
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Fig. 5.2a. The normal probability plot for evaluation of residuals normality. The points that form a diagonal line 

represents the ideal normality of the residuals. Cum Prob = cumulative probability 
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Fig. 5.2b. The normal probability plot for evaluation of residuals normality. The points that form a diagonal line 

represents the ideal normality of the residuals. Cum Prob = cumulative probability 
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Fig. 5.3a. The scatterplot for evaluation of residuals homoscedasticity. The points that scattered randomly 

above and below the horizontal zero line represents the ideal homoscedasticity of the residuals. 
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 Fig. 5.3b. The scatterplot for evaluation of residuals homoscedasticity. The points that scattered randomly 

above and below the horizontal zero line represents the ideal homoscedasticity of the residuals. 
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5.3.14 Model Validation 

Each of the formulated multiple regression models were validated using another set of subjects in 

the model verification group. The root mean squared error (RMSE) and the standard error (SE) 

of the estimate of each multiple regression models are summarized in Table 5.7. The ratios of 

RMSPR: SE was calculated. The ratios were less than or equal to one if the RMSPR value was 

less than SE as shown in the spinal cord, brain stem, optic nerve, optic chiasm, temporal lobe, 

cochlea and brachial plexus. Meanwhile, there were OARs which demonstrated a higher RMSPR 

values than the SE values. These included the parotid gland, eyeball, and lens. 

Table 5.7. Model Validation 

Models Evaluation 

OAR 
Dose 

parameters 

Root Squared Error RMSPR:SE 

Ratio RMSPR (Gy) SE of the estimate (Gy) 

Parotid Gland Dmean 3.322 2.430 1.38 

 D50% 4.180 3.506 1.19 

Spinal cord D2% 0.780 1.838 0.42 

Brain stem D2% 0.552 2.179 0.25 

Optic nerve D2% 6.799 13.081 0.52 

Optic chiasm D2% 5.598 12.365 0.45 

Eyeball D2% 10.163 8.218 1.24 

Lens D2% 2.474 1.520 1.63 

Temporal lobe D2% 3.050 7.066 0.43 

Cochlea D2% 3.440 4.559 0.75 

Brachial 

plexus 
D2% 0.753 1.887 0.40 

D2% = maximum dose / dose received by 2% volume, Dmean = mean dose, D50% = dose received by 50% 

volume, RMSPR = root mean squared prediction error, SE = standard error 
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5.4 Discussion 

The goal of the current study was to model the effects on the dose parameters by the varying 

anatomical parameters. The derived model terms for each of the multiple regression models not 

only provided a new method to estimate the optimal OAR dose parameters, but also provided a 

better understanding on how the PTV-OAR geometrical relationship influenced the dose received 

by the OARs. It should be noted that the number of anatomical parameters included in the final 

model equation were less than those used in the model training. It was mainly due to two factors: 

the stepwise entering method in the formulation of the models and the assessment of 

multicollinearity of various anatomical parameters. The reduced number of anatomical 

parameters in the model would make the treatment planning easier and it would only require the 

planner to take just one to two measurements for the anatomical parameters to achieve optimal 

doses to the OARs during IMRT optimization. 

The establishment of the multiple regression model was based on the data from the training 

dataset and the generation of IMRT plans with satisfactory OARs dose sparing and PTV dose 

conformity. This method helped to assess the optimal OAR dose before and after the treatment 

plan optimization, which were the aims of this study. Although it was difficult to deduce the 

absolute best plan in terms of OARs dose sparing, the approach adopted in this study allowed the 

generation of high-quality IMRT plans based on the prior knowledge of the physical properties 

of isodose distribution. Previous literatures have reported that the methods of OARs dose 

estimation using various models were usually based on past IMRT plans, in which they have 

established a model to correlate the PTV-OAR overlapping volume and the OAR dose.(Moore et 

al., 2011) However, the use of the past IMRT plans in the model training could not properly 
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estimate the OARs dose following their anatomical parameters. This was because planners 

tended to restrict the OARs doses according to their standard acceptable dose tolerance.(Chau et 

al., 2008) This practice is of particular concern in the spinal cord because it has variable distance 

from the PTVs in different vertebral levels while the acceptable dose tolerance guideline remains 

constant. Therefore, the variability of the spinal cord dose was not consistently correlated with 

their distance from PTV in different vertebral levels as reported in a study by Parashar et 

al.(2009). As discussed in section 5.2.2, our current study explicitly addressed this problem by 

generating the IMRT plans with pseudo-structures which aimed at optimizing the dose falloff at 

the rate of 20 cGy/mm at the PTV-OAR interface. This would help to create plans with more 

optimal OARs doses compared with past IMRT plans. The model established could be of higher 

clinical significance because it was not generated according to past sub-optimal plans based on 

standard acceptable dose tolerance only. Because of this, the calculated dose parameters using 

the multiple regression models could be used as references to assess the optimal OAR doses.  

Although the multiple regression models of all the OARs were statistically significant, the 

applicability of the models, which was related to the error of the estimates, was determined by 

their standard error of the estimate and their validity. The SE of the estimate measured the 

accuracy of the calculated dose parameters. It had the advantage of expressing the error in terms 

of “Gy”, which was the same unit of the calculated dose parameters, making it to be easily 

interpreted. The validity test which compared the SE and the RMSPR was important as it could 

indicate whether the SE of the estimate could truly reflect the accuracy of the model in the new 

dataset. Therefore, the SE of the estimate should be small enough so that the calculated dose 

parameters were meaningful to planners while the validity should be passed so that the standard 

error of the estimate could reflect the accuracy of the models when it would be used in the future 
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plans. Although there is no guiding rule to determine how small the standard error of the estimate 

should be(C. H. Ellis, 2004), it is logical to deduce that the SE of the estimate as high as 12 – 13 

Gy in the optic nerve model  would not be as acceptable as that in the model for the parotid gland 

(2 – 3 Gy). For the validity, it was noted that most RMSPR (7 out of 11) showed similar or lower 

values compared with the SE, which were indicated by the RMSPR: SE ratios that were equal to 

or less than 1. These results showed that the multiple regression models calculated the OARs 

dose parameters with comparable or smaller error than those specified in the models’ standard 

error of the estimate. Therefore these models were proven to have acceptable validity for use in 

cases other than the training dataset(Norton, Cormier, Smith, Jones, & Schubauer-Berigan, 

2002). For the models with the RMSPR:SE ratios larger than 1, their performances might be 

inferior to those less than 1. It was because the calculated OARs dose parameter might encounter 

larger error than stated in the standard error of the estimate. As seen in Table 5.7 (p.108), the 

OARs regression models with RMSPR:SE ratio larger than 1 included the parotid gland, lens and 

eyeball.  In light of their RMSPR:SE ratio, the determined OARs dose parameters by their 

regression models were expected to have larger error that those stated in the SE of the estimate. 

This implied that the models for determining lens and eyeball dose parameters are not 

recommended for clinical use. However, for the models of the parotid gland, they are considered 

to be fine for use because the differences of RMSPR and SE were only less than 1 Gy. 

The reason for the less satisfactory model of the lens and the eyeball was largely due to the 

characteristics of multiple regression model. The current study used multiple regression analysis 

based on the linear relationship between the dose parameters and the anatomical parameters. The 

relationship was attributed by the planning techniques with the aim to achieve the maximum dose 

reduction gradient from the PTV prescribed dose to the OARs planning goals dose at the PTV-
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OAR interface. However, the maximum dose reduction gradient might not be achieved in some 

parts across the field because the multi-leaf collimator (MLC) responsible for the intensity 

modulation had a maximum speed (Kerns, Childress, & Kry, 2014). In those parts where the 

maximum dose reduction gradient was not achieved, the relationship between the dose 

parameters and the anatomical parameters could not be completely explained by the current 

model based on the linear relationship. More complicated model, such as the method suggested 

by Yuan et al,(Yuan et al., 2012) could be better in determining non-linear relationship in those 

parts. However, with the aim to establish a simple and clinically applicable method, the model 

provided by the current study would be easier to implement by planners. 

Since the models developed in this study were based on the distance and overlapping volume of 

the corresponding OARs to the PTV, it was not recommended to extend the results of this study 

to other head and neck cancers. It was because application of the models in other head and neck 

cancers, which express different range of OAR-PTV distances and overlapping volumes from 

NPC, would lead to extrapolation of the models and increase in inaccuracy in the determined 

OARs dose parameters (Montgomery, 2012). Nevertheless, the methodology of this study can be 

applied in other head and neck cancers to develop other their own models for the same purpose, 

so that other head and neck cancers patients can also be benefited. 

5.5 Conclusion  

The multiple regression models for the calculation of the OARs doses in the treatment planning 

of NPC IMRT achieved statistically significant results. The models served as an easily accessible 

tool for planners to obtain reference OARs dose before treatment planning, and to assess the 

OARs dose after the IMRT plan optimization. Therefore, the developed models could improve 
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the efficiency of the IMRT optimization process because planners could use the calculated OARs 

dose to decide the appropriate objective function more quickly. Also, the models can be used as a 

tool to evaluate the OARs dose in IMRT plans which can better address individual patients’ 

difference when compared to the evaluation using the general OARs acceptable dose guidelines.  
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Chapter 6 Discussion 

There were three studies in this thesis. There is a common purpose among these three studies 

which serves a general aim to provide guidance in treatment planning of head and neck using 

intensity modulated radiotherapy (IMRT). Chapters 3 to 5 present the three studies in correspond 

to the hypotheses and research questions listed in section 2.4. This chapter discusses how the 

three studies can be integrated to support the treatment planning of head and neck cancers.  

6.1 Relationship and Novelty of the Studies 

Radiotherapy is an important component in the treatment of head and neck cancers as discussed 

in Chapter 1. IMRT improves the treatment outcome, delivers less dose to OARs and allows the 

possibility for dose escalation, as compared with conventional and 3D conformal radiotherapy 

(Gomez-Millan et al., 2013). Treatment planning is an important step for IMRT to exercise its 

benefits. However, as discussed in Chapter 2, the choice of beam arrangement in head and neck 

IMRT has largely been depended on personal preference and the potential advantage of the use 

of different field arrangement has not been comprehensively addressed. The study 1 in this thesis 

presents a thorough comparison of the commonly used beam arrangement of IMRT across 5 

different types of head and neck cancers, which has not been published before in terms of the 

comprehensiveness of the cases included except that there is a recent published article 

investigating dosimetric comparison of beam arrangement in glioblastoma multiforme (GBM) 

(Hou et al., 2019). Dosimetric parameters of the PTVs and OARs of plans using ESB and VMAT 

has been presented over a sample size of 13 patients. Their results showed marginal benefit of 

VMAT in OAR sparing, but failed to draw any overall recommendation of the beam arrangement 
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for GBM patients. In contrast, our study has the merit of larger sample size and inclusion of more 

cancer types. Because of this, we believe that our results were more reliable and clinically 

relevant. Also, in our study through the application of a figure-of-merit, the optimal beam 

arrangement can be established based on a single quantitative index, which can serve as useful 

reference for planners working on IMRT plans. In contrast, similar studies which mainly 

compared various dose parameters among beam arrangement methods could not arrive at an 

optimal beam arrangement in a quantitative way (Hou et al., 2019; Vanetti et al., 2009). 

Results of study 1 showed that non-coplanar beam angle optimization (BAOnc) produced the 

optimal plans for NPC in terms of OARs sparing. Study 2 applied this result and worked on the 

dose escalation in IMRT of NPC using this beam arrangement, Although similar clinical and 

dosimetric studies have been conducted before and reported the feasibility of dose escalation to 

the GTV in NPC treated with IMRT (Kwong et al., 2006; Lauve et al., 2004), results of the study 

2 was unique in a way that it proved IMRT in NPC using BAOnc could further increase the GTV 

dose safely in dosimetric perspective. The study by Kwong et al examined the clinical results of 

NPC dose escalation (Kwong et al., 2006) and suggested a maximum GTV dose of 76 Gy over 

35 fractions. In contrast, we suggested a higher maximum deliverable GTV dose of 80 Gy over 

33 fractions under specified condition in study 2 (Chapter 4). Based on the calculation using the 

equation of biological equivalent dose (BED) and the alpha beta ratio of 10, the increase in 

maximum deliverable dose in our study would result in an increase of the biological equivalent  

GTV dose of over 7% (92.5 Gy vs 99.4 Gy), which is seen as an improvement in terms of dose 

escalation outcome. It is logical to expect that the local tumour control would be further 

improved.   
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Study 3 focuses on the dose to the OARs, in which a simple and valid method using regression 

models to estimate the optimal OARs dose has been developed. Compared with previous studies 

which established models to determine OARs dose based on past IMRT plans (Moore et al., 

2011; Yuan et al., 2012), the uniqueness of the current study is that the pursuit of optimal OARs 

dose is quantified by the suggested dose reduction gradient (Moran et al., 2005) instead of direct 

adoption of past plans. This quantitatively ensures the quality of the IMRT used for the 

generation of the multiple regression, and hence more indicative of the optimal estimated OARs 

dose. Knowledge based radiotherapy planning has recently emerged as rapidly developing area 

with the aim to improve the IMRT planning process (Ge & Wu, 2019). Knowledge-based 

planning refers to the strategy to incorporate past plans data (known as knowledge) into the 

treatment planning process. 6 different categories of purpose in knowledge-based planning have 

been summarised in a review article, which includes 1) the determination of DVH, 2) specific 

dose metrics, 3) voxel-level doses, 4) objective function weights, 5) beam parameters and 6) 

quality assurance metrics  (Ge & Wu, 2019). Study 3 in the current thesis contributes to the 

second category in knowledge-based planning in the determining specific dose metrics of OARs 

in IMRT of head and neck cancers. It is believed that the results of study 3 can effectively guide 

the planners during the plan optimization and the decision-making processes regarding the OARs 

doses. 

 

6.2 Clinical Impacts and Practical Challenges in Implementation 

In general, this thesis provides evidence in the choice of beam arrangement method, GTV dose 

escalation and optimal OARs dose, which will collectively improve the IMRT treatment planning 
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of head and neck cancers and particularly in NPC. It will benefit the department as the efficiency 

of treatment planning is expected to be improved because the time used for deciding beam angle 

arrangement and optimal OARs dose will be saved, especially for new planners who are 

undergoing training practices. It also brings benefit to head and neck cancer patients because they 

can receive treatment by the beam arrangement with optimal dosimetric advantages. Also, NPC 

patients will be benefited by the potential improvement of local control by GTV dose escalation 

up to 80 Gy, as well as the improvement of plan quality using multiple regression model guided 

OARs dose determination instead of plans generated purely based on individual planners’ 

experience. 

The practical challenges for the implementation of the optimal beam arrangement as suggested in 

study 1are expected to be minimal. It is because the suggested choice of beam arrangement, 

VMAT and static coplanar beam IMRT using BAO, are available in the Eclipse treatment 

planning systems. Furthermore, it is expected that the implementation of the results can be 

extended to other treatment planning systems, such as the Monaco system (Elekta, Maryland 

Heights, MO, USA) that supports VMAT using linear accelerators from Elekta, because previous 

study has reported that the dosimetric differences between the systems were minimal (Kumar, 

Holla, Sukumar, Padmanaban, & Vivekanandan, 2013). However, for studies 2 and 3, their 

applications in clinical setting are more challenging.  Because the results of study 2 have only 

investigated the dosimetric feasibility of GTV dose escalation of NPC, the relationship of the 

dose escalation to the actual clinical outcome including the benefits in local control and the 

related toxicities has to be confirmed through randomized controlled clinical trials. Moreover, the 

use of non-coplanar beam arrangement is currently not common because it involves rotation of 

couch that increases the treatment time in each fraction. This disadvantage with non-coplanar 
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beam arrangement can be overcome with the use of 4pi radiotherapy technology in which 

automated movement of linear accelerator components including the couch is possible. A study 

by Yu et al (Yu et al., 2015) has reported the development of collision prediction model , which 

was a major step to facilitate the machine motion automation for non-coplanar beams. With the 

4pi radiotherapy becomes commercially available in the near future, the implementation of GTV 

dose escalation using non-coplanar beams would be more feasible. For the development of 

multiple regression models for determination of reference OARs dose (study 3), the challenge 

would be to overcome the additional steps in measuring the necessary anatomical parameters, 

which may affect the original planning workflow. It is common to see resistance towards changes 

in working practice among medical staff (Gollop, Whitby, Buchanan, & Ketley, 2004), and better 

support is crucial to engage staff in the change for improvement. The support can be provided by 

the development of automated workflow of the anatomical parameters measurement using 

application programming interface (API) in the Eclipse treatment planning system (Olsen et al., 

2014). The API allows user to access the treatment plans information by writing scripts, which 

are then are integrated into the treatment planning system for planners to use.  

 

6.3 Limitations of the Study 

6.3.1 Exclusion of Partial-arc VMAT in the Beam Angle Arrangement Comparison 

In the treatment planning of head and neck cancers with tumours situated on one side, such as the 

parotid gland and the maxillary sinus, partial arcs may be used instead of 2 – 3 full arcs (Pursley 

et al., 2017). However, it was not used in the study 1 despite it could be a potential choice of 

beam angle arrangement. Therefore, it was unable to compare the partial-arc VMAT with the 
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other beam arrangement methods, and unable to address its pros and cons in the perspective of 

dosimetric evaluation in our study for planners’ reference. The reason for the exclusion of 

partial-arc VMAT is because the design of the study was to compare the selected beam 

arrangement method across 5 types of head and neck cancers. Partial-arc VMAT, although being 

used in parotid and maxillary sinus cancers, is seldom used for centrally situated cancers 

including NPC, oral cavity and larynx. Also, the length and start / end gantry angle of partial arc 

is often adjusted according to the shape and extend of the PTV (Yang, Yan, & Tyagi, 2012). For 

the purpose of more coherent and fair comparison, and unstandardized factors which may affect 

the result of the dosimetric comparison, partial-arc VMAT were not included in the study.  

6.3.2 Lack of Clinical Results to Support the Suggested Dose Escalation 

Dosimetric study was conducted to evaluate the maximum deliverable dose to the GTV of locally 

advanced NPC. The limitation of dosimetric study is that the association of the results with 

clinical outcome cannot be confirmed. All the OARs which were suggested to be unaffected in 

the GTV escalated plans were only based on computer dose calculation. The results of study 2 

therefore cannot be viewed as the evidence for the safe delivery of dose escalation in the NPC 

patients. Instead, it should be regarded as the supporting evidence to carry out clinical studies to 

investigate the clinical outcome and to measure the side effects of the patients. 

6.3.3 Clustering Feature in the Residuals of Multiple Regression 

In the scatterplot of the residuals in the results of study 3, it is best to have the scatterplot evenly 

distributed in the chart to show that the variance of error of the regression model is the same 

regardless of the value of the anatomical parameters (Osbourne & Waters, 2002). In other words, 

the expected error of the estimated OARs dose should be the same with all range of the 
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calculated values. The results of the study 3 shows that the multiple regression models, although 

resulted in good adjusted R2 value and passed the validation, may not have stable accuracy in the 

estimation.  

6.4 Future Directions 

6.4.1 Evaluation of the Dosimetric Effect of 4pi VMAT in Head and Neck Radiotherapy 

Dose Escalation 

The technology of delivering 4pi VMAT is emerging. 4pi radiotherapy refers to the incorporation 

of beams distributed on the imaginary isotropically expanded spherical surface around the iso-

centre during plan optimization (Tran et al., 2017). 4pi VMAT can be delivered by non-coplanar 

arc beams using static couch or synchronising the arc rotation of the gantry with a rotating couch 

(Lyu et al., 2018; Wild, Bangert, Nill, & Oelfke, 2015) . It has been shown that 4pi VMAT has 

the potential to further decrease the dose to OARs compared with coplanar VMAT. For example, 

a study on head and neck cancers reported that the mean Dmax to the brain stem and spinal were 

decreased by 6 Gy and 3.8 Gy respectively using 4pi VMAT (Subramanian et al., 2017). In 

addition, the method of delivering 4pi VMAT with synchronised gantry and couch rotation 

enabled more sophisticated arc trajectories compared with the static couch method. It was 

expected to deliver highly conformed dose to the PTV with reduction of OARs dose and 50% 

isodose volume in patient body (Lyu et al., 2018). It is worthwhile to further evaluate the 

dosimetric effect of the use of 4pi VMAT so that a comprehensive comparison of the optimal 

beam arrangement can be done; and to investigate its capability in the NPC GTV dose escalation. 

Although the treatment time will increase by 30% in current linear accelerators compared with 

coplanar VMAT (Wild et al., 2015), the potential of 4pi VMAT can be unleashed with the 
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advancement of the future linear accelerators with automatic couch and gantry motion 

capabilities for faster 4pi VMAT delivery (Khan et al., 2016). 

6.4.2 Application of Radiomics to Selection of NPC Cases for Dose Escalation 

Radiomics refers to the extraction of features in the regions of interest (ROI) from medical 

images (Larue, Defraene, Ruysscher, Lambin, & Elmpt, 2017). The extracted features can be the 

image voxel intensity, ROI texture and shape features, etc. (Hugo et al., 2014). These extracted 

radiomics features can be used to correlate with clinical data such as recurrence and metastasis 

status of patients, so as to develop tools for prediction of treatment outcome in future patients 

based on individual patients’ image radiomics features. Research articles have been published to 

evaluate the chance of local recurrence in NPC patients, and it was reported that local recurrence 

can be predicted using pre-treatment imaging with concordance index of over 0.8 (L.-L. Zhang et 

al., 2019; L. Zhang et al., 2019). Chapter 5 of this thesis presents a method to escalate GTV dose 

in locally advanced NPC patients, with the selection of patients according to the clinical stage of 

T3-4 N0-1. The future direction could be to incorporate radiomics study for more accurate and 

individualized patient selection instead of based on their staging. With the attempt to generate 

own local recurrence prediction model based on radiomics features, NPC patients indicated for 

GTV dose escalation could be more accurately identified. With the proposed dosimetric study (in 

section 6.4.1) using 4pi VMAT for dose escalation in the identified patients, it will be able to 

evaluate its ability to deliver highly conformed escalated dose to PTV and GTV. In addition, 

clinical studies can also be conducted with the introduction of linear accelerator with automated 

gantry and couch motion.  
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6.4.3 Refinement of Models by LASSO Regression and Integration with Knowledge-based 

Radiotherapy Planning 

Multiple regression with stepwise selection has been used in the current study to determine 

OARs dose parameters because it can appropriately serve the research aim as discussed in the 

chapter 5. However, it has been reported that this method is inherited with the drawback of 

incapability in selecting the most significant independent variables, making the final model less 

accurate when applied to samples other than the training dataset (Smith, 2018). This drawback 

will become significant when the sample size and the number of independent variables increase 

(Ranstam & Cook, 2018). For future study with the aim to improve the model accuracy and to 

increase the number of samples and independent variables, models can be generated by the least 

absolute shrinkage and selection operator (LASSO) regression. In general, LASSO regression 

requires the setting of λ which shrinks the model coefficients of the independent variables, and to 

exclude the corresponding independent variable if the coefficient is shrunk to zero during model 

training. Also, users need to set the value of k which defines the number of cross-validation and 

the number of division from the pool of sample into groups of sub-samples. During model 

training, one of the sub-sample group acts as validation dataset to check the model developed by 

the other sum-sample groups. This model training process will be repeated by k times, in which 

the role of various sub-sample groups will be switched between training and validation, so that 

an appropriate value of λ is determined. The determined λ can then be used for the generation of 

the final model (F. Li, Yang, & Xing, 2005; Ranstam & Cook, 2018). LASSO regression allows 

better independent variables selection and coefficient determination, and hence improving model 

accuracy in future studies (Rancati & Fiorino, 2019; Ranstam & Cook, 2018). 
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Chapter 7 Conclusion 

Treatment planning of radiotherapy is one of the key procedures in radiotherapy treatment, the 

process involves a lot of decision-making steps which are largely dependent on planners’ 

preference. The aim of this thesis was to provide evidence-based guidance in the decision of 

beam arrangement, GTV dose and OARs doses in IMRT treatment planning of head and neck 

cancers; so as to enhance the quality and efficiency of IMRT treatment planning.  Based on the 

dosimetric evaluation results and the development of multiple regression model, the general aims 

of this thesis are achieved. By evaluating the dosimetric parameters of IMRT plans, this thesis 

has suggested the optimum beam arrangement method for various head and neck cancers and the 

dosimetric feasibility to escalate the GTV dose of NPC. In addition, the development of 

regression models has provided a reliable method to determine reference OARs doses to guide 

IMRT plan optimization for NPC patients. 

The research in this thesis started with the dosimetric evaluation to determine the suggested beam 

arrangement among the available choices in the Eclipse treatment planning system for 5 types of 

head and neck cancers. The use of the UTCI score to rank the plans was essential for the 

determination because it summarised the overall quality of plans into a single quantitative metric. 

Hence, despite all beam arrangement methods were able to produce clinically acceptable plans, 

VMAT was suggested for centrally located head and neck cancers and BAOc was suggested for 

ipsilateral head and neck cancers. Notwithstanding VMAT was suggested for NPC, BAOnc was 

found to be better sparing of OARs. Because of this, BAOnc was used to determine its ability to 

further escalate the GTV dose in locally advanced NPC while keeping the doses to OARs within 

the clinically acceptable levels. Although certain OARs dose parameters increased in the GTV 
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dose escalated plans, this study provided the feasibility of further escalating the GTV dose to 80 

Gy on condition that the pituitary gland was considered sacrificed because of the extent of the 

disease. Furthermore. The research clearly illustrated the correlation of OARs dose parameters 

and their corresponding anatomical parameters using multiple regression models. The models 

can be used as an easily accessible tool for planners to obtain reference OARs dose before 

treatment planning, and to assess the OARs dose after the IMRT plan optimization.  

Based on these results, planners can consider follow the recommendations of beam arrangements 

in the treatment planning of various head and neck cancers. For the implementation of dose 

escalation in NPC, the selection of suitable candidates is important, future studies that can 

examine the ways for more individualized and accurate patient selection by the prediction of 

clinical outcome using radiomics features in the pre-treatment images are suggested. Also, 

studies that evaluate the capability of 4pi VMAT in dose escalation are suggested when more 

advanced linear accelerators become available. Furthermore, the regression models for 

determination of reference OARs dose are recommended for clinical use. Future research is 

suggested to improve the accuracy of the models by incorporating more samples and independent 

variables, as well as the use of LASSO regression. 

This thesis presented studies to enhance the quality and efficiency of IMRT plans in head and 

neck cancers including NPC. From the perspective of the clinical departments, by the 

implementation of the results in clinical practice, the procedure in IMRT planning will be more 

efficient because the time for the decision making on beam arrangement and OARs dose can be 

saved. The training of new planners will be more effective because of the clear evidence based 

suggestion and the components of knowledge-based radiotherapy planning. In addition, patients 
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will be benefited by the high quality treatment planning and escalation of GTV dose that can 

bring about better local control.  
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