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ABSTRACT 

Purpose/Objectives: 

Intensity Modulated Radiation Therapy (IMRT) and Volumetric Modulated Arc Therapy (VMAT) 

provide advantages in delivery of radiation allowing conformality of delivered dose to the 

planning target and reducing dose to organs at risk (OAR), however, at the potential cost of low 

dose spread. Due to the central location of the esophagus and GE junction, dose to lungs, heart, 

spinal cord, liver, and kidneys must be considered. Low dose spread is of particular concern with 

respect to healthy lung tissue. This study comprehensively compares volumetric dose statistics 

of the standard three-dimensional conformal radiation therapy (3D-CRT) compared with VMAT 

and IMRT for distal esophageal cancer treatment.  

Materials/Methods: 

Forty patients who underwent pre-operative radiation therapy for esophageal cancer between 

2012-2014 were retrieved from our database. Pinnacle planning software was used to create 3D-

CRT, VMAT and IMRT radiation plans for all patients. Forty-five (45) Gy was prescribed for each 

patient with D95% > 42.75Gy for the planning target volume (PTV).  All plans were optimized to 

maintain PTV coverage while reducing dose to OAR with specific emphasis on lung and heart 

dose. Volumetric dose statistics were obtained, and Wilcoxon signed rank test was used to 

compare 3D-CRT vs IMRT and VMAT for Conformity Index, Integral Dose, Monitor Units, lung 

(V5Gy, V20Gy, mean, max), heart (V30Gy, mean, max), spinal cord max, bilateral kidneys (V20Gy, mean) 

and liver mean dose. Comparison was also made for IMRT vs VMAT. 

Results: 

For both IMRT and VMAT compared with 3D-CRT, statistically significant pairwise differences 

were noted for Conformity Index (-28.51%, -30.70%, P<.001), Integral Dose (-14.0%, -14.8%, 

P<.001), Monitor Units (107.2%, 80.4%, P<.001), lung (V20Gy: -49.7%,-57.4%, mean: -20.3%,-

24.9%, P <.001), heart (V30Gy : -10.1%,-14.3%, mean -10.4%,-13.4%, P <.001), spinal cord (max 

13.3%,9.5%, P <.001) and liver (mean  -29.9%,-24.3%, P <.001). No significant differences were 

noted for VMAT and IMRT compared with 3D-CRT for lung (V5Gy, max dose), heart (max dose) 

and bilateral kidneys (mean). VMAT did offer statistically significant improvement in Conformity 

Index, Monitor Units, lung V20Gy and mean dose as well as heart V30Gy and mean dose compared 

to IMRT. 
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Conclusion: 

VMAT and IMRT offer excellent sparing of key organs (lung, heart) with respect to volumetric 

constraints. Max point doses as well as lung V5Gy, which can be an indication of low dose spread 

for esophageal treatment, were not conclusively different. While 3D-CRT offers acceptable 

treatment, VMAT should be the standard modality of radiation treatment where facilities exist.
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1.0 Introduction 

1.1 Esophageal Cancer 

1.1.1 Anatomy and Incidence 

 

Anatomy 

 

The esophagus is a tubular shaped organ that connects the pharynx to the stomach as part of 

the digestive tract [1]. It follows a path behind the trachea and heart, in front of the spinal 

column and through the diaphragm where it enters the stomach. The central location of the 

esophagus and the multitude of critical structures surrounding it make treatment of the 

esophagus with radiation and surgery a difficult endeavour. 

 

The esophagus travels over 3 anatomic regions. The cervical esophagus is approximately 5cm 

long and starts at the level of the 6th cervical spine to interspace of 1st and 2nd thoracic vertebrae. 

The thoracic esophagus is approximately 20cm long extending from the thoracic inlet to 

diaphragm and the abdominal esophagus starts at the diaphragm to where it joins the cardia of 

the stomach with an approximate length of 2-6cm [2]. Multiple layers make up the esophageal 

wall including the mucosa, which contains squamous epithelium, the submucosa which is the 

strongest layer and includes elastic and fibrous tissues and lastly the esophageal muscle. The 

upper third consists of skeletal muscle while the lower two thirds contain smooth muscles [3]. 

 

Lymphatic drainage for the esophagus is complex and as a result, the rate of lymph node 

metastasis is very high [4]. Lymphatic involvement will guide the treatment options and 

prognosis for the patient. The lymphatic flow of thoracic esophagus can run both up towards the 

neck and down towards the celiac area. Because of complex lymphatic drainage, skip lesions 

may be present along the length of esophagus [5]. Lymphatic spread within the esophagus 

primarily has 2 modes of spread, traversing through esophageal wall and shifting longitudinally 

(superiorly or inferiorly). Figure 1 demonstrates lymphatic drainage among different tissues that 

comprise of the esophagus. Controversy remains with respect to lymphatic drainage and target 

areas for radiation treatment and surgery. 
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Incidence and Mortality 

 

Incidence of esophageal cancer differs slightly between males and females in Canada. In males, 

incidence was increasing slowly from 1984 to 2006 (0.3%) [2]. There was no significant change 

from 2006 to 2010, however since 2010 incidence has decreased immensely (-2.4%). For 

females, incidence has been decreasing slowly since 1984 (-0.4%). The projected new cases for 

males in 2019 was 1800 and 540 for females for a total of 2340 in Canada [6]. A similar trend is 

also noted in the United States of America. In the past 10 years, incidence of esophageal cancer 

has been decreasing by an average of 1.0% each year [7]. It is estimated that in 2020 there will 

be 18,440 new cases in the United States alone, which represents approximately 1.0% of all new 

cancer cases. This trend changes on a more global scope. The incidence rate of esophageal 

cancer is 20 to 30 times higher in China than in the United States. An “esophageal cancer belt” 

can be described as the area from northeast China to the Middle East [8]. In a 2017 review of the 

Figure 2.1.1.1 – Layers of esophagus tissue [132]. 
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epidemiology for esophageal cancer, Liang et al noted that 80% of new cases occur in less 

developed regions of the world and 60% of those occur in China [9]. It was estimated that there 

would have been 286,700 new cases and it was noted that age specific incidence increases 

rapidly after age 40. Overall, incidence rates have decreased from 15.93/100,000 to 

10.01/100,000 in the timeframe of 2000 to 2011 with respect to China. 

 

In a review completed by Otterstatter et al in 2012, there were findings in Canada related to 

incidence with respect to tumour pathology and anatomical location. Incidence of esophageal 

adenocarcinoma rose by 3.9% (males) and 3.6% (females) from 1986 to 2006. On the other 

hand, squamous cell carcinoma incidence declined by 3.3% and 3.2% in the early 1990s for males 

and females respectively [10]. Projected incidence shows a potential increase in 

adenocarcinoma of 40%-50% and decrease of 30% for squamous cell carcinoma by 2026. Of 

note, data from 2004 to 2006 suggests that 69% of all new esophageal cancer cases in Canada 

occurred in the lower third of the esophagus.  

In Canada, cancer mortality for all cancer types combined has been decreasing since a peak 

reached in 1988. Although the rate has been decreasing, the total number of cancer deaths 

continue to rise due to an increase in general population, more specifically the growing and 

aging population. The five leading cancer types that results in death are lung, colorectal, 

pancreas, breast and prostate [6]. These account for over 50% of cancer death with lung cancer 

representing approximately 26% of all cancer related death.  With respect to esophageal cancer, 

a similar trend is noted in both males and females. For males, the average annual percentage 

change in mortality rate for esophagus increased by 0.6% from 1984-1999 but decreased from 

1999-2015 by -1.0%. For females, that rate has been decreasing from 1984-2015 by -0.5%.  

Advancements in treatment as well as earlier detection might be an explanation for the 

decrease in mortality rate. 

 

While mortality rate of esophageal cancer in relation to all other cancers may seem low, the five-

year net survival remains one of the poorest of all cancer subtypes. In Canada, all cancers 

combined net survival is 63% at 5 years and 57% at 10 years. Five-year survival was lowest for 

pancreas (8%), esophageal (15%), lung (19%) and liver (19%). In relation to esophageal cancer, 
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this has increased from a rate of 10% in 1992-1994. Multi modality treatments as well as 

increased detection rates have certainly improved survival as well as palliation and pain reduced 

living. Effective treatment begins with early detection, which is difficult with esophageal cancer. 

As the organ is hollow and expandable, patients do not immediately recognize any mass or 

obstruction. Unfortunately, spread is easy with a rich lymphatic system supplying the organ so 

by time there are symptoms or cancer is detected, it is often later stage. 

Mortality on the world stage carries a similar outlook. In America, overall 5-year survival from 

2002-2008 was 16.9% [8]. It was interesting to note that for the same time period, there was a 

large discrepancy with respect to race. 5-year survival for white men was 18.1% compared to 

just 10.4% for black men. A similar trend was noted for females, 17.0% survival for white women 

and 12.6% for black women. Worldwide, approximately 70% of esophageal cases occur in men 

with a 2-3x difference in incidence and mortality rate between sexes [11]. Esophageal cancer is 

also the leading cause of mortality in Kenyan men. Malawi also has the highest incidence rate in 

men and women globally. Of note, adenocarcinoma incidence is rapidly rising in highly 

developed countries whereas squamous cell carcinoma dominates the rest of the world. An 

analysis of worldwide cancer trends from 2010-2014 revealed that that 5-year age standardised 

net survival was in the range of approximately 10-30%. Survival was highest in developed Asian 

countries with Japan, China and Korea at 36%, 34% and 31% respectively. Contrasted by the 

report of Canada having a net survival of 16.1% and the USA at 20.0% during the same time, 

discrepancy among developed nations across the world is alarming. One of the main reasons for 

the discrepancy is the screening programs instituted in areas of high risk. Japan has instituted a 

screening program since 1960 with results indicating risk of death is significantly lower in the 

screened group compared to the unscreened group [12]. Similar results are noted in Korea 

where a national screening program was instituted in 1999 with biennial contrast radiology or 

endoscopy in adults aged 40 or over [13]. Early detection can prove critical as esophageal 

resection may be curative with small tumours and clear resection margins.  Screening programs 

need to be considered for populations where the tumours are common or the subset of patients 

which may be at higher risk. 
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1.1.2 Risk Factors and Presentation 

 

Risk Factors 

 

The major risk factors for esophageal cancer are generally smoking and alcohol consumption. 

Table 1.1.2.1 represent major categories of risk factors and their prevalence on the 2 major 

histological type of esophageal cancer. 

 

 

 

 

Table 2.1.2.1 - Risk factors for esophageal cancer [8]. 

Risk Factor Squamous-Cell Carcinoma Adenocarcinoma 

First or second-hand smoke +++ ++ 

Alcohol Consumption +++ - 

Consumption of red meat + + 

Barrett’s esophagus - ++++ 

Reflux symptoms - +++ 

Obesity - ++ 

Poverty ++ - 

Caustic injury to esophagus ++++ - 

History of head and neck cancer ++++ - 

History with radiation therapy +++ +++ 

Frequent consumption of 

extremely hot drinks 

+ - 

-: No effect; +: Suspicious effect; ++: Positive effect; +++, ++++: Strong positive effect 

 

Smoking is one of the main etiological factors associated with both adenocarcinoma and 

squamous cell carcinoma of the esophagus [14]. It has been noted that the risk of incidence 

correlates directly with the duration of smoking as well as the number of cigarettes smoked per 

day. Large-scale studies with the relationship of marijuana use is limited.  In a population-based 
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case-control study conducted by Hashibe et al, it was noted that the association of esophageal 

cancer with marijuana use was not strong and almost below detectable limits [15]. A review of 

epidemiological studies conducted by Huang et al confirms the lack of study done with respect 

to esophageal cancer incidence and prolonged marijuana use [16]. More well-designed studies 

are warranted with increased legalization of marijuana in the western hemisphere and across 

the world. 

 

Alcohol consumption also presents as a consistent risk factor specifically for squamous cell 

carcinoma [17]. This risk also increases with amount of alcohol consumed. Heavy drinkers (≥12 

drink a week) had a relative risk increase range from 2.9-7.4 [18]. Many studies have also shown 

a synergistic effect of alcohol and smoking. A case-controlled study in Italy and Switzerland 

conducted by Garavello et al demonstrated that compared to patients without family history, 

noncurrent smokers and drinking <49 drinks a week, the odds ratio was 2.9 for family history 

alone. If adding in current smokers drinking ≥ 49 drinks a week and no family history, the odds 

ratio increased to 15.5 and it was increased to 107.0 for patients who were current smokers, 

drinking ≥ 49 drinks a week and had family history [19]. 5 studies that examined the relationship 

of alcohol consumption and risk of adenocarcinoma found no positive association (20). The 

conclusion drawn by Lagergren [20] is that there is no increased risk of adenocarcinoma based 

on alcohol consumption. Lindblad et al further corroborate this [21]. 

 

Risk factors differ between squamous cell carcinoma and adenocarcinoma. Globally, SCC 

remains the most diagnosed histology representing 87% of all cases of esophageal cancer in 

2012 [22]. However, in the western world there has been an increase in AC with incidence an 

incidence rate of 0.4/100,000 in 1973 to 2.8/100,000 in 2012 in USA. Similar increases have been 

noted in the United Kingdom, Australia, and Northern Europe. The change in incidence is 

thought to be related to an increase in prevalence of known risk factors for AC, namely obesity 

and gastroesophageal reflux. 

 

GERD is a risk factor for both Barrett’s esophagus and esophageal AC. Chronic reflux causes 

Barrett’s esophagus which is a columnar-cell metaplasia that replaces the native epithelium of 
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the esophageal mucosa [23]. This new epithelium has been linked to a significantly increased risk 

of esophageal AC. Lagergren et al found that there is a strong association between GERD and AC 

regardless of Barrett’s esophagus. It was found that the frequency of symptoms were strongly 

related to risk as the more frequent symptoms of GERD, the higher the risk. Interestingly, there 

was no association with GERD and the incidence of SCC. A factor that relates to a possible 

increase in GERD would be diet. Consumption of fruit, vegetables and non-fried fish can be a 

protective measure against Barrett’s esophagus compared to a more Western style diet which 

can consist of more fast food and meat [24]. A meta-analysis of studies conducted by Sun et al 

found that a 10 gram/day increase in dietary fibre was associated with a 31 % decrease in 

Barrett’s esophagus and therefore esophageal cancer [25].  

 

Obesity is also a risk factor for developing AC. The incidence of AC increases directly with 

increasing BMI. A BMI of greater than 25 was associated with an increased risk of AC in both 

males and females (OR of 2.2 and 1.9 respectively). In a review by Hoyo et al, it was found that 

compared to individuals with BMI <25, a BMI of ≥ 40 was associated with an increase in odds 

ratio of 4.76 (26). These results were similar even when stratified by gender and GERD 

symptoms. Interestingly, there is an inverse relationship between BMI and risk of SCC. In data 

analyzed by Smith et al from a large population-based study, it was demonstrated that there was 

a strong inverse relation between BMI and esophageal cancer death in SCC [27]. High blood 

pressure was also found to be correlated with higher risk of SCC (relative risk increase of 2.60 

comparing top and bottom quintile of mid blood pressure) [28]. However, alcohol is also a 

confounding variable as it increases risk of SCC and could cause hypertension. 

 

Socioeconomic factors do play a role in incidence. In a Swedish study conducted by Jansson et al 

it was found that AC and SCC were both linked to lower socioeconomic status [29]. The odd-ratio 

for unskilled or semi-skilled manual workers was 3.7 compared to professionals for risk of AC. 

Interestingly, odd-ratio was greater than 2 for those living with a partner for less than a year. 

This suggests an increased risk of AC and SCC for patients without a long-term partner. Another 

potential risk factor is the infection of Helicobacter pylori. H pylori causes chronic inflammation 

leading to gastritis which could in turn lead to reduction in acid production. One theory is that 



Master’s Thesis – W.Zia; McMaster University – Radiation Science. 
 

8 
 

this change could then reduce risk of AC by changing the nature of refluxate [17]. However, a 

review of data by Ye et al suggests that reduction in AC risk by H pylori may occur but not by 

acidity changes. It was also suggested that infection with CagA-postiive strains of H pylori may 

increase risk for SCC [30].  In the aforementioned Swedish study, no risk estimates changed 

adjusting for H pylori status. 

 

Presentation 

 

Clinical presentation is similar for both SCC and ACC. The most common symptom is dysphagia 

(difficulty swallowing) or odynophagia (painful swallowing) [31]. Another frequently assessed 

symptom related to difficulty swallowing is weight loss.  In a retrospective review completed by 

Gibbs et al, 5 years of clinical data was analyzed with respect to clinical presentation of both SCC 

and ACC. It was found that dysphagia occurred in 83% of patients and weight loss occurred in 

58% of patients. Other symptoms included abdominal pain, chest pain and GI bleeding [32]. The 

observations of the study are presented (Table 1.1.2.1).  

 

Table 1.1.2 2 - Presenting symptoms of patients with esophageal carcinoma [32]. 

Symptoms % of Patients 
Dysphagia 83 

Weight Loss 58 

Abdominal pain 9 

Chest pain 7 

GI Bleed 6.5 

GERD 5.5 

Nausea/vomiting 5 

Hoarseness 2 

Fatigue 1 

Back pain 1 

Neck pain or mass 1 

Early satiety <1 

Hiccups <1 

Hemoptysis <1 

Barrett’s surveillance 1 



Master’s Thesis – W.Zia; McMaster University – Radiation Science. 
 

9 
 

Due to the pliable nature of the esophagus, it is often estimated that at least 75% of the 

circumference of the esophagus needs to be blocked to experience the sensation of food 

sticking or dysphagia. This presents a challenge of early detection and as a result about one-half 

of esophageal cancers present with unresectable disease or distant metastasis [33]. Because of 

the often advanced stage at detection, importance is placed on treatment options that restore 

ability to eat and swallow food to gain weight and possibly allow for further intervention. As 

discussed earlier, a rich lymphatic supply surrounds the entire length of the esophagus. As a 

result, there is a possibility of “skip lesions”. This phenomenon refers to lesions appearing in the 

esophagus with some gap between them that complicates management and in many cases 

forces treatment to the whole organ rather than spot treatment.  

 

1.1.3 Diagnostics 

 

As with many diseases, accurate and efficient diagnostics are required to diagnose and stage 

esophageal cancer for proper treatment. Table 1.1.3.1 summarizes common testing used to 

diagnose and stage this subset of patients. 

 

Table 1.1.3.2 - Possible diagnostic and staging testing [34]. 

Diagnostic tests Staging and other tests 

Health history and physical 

exam 

CBC 

Complete blood count (CBC) Blood chemistry tests 

Blood chemistry tests Upper GI endoscopy 

Upper GI series EUS 

Upper GI endoscopy CT scan 

EUS PET scan 

Biopsy MRI 

 Pulmonary function tests 
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Heart function tests 

Nutritional assessment 

Thoracoscopy 

Laparoscopy 

Bronchoscopy 

 

Diagnosis relies heavily on a thorough and complete patient history. As mentioned earlier, most 

patients present with a history of dysphagia and weight loss. Along with blood work, initial 

barium-swallow allow studies are a cost-effective way to determine if there are any masses that 

are obstructing or occluding the esophagus (Figure 1.1.3.1) [14]. 

 

Figure 1.1.3.2 - Barium swallow showing esophageal strictures [14]. 
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Diagnosis can be confirmed with further imaging and biopsy to determine histology.  A 

combination of radiological imaging studies has proven to be effective enough to negate the 

often invasive thoracoscopy or laparoscopic staging. EUS has proven to display excellent 

sensitivity and specificity in diagnosing T4 lesions with 92.4% and 97.4% respectively [35]. When 

fine-needle aspiration is added, sensitivity to diagnose N-stage is 96.7%. In addition to EUS, PET 

is now routinely offered for these patients where facilities exist. PET is particularly effective in 

diagnosing distant nodal and metastatic disease. In a study by Heeren et al, PET was able to 

upstage 20% of patients and downstage 5% of patients which can dramatically alter the most 

effective treatment course [36]. 

 

1.1.4 Pathology and Staging 

 

Pathology 

 

There are 2 dominant types of primary esophageal cancers: squamous cell carcinoma and 

adenocarcinoma. Squamous cell carcinoma is the most common pathological type of esophageal 

cancer in the world with highest rates seen in Asian/Eastern countries [37]. In the western 

world, rates of squamous cell carcinoma have decreased, and adenocarcinoma has increased. 

Squamous cell carcinoma can be found anywhere in the esophagus but is most prevalent in the 

middle third. Invasive squamous cell carcinoma involves neoplastic squamous cells invading into 

the lamina propria and deeper layers of the esophagus. Adenocarcinoma is predominantly found 

in the lower esophagus and GE junction from gland cells. Barrett’s esophagus is often considered 

a precursor to adenocarcinoma. Other types of esophageal cancer such as sarcomas and 

lymphomas are also prevalent, although less frequent with no signs of increasing incidence. 

 

Staging 

 

Esophageal cancer is currently staged using the 8th edition of the American Joint Committee on 

Cancer (AJCC) manual as well as the 8th edition publication by the Union for International Cancer 

Control (UICC). Tumour, node and metastasis (TNM) classification system is used to specify 
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tumour size, nodal involvement, and metastatic spread. Based on the TNM staging, a stage of 

cancer can be quantified [38]. Both esophagus and esophagogastric junction tumours are 

classified with the same system (Table 1.1.4.1 and 1.1.4.2). 

 

 

Table 1.1.4.2- Cancer staging categories esophageal and esophagogastric cancer [38]. 

Category Criteria 

T Category  

TX Tumor cannot be assessed 

T0 No evidence of primary tumor 

Tis High-grade dysplasia, defined as malignant cells confined by the 
basement membrane 

T1 Tumor invades the lamina propria, muscularis mucosae, or 
submucosa 

T1a Tumor invades the lamina propria or muscularis mucosae 

T1b Tumor invades the submucosa 

T2 Tumor invades the muscularis propria 

T3 Tumor invades adventitia 

T4 Tumor invades adjacent structures 

T4a Tumor invades the pleura, pericardium, azygos vein, diaphragm, 
or peritoneum 

T4b Tumor invades other adjacent structures, such as aorta, vertebral 
body, or trachea 

N Category  

NX Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in 1–2 regional lymph nodes 

N2 Metastasis in 3–6 regional lymph nodes 

N3 Metastasis in 7 or more regional lymph nodes 

M Category  

M0 No distant metastasis 

M1 Distant metastasis 

Adenocarcinoma G 
Category 

 

Gx Differentiation cannot be assessed 

G1 Well differentiated. >95% of tumor is composed of well-formed 
glands 

G2 Moderately differentiated. 50% to 95% of tumor shows gland 
formation 
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G3 Poorly differentiated. Tumors composed of nest and sheets of 
cells with <50% of tumor demonstrating glandular formation 

Squamous cell 
carcinoma G 
category 

 

Gx Differentiation cannot be assessed 

G1 Well-differentiated. Prominent keratinization with pearl formation 
and a minor component of nonkeratinizing basal-like cells. Tumor 
cells are arranged in sheets, and mitotic counts are low 

G2 Moderately differentiated. Variable histologic features, ranging 
from parakeratotic to poorly keratinizing lesions. Generally, pearl 
formation is absent 

G3 Poorly differentiated. Consists predominantly of basal-like cells 
forming large and small nests with frequent central necrosis. The 
nests consist of sheets or pavement-like arrangements of tumor 
cells, and occasionally are punctuated by small numbers of 
parakeratotic or keratinizing cells 

Squamous cell 
carcinoma L category 

 

LX Location unknown 

Upper  Cervical esophagus to lower border of azygos vein 

Middle Lower border of azygos vein to lower border of inferior pulmonary 
vein 

Lower Lower border of inferior pulmonary vein to stomach, including 
esophagogastric junction 

 

Table 1.1.4.2 – Clinical (cTNM) stage groups [38]. 

cStage group cT cN cM 

Squamous cell carcinoma 

0 Tis N0 M0 

I T1 N0-1 M0 

II T2 N0-1 M0 

 T3 N0 M0 

III T3 N1 M0 

 T1-3 N2 M0 

IVA T4 N0-2 M0 

 T1-4 N3 M0 

 T1-4 N0-3 M1 

Adenocarcinoma 

0 Tis N0 M0 

I T1 N0 M0 

IIA T1 N1 M0 
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IIB T2 N0 M0 

III T2 N1 M0 

 T3-4a N-1 M0 

 T1-4a N2 M0 

 T4b N0-2 M0 

 T1-4 N3 M0 

 T1-4 N0-3 M1 

 

1.1.5 Treatment options 

 

With the advancement of modern medicine, many treatments options have become available 

with varying levels of success. Treatment options vary depending on resources, patient’s 

functional status and most importantly stage of disease. Commonly, a multi modality treatment 

regimen is required with support from multiple disciplines for best patient care. Figure 1.1.5.1 

shows an example treatment algorithm used in Japan [39]. 

 

 

Figure 1.1.3.1 – Therapeutic algorithm developed for use in Japan [39]. 
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Early stage, localized disease allows for many options with endoscopic techniques often 

preferred. EMR can be used for carcinoma in situ [40]. Other endoscopic techniques include 

laser treatment, photodynamic therapy, stent placement and dilation to relieve dysphagia. 

 

Generally speaking, chemotherapy regimens can be the same for both squamous cell carcinoma 

and adenocarcinoma. A combination of cisplatin and 5-flurouracil is the most common and most 

used regimen [40]. Ilson demonstrates that the combination of cisplatin (60-100 mg/m2) and 5-

FU (750-1000 mg/m2) given in continuous infusion for 4 to 5 days has considerable academic 

backing [41]. Evidence has shown the importance of chemotherapy in a pre or post operative 

setting as well as primary modality treatment in combination with radiation therapy for 

squamous cell carcinoma. 

 

Surgery plays an important role in cancer control and is often considered for best chance of cure 

in localized and locoregional disease. Many different surgical techniques exist with each 

containing specific risks and benefits. Common approaches include minimally invasive Ivor Lewis 

(transthoracic) technique as well as McKeown (three-hole) method. These methods use a 

combination of laparoscopic and thoracoscopic approaches with Ivor Lewis technique having 

two incisions and an esophagogastric anastomosis in the chest. The Mckeown approach refers to 

a three-incision technique in the chest, abdomen, and neck to create anastomosis in the neck 

[42]. Sabra et al did a retrospective analysis of the American College of Surgeons National 

Surgical Quality Improvement Project database (2005-2017) and compared Ivor Lewis to 

McKeown technique and concluded that the McKeown technique is associated with more post 

operative complications and longer hospital length of stay. Overall, the authors noted a trend 

towards using Ivor Lewis technique for minimally invasive esophageal cancer surgery. 

 

Radiation therapy is involved as a standard of care for a large subset of patients. Definitive 

radiation alone is not advised based on multiple studies. The control arm of RTOG 8501 which 

consisted of radiation alone had a 5-year survival of 0% compared to chemoradiation which 

demonstrated 26% survival [43]. Preoperative radiation alone provided some increase in 

survival. Shridhar et al conducted a meta-analysis of 5 randomized trials and concluded that 
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there was an 11% reduction in mortality with absolute survival benefit of 3% at 2 years and 4% 

at 5 years [44]. The authors also mentioned postoperative radiation alone provided no survival 

benefits despite loco regional control. Radiation combined with chemotherapy is highly 

recommended if patients can undergo such a regimen. In the Intergroup Study 0116, analysis 

was done to compare chemoradiation after surgery vs surgery alone. Macdonald et al found that 

there was significant increase in relapse-free and overall survival among the chemoradiation 

group [45]. Median duration of survival was 36 months in the chemoradiation group vs 27 

months in surgery alone. Three-year survival rates were also significantly different with 50% vs 

41% respectively. Of the chemoradiation group, 54% experienced major hematologic side effects 

while 33% experienced gastrointestinal effects grade 3 or higher. In this study, patients were 

treated between 1991 and 1998 where radiation planning and treatment is vastly different from 

today’s technology. With increased precision and study of radiation planning, there is 

opportunity for improvement on associated toxicity. The role of neoadjuvant chemoradiation 

was not well established until the CROSS group study published in 2012 with long term results 

published in 2015 [46, 47]. Median overall survival improved from 24 months in the surgery 

alone group to 49.4 months in the chemoradiation plus surgery cohort. In the chemoradiation 

group, 7% of patients had grade 3 hematologic toxic effects with 13% reporting other 

nonhematological effects of grade 3 or higher. While the adverse effects of chemoradiation is 

improved from pervious older studies, there remains areas of improvement should patients 

undergo this regimen. Post-op chemoradiation has proven to be an effective treatment options 

for patients who qualify. 

 

1.2 Radiation Therapy and Treatment Planning 

 

 1.2.1 Radiation Therapy Background 

 

Radiation therapy has developed immensely over a century of advancements and studies. Slater 

offers a concise review of the history of radiation therapy, which can be divided into the 

discovery era, orthovoltage era, megavoltage era and finally the modern era [48].  The early 

discovery X-rays by Rontgen in 1885 followed by further study by Bequerel and Curie lead the 
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way to radiation use in treating disease long before fully understanding the physiological effects. 

As time went on, radiobiologists better understood cell effects and physicists researched new 

isotopes which could be harnessed for therapy. Henri Coutard demonstrated that delivering 

external radiation in fractionated therapy could control head and neck cancer without severe 

reactions that a single large dose causes [49]. Simultaneously, understanding and development 

of the delivery of radiation was increasing. Scientists were starting to discover more about the 

properties of radiation delivery and effects. In the early times of radiation treatment, skin 

cancers were the most treated because of the low penetration of x-rays and radium. 

Intracavitary and interstitial methods of delivery were more widely used than externally 

delivered radiation. William Coolidge was able to develop an improvement on the x-ray tube, 

which converted electrical current into x-rays [50]. This allowed higher energy to be applied to a 

target (typically tungsten) which produced higher energy x-rays that could be used in improved 

imaging and deeper treatment. This is the basis of the linear accelerator which ushered in the 

“orthovoltage era” from 1920’s to 1950’s. 

 

E.O Lawrence recognized the need to accelerate charged particles and to harness this capability. 

It was recognized that there needed to be a production of high voltage as well as tubes that can 

handle such voltage.  Rolf Wideröe published an article from Germany describing a technique of 

multiple acceleration of positive ions by oscillating voltages to a series of cylindrical electrodes in 

a line [51]. Lawrence used this idea to develop the cyclotron which was able to accelerate 

charged particles in a spiral path to produce high energy protons. Proton therapy is used in 

treatment today for various types of cancer. Electrons became a treatment option when Kerst 

developed the betatron. Similar to the cyclotron in the spiral path used to accelerate the 

particle, the betatron was able to accelerate electrons to high energy and the first machine 

produced 2MeV electrons [52].  

 

Radiation safety was also being developed in lock step with radiation generation. The 

International Congress of Radiology was first formed in 1925 with the congress being held in 

London [53]. The International Commission on Radiological Protection was formed, and 

suggestions made to standardize radiation unit measurements as well as techniques to limit 
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radiation exposure to operators. As time went on, understanding also increased across the 

world. Measurement tools such as the Geiger counter were also used to detect not only alpha 

and beta radiation, but also gamma radiation. 

 

The megavoltage era followed and was a precursor to the modern age of radiation therapy 

planning and delivery. From the 1950’s and onwards, development has occurred quickly with the 

advent of higher and higher energy machines as well as improved diagnostic abilities. The need 

for deeper penetrating x-rays while sparing healthy tissue along the way was apparent. While 

the x-ray tube is useful in superficial treatments, producing higher energies required extremely 

high voltage which meant large and costly machines. Harold Johns is credited with pioneering 

the use of Cobalt-60 as a gamma ray source for therapeutic purposes. Radium was noted to have 

too low of a radiation intensity to be effective at any distance for the required depth. Cobalt-60 

was developed at Chalk River facilities in Canada, and it was noted that 1 gram of Cobalt-60 

produced the same output as 36-96 grams of Radium [54]. These gamma rays were able to be 

controlled with constructed apparatus that can be rotated to expose the source in a controlled 

manner. Field sizes were also controlled to allow for fields from 4 cm x 4 cm to 20 cm x 20 cm at 

100cm distance. Figure 1.3.1.1 shows a comparison table of Cobalt-60 to 2MeV and 3MeV 

energies with respect to depth-dose data at 100cm distance and 70cm distance. Radiation 

therapy was now becoming more accessible and cost effective for use around the world. 

 

Table 1.2.1.1 – Depth-dose comparison for Cobalt-60 to 2MeV and 3MeV energies at 100cm and 
70cm source to skin distances [54]. 

Depth (cm) Field: 100cm2 

Distance: 100cm 

Field: 100cm2 

Distance: 70cm 

 Cobalt-60 (%) 2MeV (%) Cobalt-60 (%) 3MeV (%) 

0.5 100 100 100 100 

1.0 99 98 98 98 

5.0 80 79 77 76 

10.0 58 54 54 53 

15.0 41 37 37 36 

20.0 29 25 26 25 
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The first clinical linear accelerator was developed at Stanford Medical Center in California. Linear 

accelerators function by accelerating electrons at a high energy using electromagnetic waves. 

These electrons can then be used directly for superficial therapy or can be used to strike 

materials in high atomic number to produce bremsstrahlung radiation, photons emitted as 

electrons slow down in the material [55]. This accelerator, which was designed to operate at 

6MeV, was installed in 1955 with the first clinical use beginning in early 1956. It was recognized 

early that accuracy of treatment would always be in question. With that thought in mind, the 

linear accelerator was developed with a diagnostic quality x-ray tube that could be used prior to 

delivery of high energy photons. Figure 1.2.1.1 provides a diagram of the unit used in Stanford. 

 

Figure 1.2.1.1- Diagram of the first linear accelerator head used in Stanford. End of accelerator 
(A), output window and target assembly (B), monitor chamber (C), housing of retractable 
radiographic x-ray tube (D), target of radiographic x-ray tube (E), inclined mirror (F), light source 
(G) localizer, adjustable lead jaws (H) and field size adjustment knob (J) [55]. 
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High energy x-rays do not produce high quality radiographs so the diagnostic quality x-ray tube 

can be used to first localize and confirm the patient position. Once this film is developed while 

the patient and source are not moved, localization can be confirmed, and treatment is then 

delivered. With the ability to rotate the machine around the patient and capability to control the 

field size, this represented a significant jump forward towards conformal treatment and 

minimizing dose to healthy tissues. 

Radiation planning was initially only achieved manually with radiographic cross-sectional images. 

Calculations were crude with many assumptions made to density and overall depth to develop 

an exposure or delivery time. Radiation planning took a large step forward with the rapid 

development of computer software and specifically the introduction of the CT scanner. CT 

scanners became widely used in the early 1970’s and soon after were used in radiation planning 

[56]. Three-dimensional planning did not develop until the 1980’s when personal computers and 

minicomputers became powerful enough to calculate treatment plans in essentially real time 

[57]. As theoretical ideas were developed, machine capabilities were also advanced. IMRT was 

suggested in 1982 but not clinically a reality until the early 1990’s with the advent of the NMOS 

MIMiC. A multi-leaf collimator, placed after the primary jaws of the x-ray beam, allowed for a 

more conformal shaping of the radiation beam to suit individual patient needs. This also allowed 

modulation of the beam, which could compensate for patients missing tissue as well as vary the 

intensity of the radiation beam. This technology combined with the ability to have multiple 

angles around the patient allowed for more conformal treatment that minimized dose to healthy 

structures nearby. Radiation dose could now safely increase to the tumour while maintaining 

acceptable dose to the tissues nearby. 

 

1.2.2 Importance of dose to organs at risk 

 

Much has been discussed about the need to deliver high radiation doses to tumours while 

keeping minimal dose to healthy tissues that surround it. While the human body is very complex 

with many studies conducted on many organs, for the purposes of this study focus will be made 

on major areas of interest in the thoracic and upper abdominal regions. 
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General Radiation Effects 

 

The field of radiobiology can be associated with the invention of the x-ray in the early 1900’s. 

Skin effects were noticed almost immediately and from there great interest has been developed 

into the biological effects of radiation on cancerous cells as well as healthy tissues. Cell DNA 

contains the most vital information with regards to cell growth and lifespan. Ionizing radiation 

works by damaging cell DNA and therefore effectively killing the cell. Radiation delivered to a cell 

can work as direct or indirect action. Direct action refers to particles that can disrupt the cell 

biology by which they pass through. Indirect action does not cause damage by themselves, 

however the medium which they pass though can absorb the radiation energy and produce a by 

product of a charged particle which can cause the cell damage. Approximately two-thirds of the 

damage caused by x-rays and gamma-rays is a result of indirect action [58]. 

 

In 1975, a paper titled “The 4 R’s of Radiotherapy” was published by HR Withers that 

summarized a short list of mechanisms that outlined response of biological tissues after doses of 

radiation [59]. These 4 R’s are commonly referred to Repair, Reoxygentation, Redistribution and 

Regeneration. Another mechanism was suggested in 1989 by Steel et al which described radio 

sensitivity as being an important factor in the mechanism of radiation therapy effectiveness [60]. 

This is the basis of fractionated radiation therapy. 

 

Repair 

 

Radiation damage can be divided into 3 categories: lethal damage, potentially lethal damage and 

sublethal damage. Lethal damage is fatal to the cell and is damage which is irreversible or 

irreparable. Potentially lethal damage refers to damage that can be repaired under certain 

circumstances. Sub lethal damage is damage which can be repaired. It has been shown that 

there is increase in cell survival if a given radiation dose is split into 2 intervals with sufficient 

time in between. Normal cells are most likely able to repair themselves before another fraction 

of radiation is delivered while tumour cells are not. It is commonly accepted that the minimal 

time interval between radiation fractions should be 6 hours. 



Master’s Thesis – W.Zia; McMaster University – Radiation Science. 
 

22 
 

Reoxygentation 

 

Oxygen is an important radio sensitizer discovered to influence cell death.  Oxygen participates 

in the reactions that lead to cell death after absorption of ionizing radiation [61]. Anoxic cells 

during irradiation are three times more resistant than cells that are well oxygenated. After 

radiation, the proportion of hypoxic cells increase. Fractionation allows for enough time to 

reoxygenate cells and cells that were hypoxic become more susceptible to radiation doses. This 

process repeats with each fraction and allows for the tumour cells to deplete. This has clinical 

value as well; it is advisable for patients to minimize substances that reduce oxygenation 

(smoking). 

 

 

Redistribution 

 

Redistribution or reassortment refers to the progression of cells through the cell cycle (Figure 

1.2.2.1) between split radiation doses. Different cell cycles have varying levels of radio sensitivity 

with the M and G2 phases the most sensitive. After a dose of radiation, the cells that survived 

would typically be in S-phase which is least sensitive. These cells move into the more sensitive M 

and G2 phases before the next fraction of delivery. Fractionation increases the chance of a cell 

being in the radiosensitive phase during treatment. 
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Figure 1.2.2.1 – Cell cycle [62]. 

Regeneration 

 

A reduction in cells in either tumour or normal tissues results in a response to increase the 

number of cells to compensate. Regeneration or repopulation refers to cells entering the cell 

cycle to repopulate cells that were killed during irradiation. This effect occurs in tumour cells as 

well and it is important to complete treatment as quick as reasonably possible to not encourage 

faster tumour cell repopulation.  

 

 

Radiosensitivity 

 

Cells from different types of tumours differ in their radiosensitivity based on factors introduced 

by Bergonie and Tribendau [63]. They noted that if cells are less differentiated, have a greater 

proliferative capacity and divide more rapidly, they would in turn be more susceptible to the 
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effects of ionizing radiation. This is an intrinsic effect and helps explain differing doses required 

for adequate tumour control depending on histology. 

 

Dose Escalation for Esophageal Cancer 

 

Determining radiation dosage for the treatment of esophageal cancer has developed along with 

advancements in planning technologies. A major trial completed by Herskovic et al in 1992 

demonstrated the new standard approach of combined chemoradiation therapy for patients as a 

primary form of treatment [64]. Combined chemoradiation with a radiation total dose of 50.4 Gy 

was superior in local control and overall survival compared to radiation delivered alone to a dose 

of 64 Gy. With a standard approach of 50.4 Gy established, questions arose regarding dose 

escalation with respect to improved survival and control. In a 2002 study conducted by Minsky 

et al, concurrent chemo radiation was compared for 2 different dose regimens. Keeping the 

chemotherapy the same, doses of the standard 50.4 Gy was compared to an escalated 64.8 Gy. 

This trial was stopped after an interim analysis. There was no significant improvement in local 

control or overall survival. There were 11 treatment related deaths in the high dose arm 

compared to 2 in the low dose arm. It was the conclusion of this study that 50.4Gy remained 

optimal for this subset of patients [65]. In the pre-operative setting, the study conducted by Van 

Hagen et al demonstrates that 41.4 Gy combined with chemotherapy followed by surgery is a 

valid and tolerated treatment regimen [46]. Safe dose escalation efforts are limited by tolerance 

dose of organs at risk, treatment conformality and faith in accurate and reproducible treatment 

setup. In a review published in 2010 by Werner-Wasik et al, it was recognized that acute 

esophagitis was correlated more significantly with doses > 40-50 Gy. In addition, it did appear 

safe to deliver dose as high as 74 Gy to a segment of esophagus [66].  

 

An article published in 1991 by Emami et al has become one of the most widely cited articles 

with respect to dose tolerance of normal tissues. A taskforce was set up which reviewed current 

literature and drew on their own experiences to develop a list of tolerance doses based on 

conventional fractionation of 180 to 200 cGy [67]. Figure 1.2.2.2 represents the results of the 

endeavour. Doses were tabulated based on 3 volume categories (one-third, two-third, whole 
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organ) at two dose levels of TD 5/5, which is the probability of 5% complication within 5 years of 

treatment and TD 50/5 which refers to the probability of 50% complication within 5 years.

 

Figure 1.2.2.2 – Normal tissue tolerance published in 1991 [67]. 
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As radiation planning has advanced, so has the need for updated information that could be 

trusted. QUANTEC (Quantitative Analyses of Normal Tissue Effects in the Clinic) was an initiative 

that began in 2009 to help modernize dose constraints based on a review of literature since 

1991 [68]. Many studies have been conducted both in clinical trails on humans as well as animals 

to help standardize acceptable risk for normal tissues. The article published in 2010 by Marks et 

al summarizes the methods and findings for an updated clinical reference of tolerance doses 

[69]. Figure 1.2.2.3 displays tolerance doses to organs of interest in this study. 

 

 

Figure 1.2.2.3 – QUANTEC Normal tissue tolerance published in 2010 [69]. 
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Heart 

 

Acute radiation injury to the heart is rare with much of the radiation induced effects not 

prevalent for months to decades. However, care must be taken to limit heart dose due to 

reported increase in cardiovascular disease [70-72]. Much literature for heart tolerance comes 

from radiation delivered for lymphoma treatment, breast cancer treatment and atomic bomb 

survivors [73]. The study by Gagliardi et al recommended that conservative NTCP model 

estimates predict V25Gy <10% will be associated with <1% probability of cardiac mortality in ~15 

years [74]. Whole heart radiation of 30Gy appeared to be tolerated however a recommendation 

of limiting to 15 Gy is made. Pericarditis risk increases as demonstrated by a study conducted by 

Wei et al [75]. V30Gy was the only parameter that was significantly associated with pericardial 

effusion with rates increasing if greater than 46% received 30Gy.  

 

Kidneys 

 

The kidneys are an extremely important organ in the human body responsible for filtering blood, 

modulating blood pressure, and stimulating red blood cell production. Complications from 

kidney toxicity could include elevated blood pressure, increased weight, edema, coma and even 

death. In a review conducted by Lawson et al, suggestions were made to tolerance doses for 

kidneys based on studies previously conducted. For less than 5% complication, suggested mean 

dose ranges from 15Gy (TBI pts) to 18Gy (partial kidney irradiation). In addition, V12Gy<55%, V20Gy 

<32%, V23Gy<30%, V28Gy<20% were also suggested [76]. With low dose tolerances reported, care 

must be taken for conformal planning and localization if the treatment area extends into the 

upper abdomen. 

 

Lungs 

 

80% of clinically significant radiation pneumonitis can clinically manifest within 10 months of 

radiation treatment. In a review by Marks et al, over 70 published articles were identified with 

respect to dose-volume parameters and pneumonitis. While difficult to recommend dose and 



Master’s Thesis – W.Zia; McMaster University – Radiation Science. 
 

28 
 

volume limits, it was thought to be important to limit V20Gy < 30% and mean lung dose limited to 

20Gy. This is in reference to limiting the risk of radiation pneumonitis to <20%. Central dose 

should be limited to <80Gy to minimize risk of bronchial stricture [77].  

 

Liver 

 

Radiation-induced liver disease is a complication of radiation treatment to the liver with clinical 

presentation of ascites, elevated liver enzymes and hepatomegaly. Tolerance for whole liver 

radiation is low and a review by Lawson et al found that radiation liver disease was seen in 5%-

10% of patients with 30-35Gy delivered to the whole liver. Partial liver irradiation could be viable 

to higher doses provided enough normal liver is spared from high doses [78]. It was found that 

liver had a large relation to volume effects and therefore mean dose may be useful to set limits. 

In patients without pre-existing liver disease, a mean dose < 30Gy is suggested to minimize risk 

of complication. 

 

Spinal Cord 

 

Radiation injury to spinal cord is rare but can be severe leading to pain, sensory deficits and even 

paralysis. Taking a closer look at the whole spinal cord cross section, maximum dose limits of 

50Gy, 60Gy and ~69 Gy were recommended by Kirkpatrick et al. These doses represented a 

0.2%, 6% and 50% rate of myelopathy respectively [79]. 

 

Integral Dose 

 

Radiation therapy is associated with a small but significant risk of secondary malignancy. With 

advanced planning techniques able to deliver radiation from multiple angles to achieve a high 

dose conformality, there is a concern for low dose spread due to the increase in angles. 

Furthermore, there can be a monitor unit increase in beams delivering more conformal 

treatments which increases leakage and potential for further low dose spread. Integral dose can 

be defined as the volume integral of the dose deposited and is equal to mean dose times the 
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volume of irradiated tissue at any dose [80]. In a study by Aoyama et al, it was concluded that in 

their study of 25 patients the difference in non tumour integral dose was small between 3DCT 

and IMRT. Further, higher energy beams reduced integral dose. In another study be D’Souza et 

al, variation in NTID with 4 or more beams was minimal. A further study by Patel et al in the 

pediatric treatment of whole CNS found that mean NTID was lower with VMAT treatment 

compared to 3D-CRT and helical TomoTherapy. There was an increase in the mean of low doses 

(1Gy, 2Gy and 5Gy) but larger reductions in high doses of 20Gy-30Gy [82]. 

 

1.2.3 Current radiation planning 

 

Accurate delivery of radiation therapy is a complex procedure with many disciplines involved in 

ensuring theory meets reality. After the patient and physician make the determination that 

radiation therapy would be in the best interest of the patient, processes are in place to 

accurately immobilize the patient for treatment, identify the area of treatment and plan for 

radiation doses to be delivered to tumour cells. 

 

Immobilization 

 

The success of radiation therapy relies on delivering a therapeutic dose to tumour cells while 

minimizing dose to healthy surrounding tissues to allow for healing. One of the first steps to 

achieve this is to immobilize the patient in a reproducible manner that is achievable for the 

patient while satisfying requirements for the most efficient planning and treatment. A review by 

Saw et al outlines some of the technologies in use for immobilization including thermoplastic 

casts as well as Vac-Lok bags [83]. Thoracic radiation immobilization studies are limited and even 

more so for esophageal treatment. Li et al evaluated 2 different methods of immobilization used 

at their facilities and found that combined with image guidance there was no statistical 

difference with respect to setup accuracy [84]. The use of CBCT allows for selection of an 

immobilization device that is cost effective and efficient for the department to use. At the 

Juravinski Cancer Centre, non-SBRT patients are typically immobilized with a chest board which 

allows for a consistent head rest and chin position. Arms are then up and out of the way of the 
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radiation beam while holding a handlebar set at a comfortable position for the patient. Figure 

1.2.3.1 shows an immobilization device used for thoracic radiation. A cushion is also placed 

under the patient’s knees for added comfort and to take pressure off the lower back. 

 

 

 

 

 

 

 

 

 

 

 

 

Localization 

 

4D-CT 

After the patient has been immobilized, care must be taken to select the most effective tools 

available to evaluate the extent of the tumour. Where uncertainties exist, general practice has 

been to cover extra tissue to ensure that cancerous cells are not missed. Radiation planning 

conducted with CT scanners initially used a free breathing approach where the patient would 

breathe normally while being scanned. The result was what appeared to be a blurring of certain 

organs with motion artifact. Balter et al published a paper in 1996 that recognized uncertainties 

associated with free breathing in treatment planning of the esophagus or upper abdomen. 

Patients were scanned with a free breathing scan then once while holding their breath at normal 

inhalation and again at exhalation. Liver and kidney movement was noted to be 2cm and PTV 

path length differences of >1cm were noted [85]. It was not until 2003 that a method to 

efficiently obtain a 4D-CT was formalized [86]. The underlying objective in the approach of 4D-CT 

scans is to acquire helical CT images while recording the patients breathing pattern. The data is 

Figure 1.2.3.1 – Vac-Lok immobilization bag for thoracic or upper abdomen 
localization [84]. 
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then reorganized, and CT data sets are available in multiple phases of breathing. Most interest in 

radiation planning lies in the maximal inhalation and exhalation phases to properly assess 

tumour and normal tissue motion. One of the first studies to evaluate respiratory motion for 

distal esophagus patients was conducted by Yaremko et al in 2008. The intra-abdominal 

esophagus was found to be one of the most mobile sections of esophagus with movement of 

1.06 +- 0.04cm along the central axis. It was concluded that esophageal GTV stayed within a 

radial margin of 0.8cm and an axial margin of 1.8cm [87]. This also provides guidance to centers 

without the use of 4D-CT to account for tumour motion. A study conducted by Brandner et al for 

abdominal organs demonstrated an average displacement in the superior to inferior direction of 

1.3cm for liver, 1.3cm for spleen, 1.1cm for left kidney and 1.3cm for right kidney [88]. These 

results have implications with respect to planned dose and delivered dose to organs at risk. 

While there are numerous benefits of using 4D-CT there are also other factors to consider. Some 

centres are not equipped with the technology and computing power to process thousands of 

images in relation to breathing phases. Also, there is an increase in exposure during a 4D-CT 

compared to that of a normal scan. In a study by Mori et al, it was demonstrated that 4D-CT led 

to approximately 4 times higher exposure compared to conventional CT scanning [89]. Protocols 

have been developed to minimize excessive dose during 4D-CT and care must be taken to 

minimize repeat scans. During the period of retrospective analysis of this study, 4D-CT was not 

routinely used for esophageal patients. Care was taken to appropriately contour primary disease 

with adequate margins to account for intrafractional motion. 

 

Clinical Imaging 

 

In addition to CT images used in planning, other modalities such as PET and MRI can be used to 

aid in target delineation. While imaging in the treatment position is ideal, diagnostic images can 

be brought in the planning software and automatic fusion can be completed. PET utilizes 

biological based information to provide clinicians with information on cancer location and 

grading. PET scanning uses a radioactive material attached to a sugar to identity tissues that are 

using high amount of energy such as cancer cells. The radioactive material gives off positrons 

which is recorded and overlaid with a corresponding CT scan to identify the exact location of 
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uptake [91]. PET is often able to provide superior sensitivity, specificity and accuracy compared 

to conventional staging modalities [92]. PET is an excellent candidate to be used in conjunction 

with standard CT scanning for esophageal cancer planning due to accurate nodal delineation as 

well as displaying longitudinal extent of disease. In a study by Duong et al, the findings of PET 

scans impacted the management of 40% of the studied patients [93]. In another study 

conducted by Zabotto et al, GTV alterations took place in 56% of patients with the use of PET 

scanning [94]. PET scans have proven to be of beneficial use in the population of esophagus 

patients undergoing radiation treatment. The limitations lie with cost and timely availability in a 

socialized health care setting. 

MRI can also be used in treatment delineation in much the same way as PET imaging. MRI is 

non-invasive and provides excellent soft tissue contrast. In a review conducted by van Rossum et 

al, it was noted that earlier iterations of MRI were inferior in accuracy due to limited technology 

and image sequencing [95]. Studies comparing the effectiveness of MRI to PET in target 

delineation is limited and therefore routine use of MRI in radiation planning for esophageal 

patients is minimal. However, in a study conducted by Vollenbrock et al, promising results were 

demonstrated with the use of MRI. GTV delineation was smaller overall on MRI when compared 

to PET. Variability was also similar to that of PET among physicians. Further work is required to 

develop proper protocols for esophagus imaging as well as a consensus guideline for contouring 

based on MR imaging [96].  

 

Treatment Planning Software 

 

With the computerization of the world advancing life in many aspects, so too was radiation 

treatment planning. The use of CT offered 3D perspective on patient anatomy and tumour 

volumes. However, methods to accurately calculate dose that would be delivered to the patient 

were still required and not developed until the late 1980’s into the early 1990’s. Mohan et al 

described a method of 3D radiation planning that could be carried out with the aid of a 

computer system [97]. Major advancements introduced were the use of beams eye view, 

accurate dose calculation, beam compensation, rotational beams, and tools for plan evaluation. 

Dose volume histograms summarize dose information by plotting percentages of volume at 
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various dose levels. At the time of this development, there was enormous amounts of spatial 

data generated so comparison of plans for the same patient was limited. Dose calculation in 

heterogeneous tissues of a patient have also developed. The Monte Carlo simulation is one 

method of calculating the energy departed on tissues that also considers secondary methods of 

transport [98]. Ander Ahnesjo described the collapsed cone convolution method which is an 

efficient way to calculate dose in the presence of inhomogeneity. Other methods have also been 

developed such as the anisotropic analytical algorithm and multigrid superposition/convolution 

[99]. These calculation methods serve as the base of major clinical radiation treatment planning 

software. In the case of this study, Philips Pinnacle treatment planning software was used to 

generate all plans. 

 

3D-CRT 

 

Conformal treatment with use of multiple angles was theorized early in the megavoltage era of 

radiation therapy [100].  As mentioned earlier, the routine use of the CT allowed for accurate 

delineation as well as dose calculation due to electron density information obtained directly 

from the scan. Along with software development, hardware was also being developed and the 

first computer controlled multi-leaf collimator was developed in Sweden [101].  A multileaf 

collimator consists of 2 sets of thin tungsten leaves that could be modulated to shape around a 

target in the head of the machine. Physical lead shielding would not be necessary making this an 

effective way to modulate a radiation beam. Another function of the multileaf collimator is the 

compensation effect that is possible. In areas of the patient where less radiation is required for a 

certain beam angle, the multileaf collimator can close a portion of the field to ensure that no 

overdose to that region occurs while still delivering radiation to the required area. Much of the 

early benefits of 3D-CRT came in the form of safe dose escalation. In a study by Zelefsky et al 

that began accruing in 1988 and was published in 1998, there was a significant advantage of 

dose escalation in prostate treatment with the use of 3D-CRT. Highly conformal plans were able 

to confidently be developed while minimizing high doses in bladder and rectum [102]. Fiveash et 

al confirmed these findings in a multi-institutional review for high grade prostate treatment 

[103]. Similar results were noted with conformal treatment to lung. Dose escalation was now a 
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possibility with the improvement in doses to organs at risk [104-105]. Due to radical treatment 

for esophagus patients being in lower frequency compared to other sites, studies determining 

effectiveness of 3D-CRT were limited. With studies of other sites demonstrating the value of 3D-

CRT, esophagus treatment followed suit. However, a study by Guzel et al attempted to evaluate 

conventional planning with 3D-CRT. It was determined there was benefit in a two-phase 

approach to reducing lung dose [106]. Around the same time, a study of clinical practice across 

Canada was done which indicated that widespread adoption of conformal treatment had not yet 

taken place for cervical esophagus treatment [107]. In the major study published by the CROSS 

group to evaluate effectiveness of concurrent chemoradiation to chemotherapy alone in pre-

operative patients, 3D-CRT was used as the radiation technique. Radiation was planned using a 

multifield technique with a combination of anterior/posterior, oblique or lateral fields. Fields 

were customized with blocks or multi-leaf collimator. This validated the effectiveness of this 

treatment technique for confident use in distal esophagus and GE junction patients [108]. 

 

IMRT 

 

Intensity modulated radiation therapy was the next major breakthrough in radiation planning 

and delivery. The first suggestion of modern day IMRT came from the work of Brahme et al in 

1982 [109].  In a basic sense, the goal of IMRT is to modulate the intensity of incoming radiation 

beams to allow for high conformality of treatment. Radiation beams are then able to reduce 

intensity through sensitive critical structures while increasing intensity into tumour tissues [110]. 

With modulation of one beam, this would result in areas of hot and cold within the target. 

Therefore, there is a reliance on multiple beams to compensate for this and provide multiple 

avenues of delivery. While theoretical algorithms were being developed in the 1980s and early 

1990s, it wasn’t until the widespread use of MLC that accurate delivery became convenient and 

achievable. With 3D-CRT, radiation planning was done in a trial-and-error approach. The field 

parameters are setup, and the planner alters the intensity and angle of beams until an 

acceptable dose distribution is achieved. This is also known as forward planning. IMRT utilizes 

what is referred to as inverse planning. When dose objectives and target prescription are known, 

field parameters are found using a computerized algorithm which in turn eliminates the trial-
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and-error approach. This however does come at a cost of computing power and time as these 

are mathematically very intense calculations [111]. One of the first clinical applications of IMRT 

based planning came in the treatment of prostate cancer. Ling et al demonstrated an acceptable 

method of inverse planning with modulation done using dynamic multileaf collimators. There 

was reduction in high dose to rectum while also recognizing that radiation planning could 

become less labour intensive [112]. The clinical benefits were published by Zelefsky et al in 2000 

with IMRT proving to provide lower dose to rectal and bladder walls and patients having reduced 

rates of grade 1 and 2 rectal toxicities [113]. Similar results were noted in various tumour sites 

[114-117]. Esophagus cancer treatment was not a focus of study until a few years later when 

IMRT was well established at multiple treatment sites. In an early study by Nutting et al, 4 field 

conformal treatment was dosimetrically compared to 9 field IMRT as well as 4 field IMRT. The 9 

field IMRT did not provide much benefit due to increase in low dose setting. 4 field IMRT was 

able to provide improvement in lung sparing while providing acceptable dose homogeneity 

[118]. This sheds some light on the importance of beam placement for specific target volumes. 

Wu et al sought to compare conformal treatment with inversely planned conformal treatment as 

well as IMRT. With the use of a 5 beam IMRT plan, it was found that lung volume that received 

less than 25 Gy was significantly reduced. There was also significant reduction in heart mean 

dose as well as spinal cord maximum [119]. These reductions allow the possibility of dose 

escalation and potential decrease in longer term toxicity. A further study by Chandra et al 

demonstrated that multiple beam IMRT such as 7 or 9 beams resulted in lower lung irradiation 

and improved conformity. This contrasted with the study by Nutting and could be attributed to 

different planning algorithms or planning philosophy. The authors recognized the need to limit 

low dose to lung and therefore entry of multiple beams and suggested that 5-6 beam IMRT to be 

sufficient [120]. Median improvement for Lung V10Gy was 10% and mean lung dose reduced 

2.5Gy when comparing IMRT to 3D-CRT. Fenkell et al also demonstrated improvement in cervical 

esophagus planning with reduced dose to spinal cord, brainstem, and parotids [121]. These 

studies demonstrate that implementing IMRT for esophageal treatment is a viable option. While 

3D-CRT is still an appropriate treatment technique with excellent target coverage, IMRT can 

provide increased dose sparing to critical structures such as the heart and lungs. A meta-analysis 

by Xu et al found limited but positive studies with respect to benefits of IMRT over 3DCT. There 
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was improved dosimetric values in organs at risk and a noted increase in overall survival based 

on 3 studies. More studies are required to draw conclusions with respect to potential benefit in 

overall survival for esophagus cancer patients [122]. 

 

VMAT 

 

The theory of volumetric modulated arc therapy can be traced back to a paper published by Yu 

in 1995. IMAT was presented as an idea to deliver continuous radiation in an arc around the 

patient while adjusting the field shape with MLC as the gantry rotates [123]. This technique was 

limited at the time with MLC limitations as well as length of time for delivery. Multiple arcs were 

required for different radiation intensities with total delivery time reaching 15 minutes. This 

technique was not investigated with much interest at the time, and it was not until 2008 when 

Karl Otto published an article on VMAT that this technique gained interest in the wider 

community. In his paper, Otto describes VMAT as a technique that can be delivered efficiently 

with a single arc, high conformality with a full 360 degrees of gantry direction as well as accurate 

beam sampling during planning [124]. VMAT can modulate gantry speed and dose rate to 

maximize an IMRT like treatment with the maximum possible beam orientations. This 

modulation of a multitude of factors allows for efficient delivery of radiation in terms of time as 

well as minimizing monitor units or radiation output. Reduction in monitor units allows for a 

reduction in scatter and minimizing low dose to the patient. Multiple full arcs or even partial arcs 

can be planned depending on the clinical situation.  

 

One of the earliest studies comparing VMAT to IMRT and 3D-CRT was conducting in the prostate 

disease site. Palma et al utilized 10 datasets to create a 3D-CRT, five-field IMRT, constant dose 

rate VMAT and variable dose rate VMAT plans. Variable dose rate VMAT achieved the most 

desirable plans with significant sparing of rectum and femoral heads as well as a 42% reduction 

in monitor units when compared to IMRT [125]. Figure 1.3.3.2 demonstrates beam 

arrangements for 3D-CRT, IMRT and VMAT respectively. In another study conducted by Zhang et 

al, 11 prostate cancer patients were planned with VMAT and IMRT. A similar conclusion was 

made in the reduction of rectal wall dose, which decreases normal tissue complication 
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probability. However, the major benefit noted was a 55% reduction in beam on time which 

reduces intrafractional motion and increases efficiency of delivery [126].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.3.2 – Axial CT image in the plane of the prostate 
displaying beam arrangements for (a) 3D-CRT, (b) IMRT and 

(c) VMAT [125]. 
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Other disease sites also report positive results with the implementation of VMAT planning and 

delivery. Head and neck cancer is a complex disease with a challenging radiation treatment plan 

involving sparing of several critical structures. Verbakel et al demonstrated that VMAT plans 

allowed for a similar sparing of organs at risk while reducing monitor units by 60% [127].  In a 

larger study conducted by Vanetti et al, 29 patients were planned with IMRT, single arc VMAT 

and double arc VMAT. 2 arc plans yielded the best target coverage and homogeneity while both 

arc plans reduced dose to organs at risk when compared to IMRT [128]. 

 

In most dosimetry studies that evaluated VMAT with 3D-CRT, it is clear that VMAT offers 

superior dose conformity and sparing of OAR. Some disease sites, such as GU or Gynae, have 

significant advantages which warrant the implementation of VMAT treatment. Compared with 

IMRT, the differences are decreased as IMRT can provide highly conformal treatment. There are 

still advantages in OAR sparing but the major advantage between VMAT and IMRT lies in a 

reduction of monitor units and delivery time. More efficient delivery and less treatment time is 

advantageous in a clinical setting under constant financial duress. 

 

Although VMAT can deliver highly conformal treatment, it does so while delivering radiation 360 

degrees around a patient. There are conflicting reports on integral dose when comparing VMAT 

and IMRT. For IMRT plans, beams are delivered in several fixed, static beams. Zhang et al report 

that normal tissue dose in intermediate or high dose range (28-48 Gy) is lower in VMAT but 

higher in the low dose range below 22 Gy [126]. This does correspond to expectations as low 

dose spread is expected to be increased with a radiation beam being modulated as it moves 

around the patient. In a study by Slosarek et al, integral dose was analyzed between CyberKnife, 

TomoTherapy, VMAT and IMRT plans. Integral dose to the whole body was calculated as ID [Gy · 

L] = D¯ [Gy] · V [L], where D¯ [Gy] is the mean dose delivered to volume V [L] (where L – liter) 

[129]. The results differed significantly with CyberKnife and TomoTherapy having the highest 

integral dose to body and IMRT and VMAT having the lowest respectively. In a study of 

treatment techniques for cervical cancer, Cozzi et al found a similar reduction in the medium to 

high dose (20 Gy to 30 Gy) in VMAT plans compared with IMRT. Also noted was a reduction in 

low dose volume [130]. Part of the potential for lower integral dose in VMAT plans is the 
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consistent discovery of less monitor unit delivery and less beam on time. As a result, there would 

be less MLC leakage as well as less scatter dose. Low dose spread becomes a significant concern 

in certain treatment pathways such as pediatric cancers. There is an increased risk of radiation-

induced secondary malignancy in patients treated with external beam radiation at a young age. 

In a study by Lee et al, VMAT was compared to 3D-CRT for craniospinal treatment of pediatric 

patients. With respect to integral dose, there was a significant reduction in the volume of 10Gy 

and 15Gy irradiated with VMAT compared to 3D-CRT. There was an increase in the 2Gy and 5Gy 

volumes [131].  Benefits and risks need to be assessed on an individual case basis before 

determining the most effective treatment technique. 

 

While VMAT and IMRT can provide higher conformality of treatment, there is concern with 

increased low dose delivery and spread within the patient. Ruben et al sought to quantify the 

effect of IMRT on radiation induced secondary malignancy [133]. Existing 3D-CRT plans were 

restored and equivalent IMRT plans were developed. Plans were then delivered to a phantom 

with TLD’s evenly distributed through the normal tissue. Much of the data of radiation induced 

malignancy comes from atomic bomb survivors. Since conditions of therapeutic treatment and 

atomic bomb data differ significantly, data must be interpreted appropriately with respect to 

dose and fractionation. In this study, the carcinogenic risk is comparable with IMRT compared to 

3D-CRT. Despite low dose spread out to more tissue in the body, the effect of this was found to 

be minimal. One concern with IMRT is the increased monitor units which in turn leads to 

increased leakage from the head of the machine. This leakage could also increase dose to the 

total body however again the increased risk was found to be negligible. In a study of breast 

cancer patients conducted by Abo-Madyan et al, the group assumed that cancer incidence is 

directly related to organ equivalent dose. Doses to the contralateral breast and lungs were used 

to determine if there was an increase in secondary malignancy [134]. It was found that 

tangential IMRT had a similar risk as 3D-CRT but multi-beam IMRT and VMAT represented a 34% 

increase using a linear model and 50% increase with a linear-exponential model. It should be 

noted that the authors concluded that although the relative risk between methods may be 

significant, the absolute risk remains low. Clinically, the results may be relevant if VMAT or 

multi-beam IMRT were adopted as routine for younger patients. When deciding on treatment 
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techniques, a multitude of factors needs to be considered. Not all patients are candidates for 

more advanced treatment techniques due to possible draw backs of these technologies. With 

respect to this study, concern with integral dose and secondary malignancy always remains. 

However, with difficult outcomes expected with this subset of patients and the relative older age 

of the population, secondary malignancy becomes less of a concern compared to acute toxicity 

and disease control. 

 

Esophagus radiation treatment advances 

 

As mentioned earlier, radiation treatment has evolved across all disease sites. What was once 

treated based on orthogonal x-rays has developed into 3D planning with accurate target 

delineation. 3D-CRT remained the standard of care for many years for radiation treatment of 

esophagus cancer. In the major study comparing neoadjuvant chemoradiation plus surgery with 

surgery alone, 3D-CRT was used as the standard with positive results that has guided the 

standard of care for distal esophagus patients [47]. 3D-CRT does provide excellent tumour 

coverage with a relatively simple treatment planning and delivery technique. This allows for 

efficient planning and treatment without compromising the intent of treatment. Doses to organs 

at risk would be adhered thereby allowing confidence in this technique. IMRT studies have been 

conducted and as mentioned previously, reductions in lung, heart and spinal cord dose are 

evident. With highly conformal treatment, there is excellent control of medium to high dose. 

There is a potential for increase in low dose to peripheral tissue such as lung however that can 

be mitigated with careful beam selection and planning parameters. Long term studies on the 

benefits of IMRT compared to 3D-CRT are limited. While the theoretical benefit of dose 

reduction to organs at risk is evident, real-world results for this subset of patients are lacking. 

This is a difficult disease to treat and long-term survival for this subset of patients is 

underwhelming. Nonetheless, a study conducted by Lin et al sought to compare overall survival 

and locoregional recurrence between IMRT and 3D-CRT. It was found that at this institution 

there was a significant improvement in overall survival and locoregional control in IMRT treated 

patients compared to 3D-CRT [135]. There was no difference noted in cancer-specific mortality 

or distant metastasis. There was an excess in non-cancer related deaths in the 3D-CRT group 
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which the authors partially attribute to potential toxicity to OAR. There was a weak link 

identified with potentially increased cardiac dose and non-cancer related death. The authors do 

note that many of the 3D-CRT non-cancer related deaths had causes unknown as patients were 

not followed by this group specifically. In another study conducted by Haefner et al, comparison 

was made between 3D-CRT and IMRT with respect to outcomes and acute toxicity. This study 

contrasted the study presented by Lin et al as no survival benefits were noted [136]. IMRT was 

used in dose escalation for this subset of patients which the authors do suggest was an influence 

on the improved local relapse rate of IMRT compared to 3D-CRT. This study does support 

possible safe dose escalation but again the data is conflicting on overall benefit. Regardless, 

because of the organ sparing of IMRT dose escalation is a feasible endeavour. Interestingly, 

there was a notable increase in dysphagia (70.5% for IMRT vs 42.9% in 3D-CRT). This could be in 

relation to the higher dose delivered with IMRT techniques. 

VMAT has demonstrated an improvement over IMRT with respect to plan quality or reduction in 

monitor units in several studies for various disease sites such as prostate, cervical cancer and 

head and neck disease. Large scale studies for esophageal cancer are limited. Earliest studies 

date back to 2011 when VMAT was well established for other disease sites. In a study conducted 

by Van Benthuysen et al 14 patients were retrospectively analyzed to compare IMRT to VMAT. 

From a dosimetric perspective, results were similar for IMRT vs VMAT with respect to doses to 

OAR. Interestingly, the authors found that IMRT had a slightly more homogenous dose 

distribution as VMAT had cold spots within the GTV [137]. Figure 1.2.3.3 displays an axial slice of 

a dose distribution comparing IMRT and VMAT which demonstrates the increased homogeneity 

of the IMRT plan. 
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Figure 1.2.3.3 – Axial image demonstrating dose distribution of IMRT (left) compared to VMAT 
(right) [137]. 

 

While VMAT was not superior in terms of plan quality, there was a noticeable improvement in 

the reduction of monitor units required for treatment. Reduction in monitor units could lead to 

decreased treatment and as discussed earlier a reduction in scatter dose. To measure low dose 

spread the authors investigated body V5Gy which was the volume of the body receiving 5 Gy. 

There was an increase in body V5Gy for VMAT plans with an average additional 15% of body 

volume receiving 5 Gy. This study is limited in the sample size which makes it difficult to draw 

any significant conclusions. There was also limited information in the decision to plan most 

patients with a single arc vs 2 arcs in the VMAT plans. It appears the decision may have been 

arbitrary. The method of introducing the 2nd arc for the limited patients is also interesting as it 

was not optimized that way from the beginning. Rather, the second arc was added after a plan 

with one arc was optimized. This could limit the efficiency of the optimizer as in our experience 

the treatment planning software is better able to optimize with 2 arcs from the beginning when 

most degrees of freedom are available to the computer planning software. In another study 

conducted by Yin et al, IMRT was compared to VMAT for cervical, upper, middle, and lower 

thorax esophagus patients. 20 patients were included in this study, and it was noted that in 

middle and lower thoracic treatment areas, homogeneity was similar. Lung V20Gy and V30Gy were 

lower in VMAT however V5Gy and V10Gy were increased [138]. VMAT was concluded to have 

similar OAR sparing with better PTV coverage and a reduction of monitor units. While this study 

does include a slightly higher sample size than the previous study, it is again limited as there 

were multiple sites of focus. The esophagus is a long organ that spans over multiple areas of the 



Master’s Thesis – W.Zia; McMaster University – Radiation Science. 
 

43 
 

body with each area presenting a unique challenge in treatment. By limiting each site to only 5 

cases there is difficulty in making significant conclusions about treatment technique. In another 

study conducted by Wu et al, 3D-CRT was compared to both IMRT and VMAT for 8 middle 

esophagus patients. 3D-CRT was conducted with an antero-posterior and postero-anterior beam 

arrangement for 18 fractions followed by 12 fractions of off-cord beams. IMRT was limited to 5 

beams and VMAT to 1 arc. The authors concluded that all treatment techniques were able to 

meet PTV coverage requirements sufficiently. IMRT and VMAT only decreased high dose 

delivered to the heart or lungs but increased low dose delivered. Monitor unit delivery was 

lowest in 3D-CRT followed by VMAT then IMRT. The authors also document optimization time of 

VMAT was significantly longer than that of IMRT. 3D-CRT also had the lowest time to calculate 

final dose and shortest delivery time [139]. This study was one of the few that included 3D-CRT 

in the comparison to IMRT and VMAT. The authors conclude that 3D-CRT is still a feasible option 

especially from a cost-effective perspective. Again, this study was limited to a sample size of only 

8 patients. 3D-CRT planning was completed in a two-phase approach with the majority of 

treatment coming from two beams. This can influence the results as one would expect a slightly 

high heart dose and decreased lung dose at the expense of target conformality and dose 

homogeneity. Also, this can decrease the amount of low dose delivered to lungs but again at the 

cost of those parameters as well as increased spinal cord dose. A study conducted by Munch et 

al investigated not only dosimetric parameters but also acute toxicity and overall survival. Dose-

volume histograms were used to compare the 17 patients treated with VMAT and the 20 

patients treated with 3D-CRT. As has been consistent with the previous studies discussed, lung 

V5Gy and V10Gy as well as heart V5Gy and V10Gy were higher in the VMAT group compared to 3D-

CRT. VMAT provided better lung and heart V30Gy as well as lower heart median dose [140].  

Despite these dosimetric differences, there was no clear clinical benefit. This could be in part 

due to the small number of patients included in study as well not having enough time to follow 

up possible complications to organs such as the heart. In addition, the same patient cohort was 

not compared in planning. There are multiple factors that could influence dosimetric results such 

as target volume size and organ size and location. It would be difficult to make dosimetric 

conclusions based on different base data sets. There is no mention of possible monitor unit 

reduction or efficiency of treatment. 
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While studies of treatment techniques for this disease site is limited, there are some studies 

comparing VMAT with IMRT and 3D-CRT. Study samples are generally small to draw any 

significant conclusions however certain trends can start to be identified. This study hopes to 

address this gap in research and provide clear guidance on the selection of treatment technique 

for distal esophagus patients. 

 

1.3      Objectives, Aims and Hypothesis 

 

The objectives and aims of this study are to compare the radiation dose delivered to OAR and 

target volumes for 3D-CRT, IMRT and VMAT external beam radiation techniques for 

preoperative esophageal radiation treatment. In particular, investigation will be made on a large 

dataset with dose to heart, lungs, kidney, spinal cord, liver, general body tissues and target 

volumes analyzed and compared. In addition, evaluation will be done to determine which 

technique would be most beneficial with respect to tumour location and size. This data will 

provide insight into which treatment technique would be advisable to institutions with the 

capabilities. 

 

It is expected that doses to critical structures will be reduced with the more conformal radiation 

planning techniques of VMAT and IMRT.  Similar studies in other disease sites have shown 

improvements with more advanced planning techniques to quantitatively reduce the dose to 

OAR around a target volume.  This study will address both the volumetric doses received by the 

OAR of interest as well as the total mean doses received to these organs using both techniques. 

It is hypothesized that there will be a decreased lung V20Gy as well as mean dose with 

concomitant V5Gy. It is also expected to see decreased heart V30Gy and mean dose.  If there is a 

statistically significant difference in doses to OAR, these results will be used to influence the 

radiation planning approach in the treatment of these patients. There is a potential for future 

studies to address the quantitative benefits of reduced long-term toxicities to the heart and 

lungs in this patient population.  
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2.0 Patients and Methods 

 

Patient Information and set-up 

 

Forty patients who underwent pre-operative chemoradiation between 2012-2014 to the distal 

esophagus were selected for this study. Approval was obtained from Hamilton Health Sciences 

Research Ethics Board for retrospective analysis of patient charts. The patient list was retrieved 

from MOSAIQ Radiation Oncology Information System (Elekta, Sweden). The sample size of forty 

patients was determined to be a statistically significant number of patients based on the 

variance of the first few patients who were planned. Patients were simulated head-first supine 

with arms above their heads. No contrast was used for target delineation. Standard 3mm slice 

CT images were used for planning. The physician contoured the GTV in thirty-five cases, the CTV 

in four cases and the PTV directly in one case. PTV margins were determined by the treating 

physician with a standard margin of 1 cm uniform, except 2cm superiorly and inferiorly from the 

target volume. PTV was modified by the treating physician as desired to accurately encompass 

the treatment area. The PTV volume ranged from 219.3 cm3-1883.7 cm3. Thirty-three males and 

seven females were included in this study. For the purpose of this study the heart along with 

lungs, spinal cord, kidneys, and liver were delineated as OAR. 

 

Planning 

 

All patients treated during this time period were planned and treated with 3D-CRT. At the time 

of initial planning and treatment, heart contouring was not standardized. Therefore, the original 

3D-CRT plan was re-optimized with the heart now included. Other OAR such as lungs, heart, 

liver, spinal cord, and kidneys were checked and contoured if not already done so. All contours 

done for the purpose of this study were corroborated by a staff Radiation Oncologist. One 

patient had a single kidney.  Optimization structures were created for IMRT and VMAT plans, 

and all plans were optimized to maintain target coverage while reducing dose to OAR with 

specific focus on lung and heart dose. All patients were planned in Pinnacle planning system 

version 9.10 (Phillips, USA). Dose computation was completed using Adaptive Convolution 
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method. Plans were calculated with a dose resolution of 0.25cm x 0.25cm x 0.25cm. All plans 

were optimized to ensure that at least 95% of the PTV received 95% of the prescribed (45 Gy) 

dose. The maximum dose was limited to 107% of the prescribed dose. Figure 2.1 represents the 

axial image at isocenter for 1 case of all treatment techniques. All plans were completed by the 

study investigator with experience in the treatment planning department of the Juravinski 

Cancer Centre. Plans were checked and evaluated by a staff Medical Physicist at the Juravinski 

Cancer Centre to evaluate treatment plan efficiency, feasibility, and deliverability.  

 

Inter-rater reliability with an experienced dosimetrist in the Radiation Therapy department was 

assessed. Fifteen patients were re-planned by the dosimetrist for each treatment technique and 

results were evaluated compared with the study investigator. Krippendorff’s alpha was 

calculated to evaluate agreement between plans. Calculations were completed with MATLAB 

software (Massachusetts, USA). 
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Figure 2.1 – Axial CT image in the plane of the isocenter displaying beam arrangements for 3D-
CRT, IMRT and VMAT of a sample case. 
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The 3D-CRT plans were all planned with a 4-field arrangement with the majority of plans using 

the cardinal angles of 00, 90 o, 180 o and 270 o. In select cases, the lateral beam angles were 

adjusted to better spare kidneys from entry and exit dose. Four fields were used as a standard 

beam arrangement to balance dose to heart, lungs and spinal cord and achieve the most 

uniform plan possible. All plans had the option of in field segmentation and was used as 

necessary to limit hot spots and maximum dose if required. Field shielding was outlined by the 

planner around the PTV and MLC were used for shielding. Margin was left around the target 

volume to ensure adequate coverage. All fields were planned with energy 18 MV due to depth of 

the target and minimizing dose to normal body tissues. All fields were weighted to achieve a 

balanced plan with respect to coverage and entry/exit dosing of normal tissues. 

 

IMRT planning was customized to the patient target volume and treatment beam angles were 

varied accordingly to achieve the best possible plan. The number of coplanar beam angles 

ranged from 5-9 with the number of beams ranging from 5-12. Depending on the target size, 

some beam angles were split to maintain a maximum field size width of 14.5cm. This width 

corresponds to the maximum travel distance of an MLC leaf and therefore allows the optimizer 

to plan with deliverable beams. Direct machine parameter optimization was used which allows 

for MLC settings to be implemented within the optimization process removing the need for 

conversions [141]. Automatic jaw motion was allowed (with a maximum width of 14.5cm). The 

maximum number of segments for a plan was chosen at 10 per beam if required. Other IMRT 

settings included minimum segment area of 6cm2 and minimum segment MU of 7. These 

parameters were kept for plan efficiency and accurate deliverability to replicate a clinical 

scenario. All beams were planned with 6 MV and a step and shoot MLC delivery system. 

Optimization structures were created as required. 

 

VMAT plans utilized full coplanar arc(s) around the patient. 1 or 2 arcs were used depending on 

target shape complexity. Arcs were planned with start and stop angles 178o-182o or vice versa 

and in the cases of 2 arcs both directions were used. Collimator angle of 10o or 350o was used to 

spread interleaf leakage. If 2 arcs were utilized, complimentary collimator angles were used to 

allow for more optimization options and minimizing overlapping tongue and groove effects of 
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each arc. The final gantry control spacing used was 2 degrees meaning a control point was used 

every other degree of rotation. Leaf motion was constrained to 0.46cm/degree. Optimization 

structures were created as required to achieve a clinically acceptable and desirable plan. 

 

Evaluation 

 

Dose analysis was completed using DVH statistics. PTV analysis included the assessment of 

conformity index which is defined as the volume receiving 95% of prescribed dose as a ratio of 

target volume: Conformity indexRTOG =V RI/TV whereas VRI is volume of reference isodose and 

TV refers to target volume [142]. Conformity index is a quality measure of radiation plans 

referring to conformation of a specific dose level. In this study, conformation of the 95% dose 

around PTV was assessed. A conformity index equal to 1 would indicate ideal conformation. 

Values less than one would imply that the irradiated volume is less than the target volume. 

Values greater than one indicate that the irradiated volume is greater than the target volume. 

There is a limitation to this analysis as the amount of overlapping of these volumes can not be 

assessed. For example, a conformity index of 1 could be achieved with the volume of irradiated 

tissue and target volume situated away from each other [142]. Analysis of the CT slices and DVH 

should be used in conjunction with this parameter to judge plan quality. 

 

Integral dose is the volume of dose deposited in the patient and is accepted as the mean dose 

times the volume of irradiated to any dose. Integral dose can be calculated for any volume such 

as OAR or normal tissues. Integral dose was calculated as ID(Gy * L) = D(Gy) * V(L) whereas D(Gy) 

is the mean dose delivered and V(L) is the volume [80]. Normal tissue for this calculation was the 

volume outside the PTV at all slices of PTV. The volume was limited to the extent of the PTV to 

better study the normal tissue around the high dose delivered. It could be argued that a portion 

of the PTV outside the GTV or CTV contains normal tissue however as the dose prescription 

involves coverage of the PTV target this volume was excluded in calculation. 

 

Dose statistics included in analysis include bilateral lung (V5Gy, V20Gy, mean, max), heart (V30Gy, 

mean, max), spinal cord (max), bilateral kidneys (V20Gy, mean) and liver (mean). VxGy refers to the 
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volume of tissue studied receiving x dose. In the example of V5Gy, this parameter represents the 

volume (percentage) receiving 5Gy of dose. The Wilcoxon signed rank test was used to compare 

3D-CRT vs IMRT and VMAT for the organ parameters studied. Statistical analysis was performed 

with RStudio: Integrated Development Environment for R (Massachusetts, USA). Initial sampling 

of data was conducted and it was determined that the data did not follow normal probability. 

Thus, the decision was made to utilize the Wilcoxon signed rank test for all statistical analysis. 
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3.0 Results 

 

Figures 3.1, 3.2 and 3.3 display each of 3D-CRT, IMRT and VMAT plans respectively in the axial, 

sagittal and coronal plans for an example case. Images are taken at calculation point with 

isodose lines displayed. Colourwash display of GTV (red) and PTV (blue) is represented. 

 

Figure 3.1 – Axial, sagittal and coronal view of 3D-CRT plan for an example case. 
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Figure 3.2 – Axial, sagittal and coronal view of IMRT plan for an example case. 
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Figure 3.3 – Axial, sagittal and coronal view of VMAT plan for an example case. 
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Dose being deposited in the patient can be visualized among the three treatment techniques. 

Conformality of the 95% isodose line (yellow) is improved in IMRT and VMAT when compared to 

3D-CRT as there is less normal tissue irradiated to a high dose with these techniques 

respectively. 

 

Figure 3.4 displays the DVH (dose-volume histogram) of the 3 planning techniques for this 

example case overlaid on the same graph. Each of the studied OAR as well as the target PTV are 

displayed. The thin solid line represents the 3D-CRT plan, the thick solid line represents the IMRT 

plan, and the dashed line represents the VMAT plan. Each corresponding colour refers to the 

target PTV or OAR as displayed. 

 

 

Figure 3.4 – Dose-volume histogram of example case for studied OAR and PTV. 

 

In the case of many OAR, 3D-CRT appears to have increased dose for many structures at multiple 

levels of dose. In the range of 1000 cGy to 2000 cGy, there is a significant increase in lung and 

liver dose as well as a slight increase in heart dose. IMRT and VMAT yield more similar results, 
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though there is some variability depending on dose level and OAR. In all cases, target PTV 

appears to be adequately covered. 

 

A summary of target volumes delineated by the physician along with the PTV is represented in 

Table 3.1. 

 

Table 3.1 – Volumetric statistics for target volumes. 

 GTV (n=35) CTV (n=4) PTV (n=40) 

Median (cm3) 241.9 252.1 838.2 

Interquartile Range 153.9 290.9 477.5 

 

 

Inter-rater reliability was analyzed by calculating Krippendorff’s alpha for mean dose to lungs, 

heart, kidney, and liver as well as maximum dose to spinal cord. An alpha value > 0.8 indicates a 

strong agreement and > 0.667 would still indicate acceptable agreement [143]. Table 3.2 

summarizes inter-rater reliability between the study investigator and another experienced 

dosimetrist. 

 

Table 3.2 – Krippendorff’s alpha between study investigator and experience dosimetrist for OAR 
of all treatment techniques. 

 3D-CRT IMRT VMAT All Techniques 

Lung Mean 0.912 0.726 0.476 0.736 

Heart Mean 0.872 0.762 0.629 0.801 

Spinal Cord Max 0.229 0.196 0.299 0.218 

Kidney Mean 0.937 0.814 0.472 0.875 

Liver Mean 0.849 0.828 0.908 0.865 

 

Krippendorff’s alpha across all measurements was 0.931. These results show a strong agreement 

between plans completed by the study investigator and a separate experienced dosimetrist for 

all metrics except spinal cord maximum. Spinal cord maximum is a point measurement that can 
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be highly variable compared to the other measures which are more broad indications of plan 

quality. 

 

Figures 3.5 and 3.6 represent Box and Whisker plots of Conformity Index and Integral Dose. In 

this study, Box and Whisker plots will have a middle horizontal line representing the median. The 

“x” in the box represents the mean of the dataset. The top line of the box represents the third 

quartile, and the bottom line of the box represents the first quartile. The whiskers from the box 

then extend to the minimum and maximum values of the dataset. Any outliers (exceeding 1.5 

times the interquartile range below and above the first and third quartile) will be displayed as a 

dot outside the dataset. Table 3.3 displays the median Conformity Index and Integral dose as 

well as average pairwise difference with respect to the comparison of the 3 treatment 

techniques in addition to p-value significance. 

 

 

Figure 3.5 – Box and Whisker plot for Conformity Index of all treatment techniques. 
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Figure 3.6 – Box and Whisker plot for Integral Dose of all treatment techniques. 

 

 

 

Table 3.3 – Median Conformity Index and Integral dose. Mean difference was also analyzed 
between treatment techniques. 

 Median (Interquartile range) Average Pairwise Difference (P-value) 

 3D-CRT IMRT VMAT IMRT vs 3D-

CRT 

VMAT vs 3D-

CRT 

VMAT vs 

IMRT 

Conformity 

Index 

1.45  

(1.36 – 

1.54) 

1.04  

(1.01 – 

1.07) 

1.01  

(1.00 – 

1.03) 

-28.51% 

(<.001) 

-30.70% 

(<.001) 

-2.98% 

(<.001) 

Integral 

Dose 

(Gy/L) 

233.2  

(188.1 – 

1009.3) 

199.6  

(164.6 – 

832.0) 

197.7 

(166.7 – 

854.1) 

-14.0%  

(<.001) 

-14.8%  

(<.001) 

-0.8% 

 (0.14) 



Master’s Thesis – W.Zia; McMaster University – Radiation Science. 
 

58 
 

There is a significant difference in conformity index when comparing 3D-CRT with IMRT and 

VMAT respectively. There is also a significant different between IMRT and VMAT with VMAT 

providing the most conformal plans of all techniques. Integral dose is also greatly reduced when 

utilizing IMRT or VMAT as opposed to 3D-CRT. There was negligible difference in integral dose 

when comparing IMRT and VMAT. 

 

Monitor units were analyzed for all plans. Monitor units refer the measurement of machine 

output during beam delivery. Linear accelerators are calibrated by departmental policies but 

typically a single monitor unit is calibrated as the delivery of 1 cGy at a depth of Dmax (maximum 

point dose) for an open field size of 10cm x 10cm at a source-to-axis distance of 100cm. Higher 

monitor units correspond to higher machine output and beam-on time. Table 3.4 summarizes 

monitor unit findings for all cases at each respective treatment method. 

 

Table 3.4 – Monitor unit comparison for all cases. 

 Median (Interquartile range) Average Pairwise 

Difference (P-value) 

 3D-CRT IMRT VMAT IMRT 

vs 3D-

CRT 

VMAT 

vs 3D-

CRT 

VMAT 

vs IMRT 

Monitor 

Units 

207.0 

(202.3 – 213.8) 

400.1 

(323.3 – 546.0) 

369.0 

(311.8 – 

425.3) 

107.2% 

(<.001) 

80.4% 

(<.001) 

-9.9% 

(<.001) 

 

There is a large reduction in monitor units when comparing 3D-CRT to IMRT and VMAT. In the 

case of 3D-CRT and IMRT, median monitor units are doubled. This would correspond to the fact 

that 3D-CRT delivers radiation with a predominantly open field requiring less beam on time to 

achieve the required deposited dose. VMAT does have a significantly relevant decrease in 

monitor units when compared to IMRT which could indicate an increased efficiency. 
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Lung Results 

 

Figures 3.7, 3.8, 3.9 and 3.10 display box and whisker plots of lung V5Gy, V20Gy, mean and 

maximum point dose respectively. Table 3.5 summarizes lung dose statistics. 

 

 

Figure 3.7 – Box and Whisker plot for lung V5Gy of all treatment techniques. 
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Figure 3.8 – Box and Whisker plot for lung V20Gy of all treatment techniques. 

 

Figure 3.9 – Box and Whisker plot for lung mean dose of all treatment techniques. 
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Figure 3.10 – Box and Whisker plot for lung maximum dose of all treatment techniques. 
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Table 3.5 – Lung dose statistics for all treatment techniques. 

 Median (Interquartile range) Average Pairwise 

Difference (P-value) 

 3D-CRT IMRT VMAT IMRT 

vs 3D-

CRT 

VMAT 

vs 3D-

CRT 

VMAT 

vs IMRT 

Lung V5Gy 

(%) 

56.7 

(42.9 – 65.0) 

57.4 

(45.5 – 62.4) 

55.8 

(47.3 – 60.8) 

-0.6% 

(.50) 

0.1% 

(0.66) 

0.7% 

(.97) 

Lung 

V20Gy (%) 

27.1 

(19.6 – 31.5) 

12.5  

(9.3 – 15.7) 

11.3 

(7.6 – 12.8) 

-49.7% 

(<.001) 

-57.4% 

(<.001) 

-14.7% 

(<.001) 

Lung 

Mean 

Dose 

(cGy) 

1192.4 

(968.0 - 1348.2) 

914.5 

(832.6 – 1055.5) 

866.9 

(761.4 – 969.0) 

-20.3% 

(<.001) 

-24.9% 

(<.001) 

-5.6% 

(<.001) 

Lung 

Max 

Dose 

(cGy) 

4704.0 

(4629.6 – 

4735.4) 

4687.1 

(4636.1 – 

4765.8) 

4637.8 

(4586.4 – 

4720.2) 

0.2% 

(.78) 

-0.8% 

(.04) 

-1.0% 

(<.001) 

 

Lung results differ with respect to the parameter being assessed. With respect to lung V5Gy, there 

is negligible difference among the three treatment techniques with statistical analysis indicating 

a strong conclusion of their difference can not be made. With respect to lung V20Gy and mean 

dose, there is significant decrease between 3D-CRT and both IMRT and VMAT. There is also a 

significant decrease in dose when comparing VMAT to IMRT. There is minimal clinically 

significant difference in maximum lung dose and as mentioned earlier this parameter is 

susceptible to high variability due to point dose assessment. 
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Heart Results 

 

Figures 3.11, 3.12, 3.13 display box and whisker plots of heart V30Gy, mean and maximum point 

dose respectively. 

 

 

Figure 3.11 – Box and Whisker plot for heart V30Gy of all treatment techniques. 



Master’s Thesis – W.Zia; McMaster University – Radiation Science. 
 

64 
 

 

Figure 3.12 – Box and Whisker plot for heart mean dose of all treatment techniques. 

 

 

Figure 3.13 – Box and Whisker plot for heart max dose of all treatment techniques. 
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Table 3.6 summarizes dose statistics for all treatment techniques in relation to studied heart 

dose. 

 

Table 3.6 – Heart dose statistics for all treatment techniques. 

 Median (Interquartile range) Average Pairwise 

Difference (P-value) 

 3D-CRT IMRT VMAT IMRT 

vs 3D-

CRT 

VMAT 

vs 3D-

CRT 

VMAT 

vs IMRT 

Heart 

V30Gy (%) 

38.7 

(29.1 – 45.8) 

32.2 

(24.4 – 37.7) 

31.4 

(19.6 – 35.2) 

-10.1% 

(<.001) 

-14.3% 

(<.001) 

-4.0% 

(.01) 

Heart 

Mean 

Dose 

(cGy) 

2758.8 

(2401.4 – 2995.4) 

2533.9 

(2100.2 – 2731.6) 

2395.2 

(2005.6 – 

2633.7) 

-10.4% 

(<.001) 

-13.4% 

(<.001) 

-3.2% 

(<.001) 

Heart 

Max 

Dose 

(cGy) 

4710.6 

(4665.1 – 4764.8) 

4703.5 

(4645.3 – 4780.2) 

4613.8 

(4564.9 – 

4707.8) 

0.1% 

(0.73) 

-1.4% 

(.001) 

-1.4% 

(<.001) 

 

There is a significant difference in heart dose with respect to treatment technique. Heart V30Gy is 

significantly reduced with IMRT and VMAT by 10.1% and 14.3% respectively when compared to 

3D-CRT. Notably there is a small but statistically relevant decrease in heart V30Gy when 

comparing VMAT to IMRT. Similar results were noted for heart mean dose. IMRT and VMAT 

resulted in a decrease in pairwise average of 10.4% and 13.4% when compared to 3D-CRT. 

Similar to heart V30Gy, there is a notable decrease in mean dose using VMAT when compared to 

IMRT. There is minimal clinically significant difference in heart maximum dose.  
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Other studied OAR 

 

Figures 3.14, 3.15, 3.16 and 3.17 display box and whisker plots for spinal cord max dose, kidney 

V20Gy, kidney mean dose and liver mean dose. 

 

 

Figure 3.14 – Box and Whisker plot for Spinal Cord Max dose of all treatment techniques. 
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Figure 3.15 – Box and Whisker plot for kidney V20Gy of all treatment techniques. 

 

Figure 3.16 – Box and Whisker plot for kidney mean dose of all treatment techniques. 
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Figure 3.17 – Box and Whisker plot for liver mean dose of all treatment techniques. 

 

Table 3.7 summarizes dose statistics for Spinal Cord Max, kidney V20Gy, kidney mean and liver 

mean doses for all techniques. 
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Table 3.7 – Spinal cord, kidney and liver statistics for all treatment techniques. 

 Median (Interquartile range) Average Pairwise 

Difference (P-value) 

 3D-CRT IMRT VMAT IMRT 

vs 3D-

CRT 

VMAT 

vs 3D-

CRT 

VMAT 

vs IMRT 

Spinal 

Cord 

Max 

(cGy) 

2731.4 

(2625.5 – 

3146.7) 

3237.1 

(3010.6 – 

3511.8) 

3120.6 

(2939.0 – 

3255.4) 

13.3% 

(<.001)  

9.5% 

(<.001) 

-3.0% 

(<.001) 

Kidney 

V20Gy (%) 

5.5 

(1.1 – 13.3) 

1.7 

(0.2 – 5.0) 

0.7 

(0.1 – 4.6) 

-60.7% 

(<.001) 

-53.6% 

(<.001) 

-17.4% 

(.45) 

Kidney 

Mean 

Dose 

(cGy) 

278.0 

(138.9 – 540.3) 

302.6 

(141.6 – 428.1) 

296.3 

(168.9 – 428-8) 

8.0% 

(.40) 

7.1% 

(.32) 

1.7% 

(.90) 

Liver 

Mean 

Dose 

(cGy) 

1901.8 

(1431.2 – 

2090.9) 

1134.0 

(1001.0 – 

1463.2) 

1351.7 

(1020.7 – 

1680.6) 

-29.9% 

(<.001) 

-24.3% 

(<.001) 

10.3% 

(.02) 

 

3D-CRT provided the lowest spinal cord maximum among the three planning techniques.  When 

compared to IMRT, there was an average pairwise reduction of 13.3% and when compared to 

VMAT that reduction was 9.5%. There was a slight reduction when utilizing VMAT when 

compared to IMRT. There was negligible dose to kidney V20Gy especially at a clinically relevant 

level. Similarly for kidney mean dose, values did not reach a clinically significant level and no 

conclusions could be made with respect to superior treatment technique. Both IMRT and VMAT 

provided significantly reduced liver mean dose when compared to 3D-CRT. Average pairwise 

reduction of 29.9% and 24.3% was noted when comparing IMRT and VMAT to 3D-CRT 
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respectively. There was a statistically significant increase observed for liver mean dose when 

VMAT and IMRT were compared.
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4.0  Discussion 

 

With relatively poor overall survival rates for esophageal cancer, studies investigating 

improvement to treatment techniques are important for this subset of patients. The aim of this 

paper is to investigate radiation planning dose to OAR and target areas for preoperative 

esophageal cancer. Specifically, investigation was made to a large dataset comparing 3D-CRT, 

IMRT and VMAT planning techniques. This study was intending to demonstrate critical organ 

dose reduction while maintaining target coverage. At the same time, this study was also 

conducted to demonstrate that the more conformal radiation planning techniques of IMRT and 

VMAT had comparable low dose to the critical organ of lungs and healthy body tissues with that 

of 3D-CRT.  

 

The data of this study suggests that conformal radiation planning techniques of IMRT and VMAT 

both provide superior organ sparing while maintaining target coverage compared to 3D-CRT. 

Furthermore, the data supports the idea of comparable low dose to lungs and healthy body 

tissue. VMAT provided lower lung mean, V20Gy and lung max dose compared to IMRT. In addition, 

VMAT also proved to reduce dose to heart V30Gy, mean dose, maximum dose as well as spinal 

cord maximum and kidney V20Gy. 

 

Inter-observer reliability was first assessed before plans were generated for all cases by the 

study investigator. Fifteen cases were planned by another expert planner and results were 

compared with the study investigator. Krippendorff’s alpha was calculated for lung mean, heart 

mean, liver mean, kidney mean and spinal cord maximum doses. Krippendorff’s alpha was 

developed for use in assessing agreement between observers wherever two or more methods of 

generating data is applied to the same objects [144]. An alpha value > 0.8 indicates a strong 

agreement between observers and > 0.667 would still indicate acceptable agreement. Table 3.2 

displays inter-rater reliability between the study investigator and the experienced dosimetrist. 

Overall, there is strong agreement between planners with an alpha value across all 

measurements of 0.931. There was minimal agreement in spinal cord maximum dose. Spinal 

cord maximum dose assessed a single point dose received to the spinal cord. As such, there is 
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large variability between samples and between treatment techniques. One way to mitigate that 

in the future is to possibly assess dose to a small volume such as 1cc of spinal cord. This would 

allow for a less variable representation of clinically relevant maximum dose. 3D-CRT provided 

the most agreement between planners and outside of spinal cord maximum, all other organs 

assesses calculated an alpha value > 0.667 indicating acceptable agreement. With this confirmed 

agreement between an expert planner and the study investigator, confidence was established to 

proceed with the study investigator planning all remaining cases. 

 

Conformity Index 

 

The conformity index was developed by the Radiation Therapy Oncology Group (RTOG) to help 

evaluate the quality of radiation plans. In 1993, the group established a need and 

recommendation for evaluation of stereotactic radiation therapy plans [142].  Specific to the 

conformity index, it can be defined as the ratio of a reference isodose volume to target volume. 

It is commonly used to evaluate the coverage of the target PTV with the respective target dose. 

In this study, the conformity index was evaluated as the volume of 42.75 Gy (95%) as a ratio of 

PTV volume. 

 

There is significant difference between both 3D-CRT compared to IMRT and 3D-CRT compared to 

VMAT. Figure 3.5 visually displays the results of conformity index. There is a significant range in 

data for 3D-CRT with one outlier reaching a conformity index of 2.5 meaning the volume of 95% 

dose coverage was 2.5 times greater than the volume of the PTV. Overall, there is a large degree 

of over-irradiation of the 95% dose level to normal structures using 3D-CRT. The median data 

value for this data set was 1.45, or volume of the 95% being 45% greater than the volume of 

PTV. Due to limitations of field entry and therefore modulation, it is difficult to achieve a highly 

conformal plan using 3D-CRT. It is especially difficult to push dose around a target when the 

maximal shape of the target area forces the field size to increase to allow coverage. Figure 3.1 

represents a section of a 3D-CRT plan; specific focus can be made on the axial slice where there 

is a significant gap between the 95% isodose level (yellow) and target area. Having a highly non-

conformal plan pushes high dose to normal tissues and sensitive structures around the target 
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area. This will increase acute toxicity and potentially increase late toxicity in this subset of 

patients. This is of particular concern to organs such as lung and heart where compromised 

function may exist due to chemotherapy. 

 

Table 3.3 summarizes conformity index statistics for this study. Median values for IMRT and 

VMAT were 1.04 and 1.01 respectively. Both IMRT and VMAT were far superior to 3D-CRT with a 

28.51% difference between 3D-CRT and IMRT and 30.70% difference between 3D-CRT and 

VMAT. With the limited capability of 3D-CRT to sculpt dose around a target area, these results 

were expected and corroborated with other studies when compared to IMRT [121,147]. There 

was also a significant difference when comparing IMRT to VMAT. While both plans provided 

excellent conformality, VMAT allowed for a slightly more conformal plan with an average 

decrease of 2.98%. This was somewhat expected as VMAT allows for more options of entry and 

modulation therefore allowing dose to shape around a complex target. The benefit for patients 

is a reduction in high dose delivery outside the tumour area and a reduction of potential side 

effects. While having a highly conformal treatment is important to reduce dose to normal 

tissues, the issue of immobilization becomes more important. To have such a highly conformal 

treatment, there needs to be certainty in patient setup as well as target delineation.  

 

Integral Dose 

 

Integral dose was calculated using the formula present by Aoyama et al in which the integral 

dose is defined as the volume integral of the dose deposited in a patient and is equal to the 

mean dose times the volume irradiated to any dose [80]. For the purposes of this study, integral 

dose was calculated to the normal body tissues as whole defined as the body minus PTV, going 

one slice above and below the PTV. This methodology was chosen as the PTV is consistently 

covered with high dose across the treatment techniques. Regardless of planning technique, all 

PTV would receive approximately the same dose. The normal tissues were also limited to one 

slice above and below to better represent the area of treatment. 
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Statistically significant results were noted when comparing IMRT and 3D-CRT as well as VMAT 

and 3D-CRT with respect to integral dose. Statistical analysis revealed no significant difference in 

integral dose between IMRT and VMAT with results summarized in Table 3.3. There are limited 

studies comparing integral dose for 3D-CRT and IMRT or VMAT. In one study conducted by 

Fenkell et al, dosimetric comparison was made between IMRT and 3D-CRT for cervical 

esophagus patients [121]. Integral dose was mentioned as a studied parameter in this study 

however there was no mention of the method of calculation. Nonetheless, the authors 

concluded that IMRT resulted in higher integral dose to the body when compared to 3D-CRT. In 

another study of 3D-CRT compared to IMRT for endometrial cancer, Lian et al concluded that 

IMRT had a significant increase in integral dose compared to 3D-CRT. Normal tissue was 

calculated as whole patient volume minus CTV [145]. This contrasts to our study which 

demonstrated a statistically significant median reduction of integral dose of 14.0% with IMRT 

compared to 3D-CRT. There may be variation in calculation methods which could help explain 

the difference. Similar results were noted for VMAT when comparted to 3D-CRT with a median 

reduction of 14.8%. 

There is more literature available when comparing integral dose for IMRT and VMAT. With 

respect to esophageal patients, Van Benthuysen et al studied the differences of IMRT and VMAT 

for a limited set of patients. With respect to normal tissue, this study evaluated Body V5Gy which 

is the amount of body receiving 5Gy. It was concluded that VMAT equated to an additional 15% 

of low dose spread [137]. In a limited study by Vivekanandan et al, 3D-CRT was compared to 4-

field IMRT and VMAT for a limited subset of esophageal patients. This study concluded that 

integral dose to healthy tissue was equal amongst all studied treatment techniques [146]. In 

another study of prostate patients, Slosarek compared CyberKnife, VMAT, IMRT and 

TomoTherapy for planning prostate patients. Specific to integral dose, it was concluded that 

VMAT was significantly lower compared to IMRT for integral dose of the body structure [129]. 

These results all differ with the results of this study. In this study, there is no significant 

difference in integral dose between IMRT and VMAT.  

 

There is no accepted standard of determining integral dose to normal tissues. Some studies 

investigate integral dose to specific organs while other study the body itself. Furthermore, there 
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is variation on how the body would be defined for these purposes. One study mentioned taking 

the normal tissue and subtracting CTV while in this study the PTV was subtracted from the body. 

Since there is no consistency, it would be difficult to interpret results among studies. However, 

in this study it was quite clear that both IMRT and VMAT provided better integral dose to normal 

body tissues compared to 3D-CRT. One of the possible explanations for this could be related to 

the fact that IMRT and VMAT provided very conformal treatment. In other words, there was high 

dose spill outside of the PTV which influenced the mean dose to the healthy tissues for 3D-CRT. 

In many studies, integral dose assesses mean dose to the studied structure. There is no 

differentiation between multiple entries of low dose compared to minimal entries of higher 

dose. It is difficult to assess the impact of extremely low dose spread using this statistic. In future 

studies, it may be prudent to assess specific low dose volume at a clinically significant dose level. 

As mentioned earlier, the risk of secondary malignancy is low in this subset of patients due to 

overall survival and age of onset however it is important to minimize risk where possible. Both 

IMRT and VMAT provide significant reduction in integral dose to normal tissues. 

 

Monitor Units 

 

Monitor units is a measure of machine output and could be correlated to treatment time with 

the patient in treatment position. There are other limiting factors such as gantry speed however 

it is commonly accepted that a reduction in monitor units leads to a reduction in treatment time. 

This is beneficial to the patient as this will minimize the time the patient is in the treatment 

position which could be difficult to maintain. This is also beneficial to the facility as it could allow 

for more patients to be treated in the same amount of time. Monitor unit reduction also allows 

for a reduction in scatter dose throughout the body as well as a reduction in leakage dose 

through the MLC shielding. This could also be beneficial with respect to machine longevity as 

there would be less wear and tear to vital components of the linear accelerator.  

 

Table 3.4 summarizes monitor unit findings for this study. 3D-CRT results in significantly fewer 

monitor units to deliver treatment. This was expected as there is limited modulation in the 3D-

CRT plans and therefore more open fields treated to achieve the target dose quickly. IMRT and 
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VMAT both resulted in a 107.2% and 80.4% increase in monitor units when comparted to 3D-

CRT respectively. While it is beneficial to have a reduction in monitor units for the reasons listed 

above, this study has proved there is far more benefit to have a more conformal type of 

treatment. There is a reduction of normal tissues receiving high dose as well as a significant 

reduction in integral dose.  

 

There was a statistically significant reduction in monitor units for VMAT plans compared to 

IMRT. VMAT plans on average had a 9.9% reduction. Despite higher degrees of entry in the 

patient, VMAT plans can provide a little more efficient delivery of radiation. The results of this 

study correspond to other studies of esophagus planning [137] as well as prostate planning 

[147]. The reduction of monitor units can be significant when delivering treatment to many 

patients site wide. This also a consideration for facilities with limited resources and a need for 

the most efficient treatment possible. Along with practical benefits, there is also the reduction of 

whole-body scatter dose and leakage dose from the machine. VMAT can deliver more conformal 

treatment with a reduction in machine output when compared to IMRT. 

 

 

Lung Dose 

 

One of the primary concerns when treating esophagus patients with external beam radiation is 

total lung dose. As the esophagus is a central lying organ, access to the tumour area requires 

radiation passing through the lungs. There has been some concern with increasing lung dose 

when introducing multiple beams of entry. Specifically, there is concern that low dose to lung 

would be increased despite the high dose conformality offered by IMRT and VMAT compared to 

3D-CRT. This study hoped to prove that low dose to lung is equivalent across treatment 

techniques, but higher dose levels and mean dose is decreased with IMRT and VMAT. 

 

Table 3.5 summarizes lung dose statistics for this study. Lung V5Gy was compared across 

treatment techniques with minimal difference. When comparing all three techniques with each 

other, all results concluded with a p-value much greater than 0.05. Based on this we cannot 
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conclude that any significant difference exists. Figure 3.7 displays the data set for lung V5Gy of all 

patients. Although the median and average results were the same, there is a larger variance in 

the 3D-CRT compared to IMRT and VMAT. A major factor of influencing lung dose in 3D-CRT is 

the volume of treatment and field arrangements. There is not much control in terms of 

modulation of the open beam as the beams are set to cover the disease. A larger target area will 

increase lung dose. Despite the increased beams of entry, IMRT and VMAT both provided 

comparable lung V5Gy to that of 3D-CRT. One of the main focuses of the study was to evaluate 

lung and heart dose with the subset of patients. When planning IMRT and VMAT, the planner 

can specify dose objectives which the optimizer will attempt to achieve while respecting other 

constraints. Going into this study, care was taken to try to reduce lung dose while achieving 

optimal target coverage. There was marginal difference across all treatment techniques with 

respect to volume of lung receiving 5 Gy. 

 

Large differences were noted when studying lung V20Gy and mean dose. With respect to lung 

V20Gy, IMRT was able to reduce dose by an average of 49.7% when compared to 3D-CRT. Further 

improvement was noted with VMAT with an average reduction of 57.4%. These results were 

statistically significant and result in a large improvement in absorbed lung dose when compared 

to 3D-CRT. With the ability to control modulation, lung dose can be greatly reduced at the 

medium and high dose levels. IMRT and VMAT both provide increased conformality and this 

translates to the reduction of higher doses in lung. Interestingly, there was large and statistically 

significant difference in lung V20Gy between IMRT and VMAT.  VMAT was able to reduce lung 

V20Gy by an average of 14.7% when compared to IMRT. This could be in part to the increased 

beamlet options provided by VMAT. High modulation and sculpting are achievable to spare lung 

tissues as much as reasonably possible. VMAT provided the best reduction in lung V20Gy among 

all treatment techniques. Figure 4.1 displays an axial slice of a patient planned with 3D-CRT, 

IMRT and VMAT. The 20 Gy isodose line was displayed to visually assess the dose and how it 

avoids the lung tissues. 
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Figure 4.1 – Axial slice of 20Gy isodose line for 3D-CRT(1), IMRT(2) and VMAT(3). 

 

A similar result was yielded for lung mean dose. IMRT and VMAT were able to reduce lung mean 

dose by an average of 20.3% and 24.9% respectively. These results are significant and clearly 

show that both IMRT and VMAT can greatly reduce lung dose. A statistically significant reduction 

of 5.6% was also noted when comparing VMAT to IMRT. While the results are not as large as the 

difference in lung V20Gy, there is data here to conclude that lung mean dose is best spared with 

VMAT. When comparing lung maximum dose, there is similarity across treatment techniques. 

There was no statistically significant difference between IMRT and 3D-CRT; however, there was a 

slight reduction in maximum point dose when utilizing VMAT compared to 3D-CRT and IMRT. 

While maximum dose is an important metric, it is expected that maximum dose remains above 

45Gy considering the volume of PTV that overlaps lungs. The esophagus lies right beside the 

lungs so any expansion on the volume to PTV will include lung. Maximum dose also assesses 

maximum point dose to any pixel of that structure and may not be a clinically relevant metric in 

the human body. Overall, maximum dose was similar across treatment techniques with not large 

differences noted. 

 

A major publication in 2010 sought to standardize dose limitations to important organs 

throughout the body. QUANTEC was developed with dose limits to organs including lung. 

Specific to lung tissue, the parameters assessed were V20Gy and mean dose. Both these 

parameters were deemed to be clinically significant parameters in a review published by Marks 

et al [77]. Reduction of these end points reduces lung pneumonitis for patients undergoing 
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radiation in the thoracic area. This study was able to provide clarity in lung dose for external 

beam planning of esophagus radiation. There is a significant reduction in lung V20Gy and mean 

dose with VMAT planning which should correlate to reduced lung pneumonitis in patients 

undergoing radiation treatment. With comparable low dose volume among all treatment 

techniques, VMAT is preferable for distal esophageal patients if lung dose is of particular 

concern. 

 

Heart Dose 

 

Another major concern for this subset of patients is heart dose. Distal esophagus patients 

undergoing pre-operative radiation therapy often also have concurrent chemotherapy. 

Depending on the chemotherapy regimen for the patient, this could have cytotoxic effects on 

the heart. Therefore, it is important to maintain low dose to heart to mitigate any effect 

radiation can have on cardiac issues. Before the commencement of this study, the hypothesis 

was made that heart dose would be reduced with VMAT planning method. 

 

A summary of results for heart dose is presented in table 3.6. As noted earlier, IMRT and VMAT 

both offer more conformal radiation delivery. This is especially true at high dose levels close to 

the target area. Heart V30Gy is reduced by 10.1% and 14.3% from 3D-CRT to IMRT and VMAT 

respectively. These results are in line with the previously discussed findings of a reduction in 

dose to organs. IMRT and VMAT are again able to minimize dose at the 30Gy level which can 

effectively spare the heart tissues. In a study by Wei et al, V30Gy was significantly associated with 

pericardial effusion rates if more than 46% of the heart received this dose. While the median 

dose for all treatment techniques were under this threshold, there was further reduction with 

respect to IMRT and VMAT. VMAT also provided a statistically significant reduction in V30Gy of 

4.0%. This reduction in heart dose is corroborated by other studies as well [139,140]. 

 

Similar results were noted for mean dose to heart.  It is shown that a slight reduction occurs with 

analysis of the plot at figure 3.12. Median heart dose for 3D-CRT was 2758.8 cGy while IMRT and 

VMAT were able to reduce that to 2533.9 cGy and 2395.2 cGy respectively. This results in a 
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statistically relevant reduction on average of 10.4% for IMRT compared to 3D-CRT and 13.4% for 

VMAT compared to 3D-CRT. VMAT again offered further reduction with an average decrease of 

3.2% when compared to IMRT. These results follow the same trend as lung mean dose. While 

VMAT offers minimal additional sparing of heart doses, the results are significant. Any reduction 

in normal tissues while maintaining target doses is of benefit to the patient both acutely and 

long term. Reduction of heart doses and other organs allows for a potential of dose escalation. 

VMAT would provide the best heart sparing out of all techniques. 

 

Heart maximum dose comparison returned similar results to lung maximum dose. There was not 

enough statistical analysis to draw a conclusion when comparing IMRT to 3D-CRT. However, 

there was slight reduction in maximum dose when comparing VMAT and 3D-CRT as well as 

VMAT and IMRT. These results were within an average of 2% so they can be deemed negligible. 

For the purposes of this study, inference is made that heart maximum dose is similar across all 

treatment techniques. This is also important to note that even with the fact that heart 

volumetric doses are reduced, there is no hot spots being pushed into heart tissue.  

 

Spinal Cord, Kidney, and Liver Doses 

 

Spinal cord maximum doses increased for IMRT and VMAT with respect to 3D-CRT. Spinal cord 

maximum dose increased by an average of 13.34% comparing IMRT to 3D-CRT and 9.45% when 

comparing VMAT to 3D-CRT. These results were statistically significant and represented a 

noticeable difference.  In multiple previous studies, spinal cord maximum was in fact reduced 

with IMRT and VMAT compared to 3D-CRT [119, 137]. Our study contrasts these results as 3D-

CRT had the lowest spinal cord maximum. This was interesting to note as all 3D-CRT plans had a 

posterior beam entering through the spinal cord with an anterior beam exiting there. This 

disagreed with the initial thoughts of this study where spinal cord maximum dose was thought 

to be reduced with IMRT and VMAT. Inverse planning methods allow for control of dose to 

organs and modulation of the dose distribution. With the results of comparable low dose to lung 

and reduced lung mean and heart mean dose, it appears that more dose was deposited in the 

spinal cord area. Since the lung and heart represent most of the anatomy laterally and anterior 
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to our target area, the only place to deposit dose to the esophagus is through the spinal cord. 

Care must be taken when planning these cases and priorities assigned to certain organs. Other 

organs not in priority must still be analyzed. In the case of this study, the median maximum 

spinal cord dose was 2731.5 cGy for 3D-CRT, 3237.1 cGy for IMRT and 3120.6 cGy. All treatment 

techniques kept spinal cord maximum dose well within tolerance and away from the level of 

concern. QUANTEC quantified a maximum dose of 5000 cGy to spinal cord that would indicate a 

0.2% chance of myelopathy. While the doses achieved in this study would not be cause for 

clinical concern, high spinal cord maximum dose at the expense of sparing lungs and heart 

maybe a consideration for any future dose escalation projects. 

 

Kidney dose was evaluated for this study for all patients. However, it should be noted that target 

volumes rarely extended inferiorly to the level of the kidneys. The results of this study mainly 

represent scatter dose and therefore conclusions are difficulty to ascertain. Nonetheless, there 

are certain situations where kidneys could be an organ for concern and care must be taken when 

planning for this type of patient. Many of these patients are on chemotherapy so maintaining 

adequate kidney function is imperative for successful treatment with minimal side effects. 

Kidneys are a radiosensitive organ with low dose tolerance. Extrapolating from our lung data, 

organs on the periphery of a centrally located target volume can be spared well using IMRT or 

VMAT. In this study, there can be no statistically significant conclusions to identify one technique 

over another. There was a statistically significant difference in V20Gy; however, this represented 

scatter dose with median doses of 5.5 cGy, 1.7 cGy and 0.7 cGy for 3D-CRT, IMRT and VMAT 

respectively. 

 

The liver is an organ vital for metabolism of important nutrients as well as bile production and 

excretion. In previous studies, it has been shown that the liver has a large relation to volume 

effects and mean dose could be useful to set limits. While the esophagus does not travel far 

inferiorly into the abdomen, there is a fair amount of liver that reach up to the diaphragm. The 

liver is a large organ and depending on patient anatomy a large portion could be at the level of 

the target area. In this study, there was a reduction in mean lung dose by an average of 29.86%, 

24.29% when comparing 3D-CRT to IMRT and VMAT respectively. This represented a large, 
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significant reduction in dose. Interestingly, IMRT resulted in an average decrease of 10.3% when 

compared to VMAT.  3D-CRT resulted in the highest mean dose and could be related to the fact 

that the liver falls laterally and in the path of one of beams. IMRT was able to spare the liver 

more than VMAT due to beams avoiding entry and exit through the liver. Anatomically, the liver 

lies to the right side while the distal esophagus typically enters angling to the left side of the 

body. Most IMRT would be offset to the left side of the patient and therefore avoided the liver. 

A liver mean dose under 3000 cGy should be maintained to decrease the risk of radiation 

induced liver disease. All treatment techniques were well below this level with doses of 1901.80 

cGy, 1134.00 cGy and 1351.65 cGy for 3D-CRT, IMRT and VMAT. 
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5.0 Conclusion and Future Direction 

 

The intention of this research was to evaluate radiation dose delivered to OAR and target 

volumes for 3D-CRT, IMRT and VMAT planning techniques for distal esophageal cancer 

treatment. The data was analyzed with intention to provide evidence that more conformal 

radiation treatment planning techniques of IMRT and VMAT can provide decreased normal 

organ dose while satisfying target dose criteria. 

 

In contrast to other studies, this study provided a large and robust amount of data to draw 

strong conclusions. There are also extremely limited studies comparing 3D-CRT, IMRT and VMAT 

with each other for distal esophagus radiation planning. With a cohort of 40 patients, statistically 

significant conclusions could be used to influence an institutions decision on treatment 

technique.  VMAT provided superior dose conformality as well as a reduction in normal tissue 

doses. VMAT also provided superior monitor unit reduction which is beneficial for treating 

facilities. In the event VMAT is not supported at a treating facility, IMRT also provided similar 

benefits over 3D-CRT. Overall, VMAT accounted for increased organ sparing when compared to 

3D-CRT and IMRT while maintaining excellent target coverage. These results were in line with 

the hypothesis of this study and provide statistically significant conclusions with a large sample 

size. 

 

One of the limitations of this study is in possible bias of this retrospective review. While 

retrospective reviews may be inherent to bias, there is possible bias in this study with the 

planning of VMAT plans. VMAT is used at this facility for a multitude of other disease sites so 

there may be unintended bias to influence VMAT planning as being the ideal choice. Also, there 

is no data on the overall survival or toxicity of any of these patients. It is unclear if 3D-CRT had 

significant toxicities that could be improved upon with a change in treatment techniques. 

 

This also ties into future studies that would be available to pursue. Toxicity and patient 

outcomes should be studied and compared to evaluate if there is any clinical benefit to these 

reduction in normal tissue doses. While VMAT does provide a theoretical benefit, it would be 
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prudent to evaluate any clinical benefits. Studies could also be done to investigate dose 

escalation in this subset of patients. If VMAT can provide adequate organ sparing, there may be 

a window to boost doses to tumour areas with the hope to control disease and improve overall 

survival. 

 

For this subset of patients being treated with external beam radiation, VMAT planning and 

delivery can effectively spare organs at risk while maintaining target coverage. Low dose to lung 

was shown to be equivalent to 3D-CRT while VMAT was able to reduce overall integral dose as 

well as decrease monitor units and treatment times. For this treatment facility, VMAT should be 

recommended as the treatment planning and delivery method of choice. IMRT also provides 

superior reduction in organ dose when compared to 3D-CRT and can be utilized in facilities 

without VMAT capabilities. 
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